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Course contents (1.5 + 1.5 credit hours)

+ Homogeneous and heterogeneous reaction
rate expressions

+ Characterization of solid catalysts

+ General characteristics of heterogeneous
reactors. Simultaneous mass and heat
transports with chemical reaction in porous
catalysts

+ Analysis and design of gas-liquid reactors: Mechanically
agitated vessels, bubble columns, and packed columns

+ Non-catalytic reactors

+ Analysis and design of three phase reactors: Slurry reactors,
trickle bed reactors, and fluidized bed reactors 2
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Course objectives (1.5 credit hours)

The objective of the part of my course 1s to develop the
understanding of heterogencous catalytic (gas-solid)
reactions.

The course attendee will be encountered to the:

v Concepts of catalysts, catalytic kinetic rate
expressions, pore diffusion, and effectiveness factor

v" Use of rate expressions in the designing of a chemical
reactor

v Concepts of one-dimensional and two-dimensional
pseudohomogeneous models

Student will learn how can a chemical engineer develop
a rate expression and design an industrial reactor 4




Ammonia synthesis
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Polyrmerized
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Petrochemicals flowchart

How petrochemicals are used today \ 4 4
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Catalysis and reaction engineering

Catalysis and reaction engineering tries to answer to the
following types of questions:

v What are the optimum operating conditions for a reaction
system to carry out one ore more desired reactions?

v"What is the optimum reactor design, i.e., size, type,
energy considerations, and configuration of the reactor
system?

v' Is there a need of a catalyst? If yes, how to develop and
design of an optimum industrial catalyst?

v What is the right reaction mechanism which will helpful
for developing the basic science as well as in the design
of a suitable catalyst?



Catalysis and reaction engineering
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Stoichiometric coefficient

For the reaction

aA+bB < cC+dD

a, b, c and d are the stoichiometric coefficients.
If 4, 1s the ith component of a reaction, then one can write

0= Zvl-Al-

By convention:

* A stoichiometric coefficient for a reactant is negative

* A stoichiometric coefficient for a product 1s positive

* A stoichiometric coefficient for an inert, solvent, or
catalyst 1s zero. 10




Extent of a reaction

n =n;+Vv;-¢

F=Fy+v,-&

l

_n;—n;y changeinmolesof a species

& = =

Vi

stoichiomeric coefficient

F;—F,y changein molar flowrateof a species

5’_ l l

stoichiomeric coefficient

¢ extent of a reaction in terms of change in moles
¢' extent of a reaction in terms of change 1n molar flowrate
v, stoichiometric coefficient of an ith species

l
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Conversion or fractional conversion

Ratio of change 1n moles of a reactant (usually limiting
reactant) to the moles of the reactant fed.

For a reactant 4: XA:nAO_nA _Fao—Fy

140 Fy

n ,, = 1nitial moles of the reactant “4”, mol; n, = moles of “4” at
any time ¢ (s), mol; F',, = initial molar flowrate, mol-s™!, F, =
molar flowrate of 4 at any time ¢ (s), mol-s™!.

4 : : . : : : N
For an 1rreversible and single (no side reaction) reaction, an

increase 1n the outlet conversion 1s an indication of higher rate
of the reaction )
(2

.




Relationship between extent of a
reaction and fractional conversion [1]

For reactant A4:
ny—nyo
E=
V4
é’g:’”lA—’”lex”le 352_(”/10—”14)(”/10]
V4 140 140 V4

13




Selectivity

It 1s the ratio of moles of the one (usually desired)

product to the moles of another (usually undesired)
product.

A—> B

A—>C
Selectiviy of B = molesof B formed
molesof C formed
Selectiviy of C =" lesof C formed
molesof B formed

The definition of selectivity may vary from source to source, so

be careful while taking the value from a literature source
14



Yield

It 1s the ratio of moles of a certain product to the maximum
possible moles of that product which can be formed.

Or

It 1s the ratio of moles of a certain product to the moles consumed
of the limiting reactant.

Or

It 1s the ratio of moles of a certain product to the moles of the
limiting reactant fed.

The definition of yield may vary from source to source. The
definitions of yields defined above may be referred to as the
definition of selectivity in some reference.

15



Limiting and excess reactant

v" In a chemical reaction the reactant present in excess to that
required stoichiometrically 1s the excess reactant the other is
limiting reactant

v" If the reactants are added in stoichiometric amounts, there is
no point using the concept of limiting or excess reactant

v" The limiting or excess reactant is indicated by dividing the
number of moles of each reactant in the feed to the
corresponding stoichiometric amount (from a balanced
chemical equation) of the reactant. The reactant with the
lowest ratio 1s the limiting reactant and will be the first to be
fully consumed 1n the reaction, 1f the reaction goes to
completion

The choice of the limiting reactant is arbitrary and depends
on the cost (profit) considerations 16




Limiting and excess reactant

Can you mention any example of an industrial
process and indicate the limiting reactant?

What are the reasons for the choice of a particular
limiting reactant in your example?

Combustion of a coal

required excess air

Flue gas T

Steam

Turbine

Air

A

Water



Rate of a chemical reaction [2]

The rate of consumption of a reactant species i1s defined as
the change in number of moles of the reactant species per

unit volume of the reaction mixture per unit time.
Negative sign

indicates that rate is 1 dn y Perfectly
decreasing with time (_7' A) =, -, general
and required as dn, is / V__dt

negative for a reactant  —_/ \\ Volume of
\

reaction mixture

4 \ v'Not general )
\ dC v’ Applicable when volume of the reaction mixture
_ A - -
(—r4) =———=| does not change during the course of reaction
dt | v1t may be true for liquid phase reactions or for
\_ constant density gas phase reactions )

The volume of a gas also changes due to changes in operating
conditions (temperature and pressure) in addition to changes in
number of moles 18



Rate of a chemical reaction

v" The rate of a chemical reaction is usually based on the limiting
reactant

v" On the similar basis, a rate may be defined for the formation of
a product species

v’ For the reaction:
aA+bB — cC+dD

or

(=74) _ (=73)

/a b c_d

v'This minus sign is to show rate of consumption of a reactant
v'It has no mathematical importance, only a symbol 19




Various definitions of rate of a
chemical reaction [3]

/ Based on unit volume L1 dN; moles i formed \
of the reaction mixture '

T Vdr (volume of fluid) (time)

Based on unit mass 14N, moles i formed
in fluid-solid system

""TWdr ~ (mass of solid) (time)

Based on unit surface of solid in fluid-solid _1dN; _ molesiformed

n

system or unit interfacial area in two fluid systems "TSTdr (surface) (time)

Based on unit volume of solid . 1 dN; moles i formed
in fluid-solid system

Fi = V. dt  (volume of solid) (time)

Based on unit volume of reactor when different
from unit volume of the reaction mixture

mo_ l dN i _ moles i formed
\ 8 "' TV dt  (volume of reactor) (time) )




Various definitions of rate of a
chemical reaction [3]

Rates defined on various basis are interchangeable and
the following may be shown:

volume . — (mass of o surface s (volume) o =( volume )r’-’”
of fluid /) ** solid /' *  \ofsolid/ ' \ofsolid/ ' \ofreactor/ "’

[Vri = Wr|=Sri=Vurl'= V,,r;”’J

In our course we will use () as the rate of
consumption of a limiting reactant A having the

SI unit of mol A-s~!-g-kcat™!
21



Relative values of rates of reactions [3]

Rates of reactions vary in a wide range. Some reaction
are very fast and some reactions are extremely slow.
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Why are we interested in rate?

v'A higher rate of reaction means less processing time in a
batch reactor and smaller size of reactor vessel in a continuous
flow reactor (CSTR and plug flow reactor)

v'As the residence time is dependent upon the rate, the
knowledge of rate i1s required for the design of a reactor
(remember basic design equations for batch and flow reactors)

The question 1s then how can we find rate?

We need an expression (rate equation) that describes the rate
of a given reaction

" Rate equation cannot be found reliably from the reaction h
stoichiometry or by any other theoretical means and therefore
rate expressions are always to be empirical, 1.€., to be
\_ discovered through experiments. 5




Types of reactions

Chemical reactions are either
v"'Homogeneous (single phase) or
v'Heterogeneous (more than one phase is involved)

v'Catalytic or
v'"Non-catalytic (or autocatalytic)

In a heterogeneous catalytic reaction, the catalyst should be present
in a separate (distinct) phase. For a reaction when a component
from the gas phase is absorbed 1n the liquid body and reacts in the
presence of a catalyst that is mixed (dissolved) in the liquid, the
term heterogeneous catalysis 1s not justified. This 1s a
heterogeneous system with homogenous catalysis.

Nearly 90% of all industrial reactions imnvolve heterogeneous
catalysis, i.e., they are heterogeneous as well as catalytic #*




Types of reactions

Hydrogenation of vegetable oils 1n the presence of N1
(Raney nickel) catalyst is an example of heterogeneous
catalysis and that the solid reactant is a distinct phase
from the reacting components (liquid phase). Gas phase
dehydrogenation of ethyl benzene is another example of
heterogeneous catalysis.

Recall others! There are many.

We will go through the reaction engineering principles and
develop rate expressions based on gas-solid reactions mostly 1n a
tubular reactor of fixed bed of catalysts. The principles would
remain the same and may be employed for the other types of

reactor systems. #



Industrial examples of heterogeneous catalysis [5]

Process or product

Catalyst
(main components)

Conditions

Steam reforming of methane
H,O +CHy — 3H, +CO

CO conversion

CO + H,0 = H, + CO,

Methanization (SNG)
CO + 3H2 - (:H4 + Hgo

Ammonia synthesis
Oxidation of SO, to SO,

Oxidation of NH; to NO
(nitric acid)

Claus process (sulfur)
2H,S +80, — 38 +2H50

Ni/ALO5

Fe/Cr oxides
Cu/Zn oxides

.\\: l:ﬁi 1203

Ft33{:)4 (Kz(j‘ Aleg}
V,0s/support

Pt/Rh nets

bauxite, Al,O5

750-950 "C, 3035 bar

350-450 °C
140-260 "C

500-700 "C, 20—-40 bar

450-500 "C, 250—-400 bar
400-500 °C
ca. 900 "C

300-350 °C

26




Heterogeneous catalysis in refinery processing [5]

Cracking of kerosene and
residues of atmospheric crude oil
distillation to produce gasoline

Hydrocracking of vacuum

distillates to produce gasoline and

other fuels

Hydrodesulfurization of crude
oil fractions

Catalytic reforming of naphtha
(high-octane gasoline, aromatics,
LPG)

Isomerization of light gasoline
(alkanes) and of m-xylene to
o/p-Xylene

Demethylation of toluene to
benzene

Disproportionation of toluene to
benzene and xylenes

Oligomerization of olefins to
produce gasoline

Al,04/S10,
zeolites

MoO;/Co0O/Al,O;
Ni/510,-Al,04
Pd zeolites

NiS/WS,/Al,04
CoS/MoS,/Al,04

Pt/Al,O4
bimetal/Al,O;

Pt/Al,O4
Pt/Al,05/S10,

MOOg/Ale3

Pt/Al,05/S10,

H;POy/kieselguhr
H;PO,/activated carbon

320-420

300—-450 °

470-530

400-500 ©

500-600

420-550

200-240°

500-550 °C, 1-20 bar

°C, 100—-200 bar

C, 100 bar H,

C, 13—40 bar H,

C, 20—40 bar

°C, 20—40 bar

°C, 5-30 bar

C, 20-60 ba27




Space time and space velocity

Space time (7): It 1s the time needed to process one
reactor volume of feed measured at specified conditions

Space velocity (s): It 1s the number of reactor volumes
of feed at specified conditions treated in unit time. A
space velocity of 10 h! means that ten reactor volumes
of the feed at specified conditions are processed 1n a
reactor per hour.

1 1 2 3 4 &
spacetime = :
spaceveloicty
6 7 8 9 10
= l Vo volumeof reactor 10 feed reactor volumes

s vy feedvolumetricflowrate ”



Gas hourly space velocity (GHSYV)

In chemical reaction engineering, space velocity
1s sometimes reported in terms of gas hourly
space velocity, which 1s the ratio of volume per
time 1n hours of the gaseous feed to the volume
of the reactor.

GLSV — volumetric flowrateof the gaseous feed in cubic meter per hour
volumeof reactorin cubic meter

It has unit of h=!. It is usually reported for volumes
measured at temperature of 25°C and pressure of 1.013 bar.

29



Weight hourly space velocity (WHSYV)

The term 1s frequently used in heterogeneous
reactor technology and it 1s defined as the ratio
of mass of the feed per hour to the mass of the
catalyst. Its unit is h='.

- N
wHSY - Mass of the feed per hour
. mass of thecatalyst )

In the dehydrogenation of n-butane to I-butene 1n an
experimental gas phase fixed bed reactor, the catalyst weight
in the reactor 1s 2.0 g, while the volumetric flowrate of the

pure n-butane 1s 0.5 mL/min. The inlet conditions are 1.013
bar and 25 °C. Find out the WHSV for the given conditions.

30



Liquid hourly space velocity (LHSYV)

It 1s defined as the ratio of the volume of the
liquid feed per hour to the volume of the reactor
or catalyst required. The volume of the liquid
feed 1s usually taken at 60°F. 60°F 1s not worth
mentioning as volume (density) of a liquid does
not appreciably change with small changes 1n
temperature. Again the unit is h='.

4 )
TEHSY — Volumeof theliquid feed per hour
. volumeof thecatalyst )

31



Space time and space velocity data

Residence times and space velocities of various
industrial reactors are given in Chapter 17, p.
592 of Couper et al. [4] and 1n Section 19, p. 19-
5 of Perry’s Chemical Engineers’ Handbook.
2008. 8t ed. McGraw-Hill.

These values are only guidelines and may not
used 1n the actual reactor design calculations.

A part of the data from Couper et al. [4] 1s given
in the next slide. 32



Space time and space velocity data [4]

. Residence
Conditions time
Product Reactor or space Source
(raw materials) Type phase Catalyst T,°C P, atm velocity and page
1. Acetaldehyde FB L Cu and Pd chlorides 50-100 8 6-40 min [211,[713
(ethylene, air)
2. Acetic anhydride TO L Triethyl phosphate 700-800 0.3 0.25-5s [2]
(acetic acid)
3. Acetone (i-propanol) MT LG Ni 300 1 25h [1] 1314
4. Acrolein (formaldehyde, FL G MnQ, silica gel 280-320 1 06s [7] 1384, 7] 33
acetaldehyde)
5. Acrylonitrile (air, propylene, FL G Bi phosphomolybdate 400 1 4.3s [3] 684, [2] 47
ammonia)
6. Adipic acid (nitration of TO L Co naphthenate 125-160 4-20 2h [2] 51, [7] 49
cyclohexanol)
7. Adiponitrile (adipic acid) FB G HzBO3 370-410 1 355s [71]1 2152 [7] 52
H;PO,4 350-500
GHSV
8. Alkylate (i-C4, butenes) CST L H,S0, 5-10 2-3 5-40 min [4] 223
9. Alkylate (i-C4, butenes) CST L HF 25-38 8-11 5-25min [4] 223
10. Allyl chloride TO G N.A, 500 3 0.3-15s [1]1 2416, [7] 67
(propylene, Cl,)
11. Ammonia (Hz, N3) FB G Fe 450 150 28 s [6] 61
7,800 GHSV
12. Ammonia (Hz, N5) FB G Fe 450 225 33s [6] 61
10,000 GHSV
13. Ammonia oxidation Flame G Pt gauze 900 8 0.0026 s [6] 115
14. Aniline (nitrobenzene, H,) B L FeCl, in H,0 95-100 1 8h [1] 3289
15. Aniline (nitrobenzene, H,) FB G Cu on silica 250-300 1 0.5-100 s [7] 82
16. Aspirin (salicylic acid, acetic B L None 90 1 >1h [7] 89
anhydride)
17. Benzene (toluene) TU G None 740 38 48 s [6] 36, [9] 109
815 GHSV
18. Benzene (toluene) TU G None 650 35 128 s [7]1 4183, [7] 98
19. Benzoic acid (toluene, air) SCST LG None 125-175 9-13 0.2-2h [7]1 101
20. Butadiene (butane) FB G Cr203, Al,O4 750 1 0.1-1s [7] 118
21. Butadiene (1-butene) FB G None 600 0.25 0.001 s [3] 572
34,000
GHSV
22. Butadiene sulfone CST L t-butyl catechol 34 12 0.2 LHSV [71] 5192
(butadiene, SO,)
23. i-Butane (n-butane) FB L AICl3 on bauxite 40-120 18-36  0.5-1 LHSV [4] 239, [7] 683
24. j-Butane (n-butane) FB L Ni 370-500 20-50 1-6 WHSV [4] 239
25. Butanols (propylene FB L PHs;-modified Co 150-200 1,000 100 g/L-h [1]1 5373
hydroformylation) carbonyls

33



Possibility of a reaction

For a thermodynamically possible reaction means that a
catalyst works only for those reactions for which Gibbs
free energy of reaction AG, , 1s less than zero, 1.e., the
reactants have higher free energy than the products.

A useful criterion (although not exact) for knowing the
possibility of reaction occurrence 1s to know the
standard state Gibbs free energy of reaction, AG,_°. A
reaction, however, may not be feasible at the standard
conditions but may occur at the other conditions.

What is the reason for using AG,_ ° and not
AG,. "7

34



Possibility of a reaction [6]

Value of AG, . °

Possibility of reaction occurrence

<—-10 kcal/mol (—41.8 kJ/mol)

Reaction 1s possible with very high
equilibrium conversions

0 to —10 kcal/mol (—41.8
kJ/mol)

Reaction 1s possible with moderately
high equilibrium conversions

0 to 10 kcal/mol (41.8 kJ/mol)

Reaction is possible at the other
process operating conditions but
usually with low equilibrium
conversions

> 10 kcal/mol (41.8 kJ/mol)

Reaction may be possible at the other
process operating conditions and 1f
possible occurs with generally very
low equilibrium conversions

35




Catalyst

v" A catalyst is a substance that modifies (accelerates or decelerates)
the rate of a chemical reaction without itself being used up.
However, the term catalyst i1s usually employed when the
objective 1s to increase the rate of the desired reaction.

v The term inhibitor is used when the rate of the desired reaction is
required to decrease.

v' A catalyst can only alter the rate of a chemical reaction and
cannot affect the thermodynamics associated with the reaction. It
1s, therefore, cannot affect equilibrium compositions and energy
changes per mole of the reaction.

v For a thermodynamically possible reaction, a catalyst modifies
the path of the reaction and lowers the activation energy. This
results in increasing the rate of the corresponding reaction.

36



Examples of catalysts

Sulfuric acid, hydrofluoric acid, vanadium pentaoxide,
metal over alumina, and zeolites with and without
loading of metals are common examples of catalysts.

= & <. Structure of
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&) 3
£ zeolite Y
_5 i ..-*
cé iULfP‘HURm '
Ty CID. CONC.
% / | 1D 'co
SO, _conversion
. catalysts
Zeolite ZSM-5 \

| j B 3

Hydrotreating catalyst

acsmaterial.com




Variety of commercial catalysts [5]

Monolith

38



Variety of commercial catalysts
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Ammonia synthesis

v'The reaction of ammonia synthesis from N, and H, is
favorable thermodynamically

v'In the absence of a catalyst it occurs at extremely low
pace. The activation energy, 238.5 kJ/mol [6],
associated with the homogenous reaction is quite high

v'The presence of a typical catalyst decreases the
activation energy of the rate controlling step (adsorption
of nitrogen) to only 50.2 kJ/mol [6]

a )
— The Nobel
N2 +3 H2 o 2NH3 Prize in
Chemistry

\_ J 1918




Catalytic reaction path for ammonia synthesis [6]
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Principles of catalysis

v'As the equilibrium constant is a ratio of forward rate to the reverse
rate constants, increasing forward rate of reaction also increases the
rate of the reverse reaction (as equilibrium constant i1s to be
unaffected).

v'Principally, the same catalyst is used for forward reaction and
reverse reaction. Pt/Al,O; 1s a good catalyst for dehydrogenation of
methylcyclohexane to toluene (an important reforming reaction) as
well as for hydrogenation of toluene to methylcyclohexane (reverse
reaction). Only the conditions of operation has to be changed. At
higher pressures and lower temperatures Pt/Al,O,; catalyses
hydrogenation of toluene while at lower pressures and higher
temperatures 1t catalyses dehydrogenation.

v'This fact can be used to discover a catalyst for a reaction at mild
conditions which can be used for its counter reaction such as synthesis
of ammonia requires high pressures whereas its reversible reaction,
decomposition of ammonia 1s carried out at low pressures [6]. 42



Supported catalysts

Usually an active component is
dispersed over a relatively inactive
or less active material which
usually has a high surface area.
Pt/Al,0;, Ni-W/Al,O;, Rh/Si0, are
examples of supported catalysts.

age of Rh/SiO, [73]

* AR W £ % T
s . , - L ]

Are there any unsupported metal
catalysts? Raney catalyst!!!

D) O
/ N\
Pt N
(metal) Alumina RESENRRENSSS
(Support) & SRESES G

Pores 2m__ TEM image of Pt/Al,O,



Structured catalysts

A structured catalyst 1s a regular structure free of
randomness 1n reference to the reactor. It 1s unlike the
discrete catalyst particles such as 1n a conventional fixed

bed reactor. Bring to mind the random packing and
Structured packing in a packed bed CATALYTIC CONVERTER

metallic

honeycomb

steel casing

mounting flange

-
TaTaTAE

5

i
%.

b

/ ' & 2C0O + O, —> 2C0O,
CmHn + (m+n/4) 02 ——> m CO2 + n/2 Hzo 'y_'AIQOB e 1
2NO + 2CO —> N + 2C0; i

=i
&

-

[

E Rhodium
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Catalyst support or catalyst carrier

Catalyst support provides surface to the active component
of a catalyst. A support 1s usually a high surface area
porous material on which the active component 1is
dispersed and that the support, itself, may be active or
inert. A support gives strength, shape, and size to a
catalyst. Examples of catalyst supports are alumina,
silica, titania, and carbon.

In 1.0wt% Pt over alumina, Pt metal 1s the active
component dispersed over the alumina support.

The same active component when dispersed or supported
on a different support may greatly change the activity,
_ selectivity, regenerability, and life of the catalyst. 45,




Bifunctional catalyst

v’ It catalyzes two types of catalytic transformations

v Pt metal loaded on an acid support such as silica-
alumina or zeolite 1s a bifunctional catalyst

v'The Pt metal cares for the dehydrogenation and
hydrogenation reactions while acid support facilitates
cracking and 1somerization reactions

v A catalytic cracking process requires only an acidic
catalyst such as zeolite while hydrocracking process
requires a bifunctional catalyst such as Pt/zeolite
catalyst or Ni-W/silica-alumina catalyst.

PY/ALO, Pt/zeolite

Hydrocracking
catalyst

Zeolite

Cracking catalyst Reforming catalyst



Active sites or active centers [2]

“In a landmark contribution to catalytic theory, Taylor
suggested that a reaction 1s not catalyzed over the entire
solid surface but only at certain active sites or centers. He
visualized these sites as unsaturated atoms in the solids that
resulted from surface irregularities, dislocations, edges of
crystals, and cracks along grain boundaries. Other
investigators have taken exception to this definition,
pointing out that other properties of the solid surface are also
important. The active sites can also be thought of as places
where highly reactive intermediates (i1.e., chemisorbed
species) are stabilized long enough to react. However, for
our purposes we will define an active site as a point on the
catalyst surface that can form strong chemical bonds with an
adsorbed atom or molecule.” 47



Schematic representation of a single crystal surface [7a]
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Turnover frequency (TOF) [ 2]

It 1s the number of molecules converted per unit time
per active site.
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Activity, selectivity, stability, and regenerability of
a catalyst

The selection of a suitable catalyst for a process usually
demands the knowledge regarding the

v’ Activity

v' Selectivity

v" Stability, and
v Regenerability

of a catalyst.
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Activity, selectivity, stability, and regenerability of
a catalyst
Activity: Activity of a catalyst controls the extent of a
chemical reaction 1nvolved and describes the
effectiveness of a catalyst towards the rate of the
chemical reaction and conversion of the reactant. It has
no concern with the product distribution (selectivity).

Selectivity: Seclectivity refers to the efficacy of a
catalyst towards producing the desired product. For both
the parallel and consecutive reactions, the selectivity i1s
important and a catalyst 1s required to produce the
desired product 1n greater amounts (increased
selectivity).
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Selectivity of a catalyst

Ni

» CH, + HO Methanization
—uCrZn oxide CH,OH Methanol synthesis
CO/H,
Fe, Co Fischer—Tropsch
> CiHznim + H0 synthesis i
Rhcluster ?Hz_?Hz Glycol (Union Carbide)
OH OH
C,H.OH—%" 5 C,H, + H,O (dehydration)

C,H.OH— 5 C,H,0+ H, (dehydrogenation)

catalyst

catalyst 52




Activity, selectivity, stability, and regenerability of
a catalyst

Stability: For a catalyst, it refers to the life of the
catalyst. If the activity and selectivity of a catalytic
system remains unchanged during the course of a
given period of time, under the same conditions of
temperature, pressure, and space time, the catalyst
gives the same product composition for the same
feed composition, the catalyst 1s said to have stable
characteristics for that period of time.

Regenerability: It refers the ability of a catalyst to
be reactivated to more or less to 1ts original
conditions.
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Activity, selectivity, stability, and regenerability of
a catalyst

Richardson [6] suggests the order of
importance of the activity, selectivity, and
stability as:

Selectivity
Stability
Activity
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Characterization of catalysts

v XRD: Stands for x-ray diffraction. It is commonly used for
phase 1dentification and to observe bulk crystal structure.
Diffraction lines widen as crystallite size decreases. A broader
peak may show distortion and less degree of crystallinity. It
helps to make sure the presence of the desired material.

v SEM: Stands for scanning electron microscopy. It is used to
see the topography of the catalyst surface. It gives an
information regarding surface features such as surface
irregularities and particle shape, size, and distribution. Lower
resolutions compared to TEM.

v  TEM: Stands for transmission electron microscopy.
Electrons have to be passed or transmitted through the sample.
Sample should be very thin and very high resolutions are
obtained. Atomic arrangement in crystals and crystalline
defects at nano-level can be detected. >



Characterization of catalysts

v'N,-BET surface area: Surface area of catalytic materials is measured
by N, adsorption using BET isotherm. Pore size and pore volume of
the pores present within the catalyst are also measured.

v" Porosimetry: Helium or mercury intrusion porosimetry can be used
to measure the pore size, pore volume, and skeletal and particle
densities of the material.

v Elemental composition: Atomic absorption spectroscopy (AAS),
Inductively coupled plasma (ICP) spectroscopy, Energy dispersive X-
ray (EDX) analysis with SEM can be used for the elemental
identification and composition.

v Temperature  programmed  techniques: Py-TPD  (Pyridine-
temperature programmed desorption) or NH;-TPD 1is used to measure
the acidity of a catalyst. Other temperature programmed techniques
such as TPR (temperature programmed reduction), TPO (temperature
programmed oxidation), TGA (thermogravimetric analysis), and DTA
(differential thermal analysis) are also used for various other purposes.
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Source of many chemical engineering related
terms

Comprehensive Dictionary of
Chemical Engineering
(576 pages)
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The dehydrogenation of methylcyclohexane (MCH)

CHs CHs
T + ?JIHE
<~
E,‘.’H-M # E?Hﬁ + SHE
Methylcyclohexane Toluene Hydrogen
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Importance of the dehydrogenation of
methylcyclohexane (MCH) reaction

v" Dehydrogenation of methylcyclohexane is an important
reforming reaction

v" Dehydrogenation of methylcyclohexane may be useful in
the conversion of naphthenic base heavy oils

v Dehydrogenation of methylcyclohexane is involved in the
hydrogen storage applications in the MTH
(methylcyclohexane-toluene-hydrogen) system

v Dehydrogenation of methylcyclohexane may be used as a
fuel to absorb energy 1n high speed air craft engines

60



Requirements for the realization of MCH as
organic hydride

The dehydrogenation reaction 1s highly
endothermic and occurs at a high temperature

4 )

v'The minimum 7 of 306.9°C is required for 90%
equilibrium conversion at 2.0 bar with pure MCH as feed

v'Heat of reaction at 1 bar and 25°C is 205 kJ/mol

- J

A highly active, selective, and stable catalyst 1s
required (Catalyst Development)
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Various commercial and In-house catalysts [7]

. . Pore Median
Catalyst Assay Supplier D::‘:;;Z'O pl\r/i‘;f::;izi ( rflljng-l) volume D er Reference
(cm’/g) (A)
CAT-A 0.3 wt% Pt/Al,0;  Commercial Egg-shell — — — — This study
CAT-B x wt% Pt/0-Al,0;  Commercial Egg-shell — — — — This study
CAT-C 1.0 wt% Pt/y-Al,0; Development Uniform Wet impregnation 208 0.58 69 This study
CAT-D 1.0 wt% Pt/0-Al,0; Development Uniform Wet impregnation  99.1 0.84 291.3 This study
CAT-E 20.0 wt% Ni1/y-Al,O; Development Uniform Dry impregnation 208 0.58 69 This study
CAT-F 1.0 wt% Pt/B-zeolite Development Uniform Ion exchange 509.8 0.38 333 This study
CAT-G 1.0 wt% Pt/y-Al,0O;  Commercial ~ Uniform — 302.3 0.51 67.2 Tsakiris [2007]
Alhumaidan [2008]
CAT-H 0.5 wt% Pt/y-Al,0;  Commercial Egg-shell — 124.6 0.35 110.3 Tsakiris [2007]
Alhumaidan [2008]
CAT-1 0.3 wt% Pt/y-Al,O; Development Uniform Wet impregnation 220 0.62 70 Alhumaidan [2008]
CAT-] 0.3 wt% Pd/y-Al,O; Development Uniform  Wet impregnation 220 0.62 70 Alhumaidan [2008]
CAT-K 0.1 wt% Pt/y-Al,O;  Commercial — — 172.7 0.58 131.4 Tsakiris [2007]
CAT-L 0.3 wt% Pt/a-Al,O; Development Uniform  Wet impregnation — 14.2 0.05 133 Tsakiris [2007]
CAT-M 1.0 wt% Pt/a-Al,O; Development Uniform Wet impregnation  14.3 0.05 127.7 Tsakiris [2007]
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High pressure (upto 30 bar) experimental rig

Product
gas outlet

Condenser

Furnace

Reactor tube

HPLC Pump

MCH feed
reservoir

Liquid
product outlet
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High pressure (upto 30 bar) experimental rig
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High pressure (upto 30 bar) experimental rig

Description Specification

Body material SS-316
Reactor tube length (cm) 66
Reactor bed length (cm) 55
Tube outside diameter (cm) 1.27
Tube inside diameter (cm) 1.02
Tube wall thickness (cm) 0.1245
Thermowell material AL, O,
Thermowell outside diameter (cm) 0.2880—-0.3175
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Activity results [7]

p=1bar; T, =380 °C; H, to MCH (molar)= 8.4

>

0.3 Wt% PY/ALO, (CAT-A)

X Wt% PYALO, (CAT-B)

0.3 Wt% Pd/y-Al,0, (CAT-J)
0.3 Wt% Pt/y-AlO, (CAT-I)
0.5 Wt% Pt/y-AlO, (CAT-H)
1.0 wt% Pt/y-ALO, (CAT-G)
1.0 wi% Pt/y-AL,O, (CAT-C)

> > > b

0.0 ‘i-—> I I I 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
WIF,,x 107° (s.g-cat/mol-MCH)
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Total by-products selectvity (%)

Selectivity results [7]

p =5 bar; T, =380 °C; H, to MCH (molar)= 8.4

—A— X Wt% PYAI,O5 ((CAT-B)

1.0 17 0.3 Wt% Pd/y-Al,04 (CAT-J)
—A— 0.3 Wi% Ptiy-Al,054 (CAT-I)

08 | | A 0.5Wt% PUs-A,05 (CAT-H)

' —A— 1.0 Wt% Pty-Al,04 (CAT-C)
0.6 A

_A
0.4 - —
0.2 A
0-0 1 1 1 1 1 1
0.0 0.2 04 0.6 0.8 1.0 1.2

WIF ,,x 10~ (s.g-cat/mol-MCH)

1.4
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Comparative activity and selectivity for in-house
development catalysts [7]

W/F,,= 0.62 x 10°s-g-cat/mol MCH, T, = 360 °C, p = 1.0 bar, H, to MCH molar ratio = 1.0

MCH conversion By-product selectivity

Catalyst Assay (%) %)
CAT-C 1.0 wt% Pt/y-Al,O, 92.0 0.63
CAT-D 1.0 wt% Pt/6-Al,0;, 91.0 0.10
CAT-E  20.0 wt% Ni/y-AlL,0, 31.0 7.87

CAT-F 1.0 wt% Pt/B-zeolite 73.0 22.48
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Deactivation behavior of catalysts [7]
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Hydroisomerization of heavy naphtha

v'Isomerization is used to improve the octane
number of the n-paraffinic feeds by converting
them 1nto 1so-paraffins.

v'n-pentane has RON (research octane number) of
61.7 while 1sopentane has an octane rating of 92.3.

Hydrogen 1s added to the feed to avoid the
deposition of coke on the catalyst surface and
consumption of hydrogen 1s negligible. Due to

hydrogen presence in the feed, the process 1s
frequently called as hydroisomerization. 72



Hydroisomerization of heavy naphtha

Benzene 1s toxic and therefore we do not want
benzene 1n a gasoline. If present in gasoline, the
spillage of gasoline and immcomplete combustion of
gasoline 1n an engine may add benzene to the
atmosphere we breath 1n.

For a naphtha feed, how can we reduce the
concentration of benzene 1n a gasoline while
virtually keeping the same octane rating? By

1Isomerizating naphtha.
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Hydroisomerization of heavy naphtha

Light naphtha (
Isomerization
L Isomerized

asoline
(Pt/zeolite) 9

Stabilized
naphtha Naphtha
splitter

k

Pt/Al-0-
( 203) Reformed

gasoline

Heavy naphtha




Hydroisomerization of n-heptane

Isoms Cracks Others
2,2-Dimethylpentane n-Propane 1,2-Dimethylcyclopentane
2,4-Dimethylpentane n-Butane Methylcyclopentane
2,2,3-Trimethylbutane 1-butane Ethylcyclopentane
3,3-Dimethylpentane n-Pentane Toluene

2-Methylhexane 2-Methylpentane 2-Methylheptane
2,3-Dimethylpentane 3-Methylpentane 3-Methylheptane

3-Methylhexane 2,2-Dimethylbutane 1,3-Dimethycyclohexane
3-Ethylpentane n-Hexane

Cracked

Products

n-heptane > |somers
Others
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Catalysts studied [ 8]

Zeolite Nominal Post-synthesis : .
Catalyst Catalyst type trade name  cation form modification Zeolite supplier
CAT-1  1.Owt%PYUSY 320HOA  Sodumand . eived Tosoh
ammonium Corporation
CAT-2  LOWt%PYyUSY 350HOA  Ammonium  As received Tosoh
Corporation
CAT3  1.0wt%PyUSY 320HOA  Sodiumand AHES Tosoh
ammonium treatment Corporation
CAT-4  20wt%PyUSY 350HOA  Ammonium  As received Tosoh
Corporation
: : Zeolyst
CAT-5 1.0 wt% Pt/Beta CP814E Ammonium As received .
International
o : . Zeolyst
CAT-6 1.0 wt% Pt/Beta CP814C Ammonium As received :
International

*0.6 g of ammonium hexafluorosilicate solution (AHFS, 99.999 wt% trace metal basis, Sigma-
Aldrich) added in 2.0 g of zeolite and 50 ml of water is added. The contents are mixed for 1 h at
a temperature of 25 °C. The solution is filtered and dried.

Catalyst S1/Al Nz-]é%ET Pore}vol. .Pore Pt content | Meta.l NH;-TPD

(bulk molar) (m~/g) (cm’/g)  size (A) (Wt%) dispersion  (mmol/g)
CAT-1 2.90 735.87 0.39 34.52 0.83 0.149 0.30+0.01
CAT-2 5.55 872.97 0.47 26.10 0.90 — 0.76+0.01
CAT-3 5.65 818.98 0.45 31.43 0.94 - 1.05+0.01
CAT-4 5.55 872.97 0.47 26.10 1.46 - 0.76+0.01
CAT-5 13.21 577.48 0.85 72.70 1.07 0.307 0.63+0.01
CAT-6 20.10 643.24 0.32 22.22 1.03 0.501 0.30+0.01




Concept of zeolite structures [7a]




Activity
results [ 8]

p =1.0 bar
H,/C-,H,; molar ratio = 9:1
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Selectivity
results [ 8]

p =1.0 bar

H,/C,H,; molar ratio = 9:1
Values in parentheses are
temperatures in degrees
Celsius

¥; (wt %)

Y; (wt %)

¥; (wt %)

p=1bar

100 100
4 Isom. (210) CAT-1 4 Isom. (210) CAT-2
4 |som. (230) A |som. (230)
4 |som. (250) 4 [som. (250)
801 & Crac (210) . 801 o Crac (210)
4 Crac. (230) + Crac. (230) A
# Crac. (250) A + Crac. (250) -
60 { ™ Cyc.(210) —~ B0 W Cyc (210)
®  Cyc. (230) = = Cyc. (230)
m  Cyc. (250) - z ®  Cyc. (250)
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40 4 a 40 4
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A A
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20 4 . 20 - -
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0 v —s» - » —a & 0 . »- P B —ak 2
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+ Crac. (250) ¢ Crac. (250) A
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Hydrocracking of waste plastics [8a]

NvYHS:1Al 40%

Ni/HSiAl, 20%

Ni/HSIAL 10%

NiMo/HSiAl, 40%

NiMo/HSiAl 20%

KC-2600, 40%

KC-2600, 20%

No Catalyst
0 10 20 30 40 50 60 70 80 90 106
Conversion B Liquid Yield B Gas Yield
Yields, wi%
: 80

T'=375°C, pyo = 7.0 MPa, t = 60 min, Reactor volume = 27 mL



Steps involved in a heterogeneous catalytic gas-

solid reaction
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Steps involved in a heterogeneous catalytic gas-
solid reaction

. Diffusion of reactant/s through external gas film to
the catalyst surface.

2. Diffusion through pores of the catalysts.

. Adsorption of the reactants on the surface of the
catalyst (within the pores).

4. Surface chemical reaction on the catalytic surface.

. Desorption of the reaction products from the catalyst
surface.

. Diffusion of the reaction products through the pores
back to the external surface.

. Diffusion of the products into the gas phase.
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Intrinsic and global rates of reaction

v"When mass transfer resistances are also considered in
the development of a rate equation, the rate of the
corresponding chemical reaction 1s known as global rate.

v"When the external and internal diffusions are removed
or highly reduced, the rate of a gas-solid reaction 1s based
only on the intrinsic kinetics.

The ntrinsic kinetics of a gas-solid reaction involves only the
following three steps as outlined 1n the previous slide.

v'Adsorption of the reactants on the surface of the catalyst
(within the pores)

v'Surface chemical reaction on the catalytic surface

v'Desorption of the reaction products from the catalyst surfacess



Common kinetic models

v" The power law (PL) kinetics

v" The Langmuir-Hinshelwood-Hougen-
Watson (LHHW) kinetics

v" The Eley-Rideal (ER) kinetics
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The power law Kkinetics

The power law 1s an empirical kinetic
model and assumes homogenous gas-solid
reaction.

See the following article in favor of the power law.

Weller, S. (1956). Analysis of kinetic data
for heterogenecous reactions. AIChE J. 2,
59-62.
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The power law kinetics

For the reaction

aA+bB — cC+dD

According to the law of mass action, a rate equation can
be written as:

(—ry)=k-C%-C5

The sum of a and b 1s called overall order of the reaction.

Eq. 3 (from the law of mass action) seldom
represents the true rate of a reaction and in most of
the cases, rate equation has to be found empirically.

|




The power law Kkinetics

For the power law, the empirical rate equation my be of the type
(~r)=k-Ci -C5’

Where, sum of n, and n, is called the overall order of the
reaction and may be denoted as n.

n, and n, are not necessarily be equal to a and b in the above
equation. It happens rarely when reaction 1s elementary in
nature.

What are elementary and non-elementary reactions?
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The power law Kkinetics

For the dehydrogenation of methylcyclohexane to toluene

CH3 CHB

A=B+3C

Assuming 1rreversible reaction (for the forward reaction
only), the power law rate equation may be written as:

(=r) =k-C}
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The power law Kkinetics

As the reaction 1s a gas-phase chemical reaction:

(—r)=k-p,

The parameter k& and »n are the regression parameters to be
found (fitted) against the experimental data.

Rate constant £ 1s described as a function of
temperature and usually represented by the Arrhenius
equation, the above equation will be used with
Arrhenius equation and additional parameters
(Arrhenius parameters) are also to be fitted. 89



Arrhenius equation

Arrhenius equation 1s frequently applied to approximate
the temperature dependency of reaction rate and the rate

constant or velocity constant, k, 1s related to temperature,
T, by the following expression:

dlnk_ E,
dT  RT?
_Ea
k=ky-e ™

en.wikipédia.org

k, = pre-exponential factor and has units similar to that of &
E = activation energy, J-mol! 90



Arrhenius equation

v Reactions having large value of FE, are more
temperature sensitive while with low value of E, are
less temperature dependent

v E_ and k, are called Arrhenius parameters. To estimate
the effect of temperature on the rate of a chemical
reaction, the values of Arrhenius parameters are to be
known, otherwise experimental data of rate wvs
temperature can be used to calculate the parameters.

v" Arrhenius equation may be written in terms of two rate
constants and two temperatures:

(k) _E, (11

k) R\, T,

91




Arrhenius plot

A plot of Ink vs 1/T will be straight line, the slope of
which 1s £ /R. The SI unit of the slope 1s K. A large
slope of Arrhenius plot means large value of £, and vice
versa.

Slope = -E./R

1T %



Developing a rate equation

v'Experimental data is required where experiments may be carried
out 1n a batch reactor, semi-batch reactor, CSTR, or a tubular

reactor system
v'Data can be obtained under differential or integral conditions

v'A small enough particle size is used so as to minimize the
diffusion limitations (intrinsic kinetics). External diffusion
limitations are also required to be eliminated

v'For simplicity of calculations and more reliable results, attempts
are made to have an 1sothermal reactor. This may be done in PFR
by diluting the catalyst bed with inert particles. Gradientless
reactors may be required

v'Experiments are performed over a stable catalyst, otherwise the
effect of time 1s to be incorporated in the rate equation

Go to the laboratory to generate some experimental
. . . 93
reaction data or obtain from a reliable source




Developing a rate equation

The experimental data 1s fitted against the
appropriate rate model

v'The basic performance equation as that of a batch
reactor, CSTR, or PFR 1s required. The solution of the
performance equation requires a rate expression

v'A rate equation is assumed and the experimental data
1s fitted to obtain the model parameters

v'Various rate equations based on various kinetic models,
e.g., the power law model, LHHW kinetics, and ER
kinetics are assumed. Each rate equation 1s fitted with
the experimental data and the kinetically and statistically
best-fit equation 1s the rate equation for the experimental
data.



Developing a rate equation

v'Sum of squares of the errors (SSE) is the common
objective function to be minimized. F-value, residual
plot, t-values of the parameters, 95% confidence
intervals of the parameters, and correlation matrix of the
parameters are the common statistical tools required to
discriminate the rival models.

v'Both linear and non-linear regressions may be applied

v'Excel using the Solver tool, Polymath (available in a
CD with book of Elements of Chemical Reaction
Engineering, by H. S. Fogler, 3¢ ed., Prentice-Hall,
1999), SigmaPlot, TableCurve 2D, and subroutines
made in FORTRAN and MATLAB may be used for the

regression of the data. %5



Basic performance equations of flow

reactors
CSTR (100% backmixed PFR (one-dimensional pseudo-
reactor) system homogeneous reactor) system

W o_ X
F

- Fractional / :‘
0
conversion of A
Weight of catalyst, Initial molar flowrate of the / Weight cl)(fgcatalyst,

kg limiting reactant, mol/s )
Catalyst — X 4

— o *‘“““/ ’ 4 j dX

o o) - —

9] —_
° %1%, Fy (-7,
(S O
o




Example 1: Fitting the experimental data in a CSTR

The experimental data given below for the
dehydrogenation of methylcyclohexane (MCH)
1s generated 1n a catalytic continuous stirred tank
reactor (CSTR) under integral conditions. Using
power law kinetics for the irreversible reaction,
fit the experimental data and find out the kinetic
parameters.

WX, X, 4

— - =—(-ry)
Fo (1)) £ 40
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Example 1: Laboratory experimental data

IT\I%N Fmch,0 Fhyd,0 Fhyd,0/Fmch,0 | W/Fmch,0 (W/F1rgc:1,0) Ta[lget Tave Tave Xave
: %10~
mol/min mol/s — (g-s)/mol (g-s)/mol °C °C K —
1 0.25 2.74E-04 8.3774 61875.8 0.6187584 380 377.72 650.87 0.119
2 0.125 1.37E-04 8.3774 123752 1.2375168 380 378.93 652.08 0.2005
3 0.5 5.47E-04 8.3774 30937.9 0.3093792 380 374.53 647.68 0.032
4 0.25 2.74E-04 8.3774 61875.8 0.6187584 380 378.73 | 651.88 0.063
5 0.25 0 0 61875.8 0.6187584 380 369.46 | 642.61 0.3405
6 0.125 0 0 123752 1.2375168 380 373.54 | 646.69 | 0.4895
7 0.5 0 0 30937.9 0.3093792 380 366.11 639.26 | 0.2135
8 0.063 0 0 245539 2.4553906 380 376.28 | 649.43 0.644
9 0.25 0 0 61875.8 0.6187584 430 412.57 685.72 0.6145
10 0.125 0 0 123752 1.2375168 430 418.44 691.59 0.855
11 0.5 0 0 30937.9 0.3093792 430 407.61 680.76 | 0.3845
12 0.063 0 0 245539 2.4553906 430 423.87 | 697.02 | 0.9745
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Fitting of experimental data

Using the power law of the following form

(—’”A)Zk'l?f
T
=k - B-|1-—-
k=k, exp[ ( Tj]
p=_Lt
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Mole fractions in the vapor phase (reaction
mixture) at conversion X,

Component Representation Mole fraction
Methylcyclohexane A ffg SA_O ﬁ?j
Toluene B o
ORI« e
Inert 1 210

1+3.yAO'XA
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Regression in MS Excel Solver Tool

Egﬁ A= AR Regression PL - Microsoft Excel - x

—&-Jy Home Insert Page Layout Formulas Data Review View novaPDF Acrobat "@) - 7 X

b Cut ibri - A A E = || & = ext General - ,-'I __:I ~m e H_-M > Autosum © A? :
. Calibri 12 A A | &~ | | Siwrap T Ej :ng _ Bl T _DJ e 7 E‘a
" oot = | e orter - St ) conms it ot || men oo romat | G, 38 PR
Clipboard {F] Font (F] Alignment (F] Number (F] Styles Cells Editing
K25 - ( | ¥
A B C D E F G H 1 K L [\ N o P a R 5

1

2 n= 0.44271

3 Regression parameters: B= 23.1681

4 kr= 1.07423 mol/s.g-cat.bar*n

5

& FAQ FAOQ FCO W/FAD | (W/FAQ)*10-5| Tset T T XA,obs k yAD yco YA pA [-rA) XA,mod | error squared | XA, for sol

7 mL/min mol/s mol/s g-cat.s/mol g-cat.s/mol C C K maol/s.g-cat.bar*n bar  |mol/s.g-cat

8 0.25 3.26T4TE-05 | 2.74E-04 618758 0.6187584 380 377.72 | 63087 | 0119 0.741070848 0.10655 | 0.89345 | 0.09043 | 0.09043 | 0.2557408 [ 0.158241755 0.001539518 0.118

9 0125 | 1.63374E-05 | 1.37E-04 123752 1.2375168 380 37893 | 652.08 | 0.2005 0.774157858 0.10655 | 0.85345 | 0.08005 | 0.08005 | 0.2531283 (0.313250552 0.012712687( 0.2005
10 0.5 6.53495E-05 | 5.4TE-04 309379 0.3093792 380 37453 | 64768 | 0.032 0.659546448 0.10672 | 0.89328 | 0.10226 | 0.10226 | 0.2404846 ( 0.07440093 0.001797835 0.032
11 0.25 3.26747TE-05 | 2.74E-04 61875.8 0 61687584 380 378.73 | 651.88 | 0.063 0.768557346 0.10655 | 0.85345 | 0.09786 | 0.09786 | 0.2746832 [ 0.165962565 0.01144055 0.063
12 0.25 | 3.26747E-05 0 61875.8 0 6187584 380 369.46 | 642.61 | 0.3405 0.547583448 1 0 0.32624 | 0.32624 | 0.3334985 | 0.20635433 0.017994384( 0.3405 A
13 0125 | 1.63374E-05 0 123752 1.2375168 380 373.54 | 646.69 | 0.48035 0.636475235 1 0 0.20681 | 0.20681 | 0.316791 |0.392034225| 0.009499577| 0.4895 7
14 0.5 6.53495E-05 0 300379 0.3093792 380 366.11 | 630.26 | 0.2135 0.483274093 1 0 0.47943 | 0.47943 | 0.3490162 [ 0.107978341 | 0.011134821| 0.2135
15 0.063 | 8.23404E-06 0 245539 2. 4553906 380 376.28 | 649.43 | 0.644 0.703383187 1 0 0.12142 | 0.12142 | 0.2765632 | 0.679070754 | 0.001229958| 0.644
16 0.25 3.26T4TE-05 0 618758 0.6187584 430 412.57 | 68572 | 0.6145 2.451420854 1 0 0.13557 | 0.13557 | 1.0120912 | 0.626239928 0.000137826( 0.6145
17 0125 | 1.63374E-05 0 123752 1.2375168 430 418.44 | 691.59 | 0.855 2.963313693 1 0 0.04067 | 0.04067 |0.7179626 | 0.8884950784 0.001121633 0.855
18 0.5 6.53495E-05 0 309379 0.3093792 430 407.61 | 680.76 | 0.3845 2.083142 1 0 0.28581 | 0.28581 | 1.1965212 | 0.370178759 0.000205098( 0.3845
19 0.063 | 8.23404E-06 0 245539 2 4553006 430 423 87 | 697.02 | 0.9745 3.521508843 1 0 0.0065 | 0.0065 |0.3788424|0.930200087 0.001561551| 0.5745
20
21 Tr = 661.295 Obj_fn =5SE =| 0.070777181
22
23
24 2
25 I .I
26
27 4
M 4 v M| Sheetl - Sheet? - Sheet3 - ¥J [ m ] B |
Ready EEE e ()

12:52 AM
> B 55006




Regression in SigmaPlot Software

File Edit Inset View Format Teols Graph Statis Transforms  Toolbox  Pharmacelogy  Window  Help
D& ¥ @ L o | @ E G E O eN [ o 2
Arial v w o= 10
T~ & j m 1-WFAD {s.g-cat/mal) 2T (K) 3-yAD XA 5 & 7 3 3 10 11 12 ]
h ‘ 1 0.6188 &50.8700 0.1065 0.1190
E :‘L Spm:ﬁbmks 2 12375 652.0800 0.1085 0.2005
i < . 3 0,3094 647,6800 0,1067 0.0320
EU Section 1
: B Data 1= 4 0.6153 551.5800 0.1085 0.0630 _
iﬁ 5 0.6188 §42.6100 1.0000 0.3405 _ Equation Category - _
K — 5 1,2375 45,5900 1.0000 0.4395 Select the equation to fit your data ,—_|User-Deﬁned - .
lj‘ i q 7 0.3094 639,2600 1.0000 0.2135 Save As... |
=i 8 2,4554 £49.4300 1.0000 0.6440 SgEE e _
%% ’ﬁ g 0.6188 685.7200 1.0000 0.6145 .
. . Class = |
10 1,2375 £91,5300 1,0000 0.8550 Preview not available. .
Aﬁ 11 0.3094 630,7500 1.0000 0.3845 Edit Code... |
ot 12 2.4554 697.0200 1.0000 0.9745 N
IIIJ = Function - PL-Class ol
14 Equation Variables
15 f = WFAD™TA WFAD=col{1)
= fitfto XA T=cal(2)
rA=k*{pA~n) yAD=col(3)
17 k=kr*expB={1-(Tr/T})) XA =cal(4)
18 Tr =661.30
E’ 1 PA=YA™D
20 Initial parameters Constraints Options
z n=0.5 Iterations
22 B =10 100
23 kr=0.1 Step size
24 100
25 Talerance
2 0.000100
27
78 Trigonometric units
29 {" Degrees {+ Radians " Grads
30
31 Help Add As... Run | QK | Cancel S
32 -
Show summary information | 7 | | 5
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Regression in SigmaPlot Software

SigmaPlot - [Report 1] - e
|| File Edit Insert View Format Tools Graph Statistics Transforms Toolbox Pharmacology  Window  Help - 8 %
Ded & i = =
Times Mew Roman -0 - ||B F U F x ===

1 b 6 o 3 g 1 11

E@ j;...l...l...l. "'J."'JI."'|"'JI."'J."'l"'l"'i"'il"'il"'lq"JI."'l

h‘ All Open Motebooks
I | Notebook1* Data Source: Data 1 in Notebookl
1] Section 1 Equation: User-Defined, PL-Class
Data 1% rA=k*(pA'n)
Report 1% k=kr*expB*(14{Tr/T)))
Tr = 661.30
pA=yA*D
p=1.0
VA=(VADR(L-XADA(1+3*HA*vAD)
f=WFAD*rA
R Esqr  Adj Rsgr Standard Ervor of Estimate
096359 09329 09180 0.0887
Coefficient Std. Error t P VIF
n 0.4426 0.0338 8.2304 <0.0001 12.9726<
B 23.1682 2.4570 94206 <0.0001 3.6181
kr 1.073 0.1524 7.0468 <0.0001 T.7091<
Analysis of Variance:
Uncorrected for the mean of the observations:
DF 58 MS
Regression 3 3.0106 1.0033
Residual @ 0.0708 0.007%
Total 12 3.0813 0.2568
Cotrected for the mean of the observations:
DF 88 MS F P
Regression 2 0.9848 0.4924 62.6103 <0.0001
Residual @ 0.0708 0.007%
Total 1 1.0553 0.0960
Show summary information | v

For Help, press F1
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Fitting of experimental data

Now assume the reversible reaction 1s also important, therefore,
reversible kinetics are also included which is mostly true when
high conversions are obtained during the experimentation.
Including reversibility the following power law form may be used
with the experimental data:

n

3
PP
(—r,)=k-| ps BK -

e

Where, K, 1s reaction equilibrium constant. Only rate equation is
changed, the rest of the procedure of fitting the data 1s the same.

Repeat Example 1 using the power law form
shown above. Use SigmaPlot and compare the
results with Example 1. :



Example 2: Fitting the experimental data in a PFR

The experimental data given in the next slide for
the dehydrogenation of methylcyclohexane
(MCH) 1s generated 1n a plug flow reactor (PFR)
under 1ntegral conditions. Using power law
kinetics for the 1rreversible reaction, fit the
experimental data and find out the kinetic

parameters.

dx ,

=(-ry) —> dxq _ (=14)
{7,

AW~ Fy

F i
105



Example 2: Laboratory experimental data

Twall

Tave

Tave

FmchO

Fhyd0

Fhydo0/

WIFmchO0

(°C) | (°C) (K) (bant imais)t [ imaliz R Eaichol| = glgme e o yiydul byimpOy XmchellboXmch
360.6 | 324.6 |597.786| 1.013 |3.23E-052.72E-04|8.428431(62185.22|0.106 | 0.893 | 0.0011 | 0.992 | 93.676
360.6 | 321.7 |594.864| 1.013 |6.46E-05 5.45E-04|8.428431(31092.61|0.106 | 0.893 | 0.0011 | 0.991 | 62.878
360.6 | 338.1 | 611.2 | 1.013 | 1.62E-05|1.36E-04 |8.428431/124370.4|0.106 | 0.893 | 0.0011 | 0.997 | 98.349
360.6 | 328.3 |601.457| 2 |3.23E-05/3.41E-05|1.053554|62185.22|0.485 | 0.5105| 0.0049 | 0.972 | 87.802
360.6 | 323 [596.121| 2 |6.46E-056.81E-05|1.053554|31092.61|0.485 | 0.5105| 0.0049 | 0.959 | 50.802
340.49 | 312.4 |585.571| 1.013 |3.23E-05|2.72E-04|8.428431|62185.22|0.106 | 0.893 | 0.0011 | 0.982 |78.1895
340.5 | 307.7 |580.814| 1.013 |3.23E-05 3.41E-05|1.053554|62185.22|0.485 | 0.5105 | 0.0049 | 0.983 | 79.211
360.6 | 3415 | 6146 | 2 |1.62E-05 1.70E-05|1.053554|124370.4|0.485|0.5105| 0.0049 | 0.989 | 97.699
360.6 | 322.5 |595.614| 1.013 |3.23E-05 3.41E-05|1.053554|62185.22|0.485 | 0.5105 | 0.0049 | 0.994 | 90.57
360.6 | 337.2 |610.329| 1.013 |1.62E-05 1.70E-05|1.053554 |124370.4|0.485 | 0.5105 | 0.0049 | 0.998 | 99.217
380.44 | 342.4 | 6155 | 1.013 |3.23E-05|2.72E-04|8.428431|62185.22|0.106 | 0.893 | 0.0011 | 0.998 | 97.622
3405 | 312 |585.143| 1.013 |3.23E-05|2.72E-04 |8.428431/62185.22|0.106 | 0.893 | 0.0011 | 0.981 | 78.37
340.5 | 308.2 |581.386| 1.013 |3.23E-053.41E-05|1.053554|62185.22|0.485 | 0.5105 | 0.0049 | 0.983 | 77.549
360.6 | 320.1 |593.214| 1.013 |6.46E-05 6.81E-05|1.053554|31092.61|0.485 | 0.5105 | 0.0049 | 0.993 | 55.609
340.5 | 307 |580.121| 1.013 [3.23E-05| 0 0 |6218522/ 099 | 0 | 0.01 | 0.985 | 77.653
360.6 | 318.6 |591.793| 1.013 |6.46E-05| 0 0 [31092.61/ 099 | 0 | 0.01 | 0.994 | 54.001
360.6 | 322.2 |595.321| 1.013 [3.23E-05| 0 0 16218522/ 099 | 0 | 0.01 | 0.995 | 87.951
360.6 | 336.4 |609.507| 1.013 [1.62E-05| 0 0 [1243704/ 099 | 0 | 0.01 | 0.998 | 98.507
380.44 | 339.8 |612.979 1.013 |3.23E-05|3.41E-05|1.053554 |62185.22| 0.485 | 0.5105 | 0.0049 | 0.998 | 97.371
380.44 | 339.5 |612.614| 1.013 |3.23E-05| 0 0 16218522/ 099 | 0 | 0.01 | 0.999 | 96.204
340.69 | 317.1 |590.271| 1.013 |1.62E-05|1.70E-05|1.053554 |124370.4| 0.485 | 0.5105 | 0.0049 | 0.9914 | 98.241
340.69 | 307.9 |581.093| 1.013 |6.46E-05|6.81E-051.053554 31092.61|0.485 | 0.5105| 0.0049 | 0.9828 | 44.015
319.76 | 290.1 |563.279| 1.013 |6.46E-05| 0 0 [31092.61/ 099 | 0 | 0.01 |0.9453| 354
340.69 | 304.5 |577.621| 1.013 |6.46E-05| 0 0 3109261/ 099 | 0 | 0.01 |0.9817| 44.3




Example 2: Fitting the experimental data in a
PFR

The regression with PFR requires differential
equation to be solved. Euler or 4% order RK
method can be used for this purpose. As
discussed before subroutines made 1In
FORTRAN and MATLAB may be used for the
regression of the data. Try in Excel using
Solver..
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Chemical reaction equilibrium constant

v Experimental equilibrium constant may be
found 1n the literature such as in a research
article or a handbook

v When experimental K, is not available it may
be worked out in the laboratory

v" Equilibrium constant can also be calculated
using the values of Gibbs free energies of
formation

108



Chemical reaction equilibrium constant

nk, = —20 (D
R-T

K. —exp| A0 (D)
R-T

AG (T)=-YAG; (T)

m(

dinK, AH,

rxn

LS
Kl

dT

R-T?

__Ad,
R

11
L 1

G 1s a property of pure component 7 in 1ts standard state
at fixed pressure but depends on temperature

How can one calculate heat of reaction? '



Determination of equilibrium constant
(Using Gibbs free energies of formation)

When experimental equilibrium constant is not available,
one can find from the information of Gibbs free energy of
formation of each species. Please see references [10] and
[10a].

Equilibrium constant for the dehydrogenation of MCH to
toluene using the information of Gibbs free energies of

CHEMICAL o SR

PROPERTIES & <.
Handhook

formation from Yaws [10].

InKe
»

Physical. Thermodysam. Eririsietal
lmrm[n.iafmu.mﬂH;ﬁHdﬁFmgfﬂiﬁ
far Oryamc 2 lio E ¥

Carl | Yaws _ 0
g 1

2 | y=-25,652.70621017x + 47.15123250
R?=0.99999451

0 0.0005 0.001 0.0015 \0.002 0.0025

11T (K-1) 110

N.B.: Some people prefer to plot with 1000/T instead of 1/T




Example: Calculations for equilibrium composition

Calculate the equilibrium composition of the reaction
dehydrogenation of methylcyclohexane carrying out at 5 bar

and 380 °C with 50 mol% H, in the feed. The experimental
equilibrium constant 1s given below [11a].

K =3.60x10" -exp —217650f1 1 ]
° R T 650 )

Kin bar’, Rind ‘mol' ‘K',and Tin K

How can we find experimental

equilibrium constant? .



Calculations for equilibrium composition

3 3
K _pBeX(pCe) :yBeX(yCe) v

_ 3
e P
P Ae Y Ade
Component Representation Mole fraction
Vao - U=X4)
Methylcyclohexane A
Mty 14+3-y40 X 4o
Yo+ V40" X 4e
Toluene B
1+3-y40 X 4e
+3- - X
H, C Yo YA0 A fe
1+3- 40 X 4o
Inert I Y10

1+3'yA0°XAe

12



Calculations for equilibrium composition

1

14+3- X 40 ¥ 40

((yAO_XAe'yAO)j
1

3
((J’Bo +XAe'yAO)jX(yCO +3'XAe')’Aoj %
— K

e

(

(Vgo+ X 4" Va0)

1

A

3
Yeo+3 X 40 Vao

1+3-X .- V.10 _3600.6)(1{

((on - X 4 'J’Ao)j

1

—217650

8.31434

|

1 1

T 650

2

Put p in bar and T in K.

We need such a value of X, that LHS equals
RHS, i.e., LHS becomes equal to zero.
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Calculations for equilibrium composition
(MS Excel Solver application)

Equilibrium composition for MCH dehydrogenation
Ke = 16.25940041 bar3
yMCHO = 1 mol/s
yH20 = 0 mol/s
yTol0 0
yN20 = 0
T= 300 C
T= 573.15 K
p= 10 bar
f(Xe) = -0.0000008987 =0
Xe = 0.21394081 Inputs "




Class activity

Acetone can be produced from isopropyl alcohol in a fixed bed reactor according to the
tollowing gas phase reaction

(CH,),CHOH — (CH,),CO+ H,

For each of the reactant species, find out the mole fraction relationship in terms of initial mole
fractions and fractional conversion (X) at any length in the reactor.

You may consider (CH3),CHO = A, (CH3),CO= B, and H,= C
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Class activity

For the simultaneous gas phase reactions

2NO + 0O, — 2NO,
NO, + NO+2NH,; —- 2N, +3H,0

for each of the reactant species, find out the mole fraction (at any length/time in the reactor)
relation in terms of initial mole fraction and conversion or yield.

You may consider NO = A, O, = B, NO, = C, NHy; =D, N, = E, and H,0O =F.
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Homework problem

Ethylbenzene 1s produced by the alkylation of benzene as
shown 1n the following simultaneous chemical reactions.
Workout the relationship for mole fraction of each species
involved 1n the reaction in terms of initial mole fractions.
Use X, and X, as the fractional conversions for the first and
the second chemical reactions, respectively.

CoHg + CH, — CgHsCoH;

benzene ethylene  ethylbenzene

C.H-C,H + C,H, — C,H,(C,H-), 1
ethylbenzene  ethylene  diethylbenzene
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Homework problems

For the gas phase reaction

1

—

for each of the reactant species, find out the mole fraction (at any length/time in the reactor)
relation in terms of initial mole fractions and fractional conversion (X).

You may consider CO =4, NO =B, CO,=C,and N,=D

Also write down the equilibrium constant in terms of equilibrium conversion and mole fractions

of the reacting species.
For the gas phase reaction
1 .
NO +—-0, - NO,,
2

for each of the reactant species. find out the mole fraction (at any length/time in the reactor)
relation in terms of initial mole fractions and fractional conversion (X).
You may consider NO = 4, O, = B, and NO,= C.

Also write down the equilibrium constant in terms of equilibrium conversion and mole

fractions of the reacting species. 118



Homework problems

Calculate the equilibrium composition of the reaction
dehydrogenation of cyclohexane to benzene carrying out at 10 bar
and 350 °C with 10 mol% H, and 30 mol% N, in the feed along

with cyclohexane.
Hint: Consider 1deal gas conditions and avoid fugacity calculations.

Calculate the equilibrium composition of a mixture of the
following species:

N, 15.0 mol%
H,0 00.0 mol%
C,H, 25.0 mol%

The mixture 1s maintained at a constant temperature of
527 K and a constant pressure of 264.2 bar. Assume that
the only significant chemical reaction is

119

H,0(g) + C,H,(g) « C,H;0H(g)



Physical and chemical adsorption

Physical adsorption

Chemical adsorption

Binding forces are weak where
binding occurs through van der
Waals’ forces.

Reversible with the adsorbed
species unchanged when
desorbed.

Occurs through multilayer
coverage.

Applied in the determination of
surface area, pore volume, and
pore size of materials.

Low heat of adsorption 1s
involved such as that of
liquefaction.

Usually occurs at low
temperatures.

Rate of adsorption is fast.

Non-specific to the surface
(adsorbent).

Low activation energies are
involved.

Binding forces are strong where
binding occurs through chemical
bonding and electron transfer
takes place.

Mostly 1rreversible with the
adsorbed species may be
different when desorbed.
Occurs through monolayer
coverage (only active sites are
covered).

Applied 1n the determination of
catalytic surface area.

Heat of adsorption 1s many times
greater and comparable to that of
heat of reaction.

Usually requires high
temperatures.

Rate of adsorption may be fast.
Any value between low and fast.
Specific to the surface
(adsorbent).

Usually high activation energies
are imvolved.
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Concept of multilayer adsorption

Adsorbate \ Q

(a) Monolayer adsorption
(b) Multilayer adsorption
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Dissociative and non-dissociative adsorption

Adsorption of a component may be non-dissociative or
dissociative. The previous case 1s for non-dissociative
adsorption.

In non-dissociative case, the molecule 1s adsorbed as a
whole and 1t may be called as molecular adsorption.
In dissociative adsorption, the molecule such as of H, 1s
dissociated into H-H form and adsorbed. Of course the
dissociative case requires 2 sites for the adsorption.

Non-dissociative: H,+s< H,-s

Dissociative: H.+2¢c>2H -g -
2



Activated and non-activated adsorption

For activated adsorption, rate of adsorption i1s dependent upon
temperature. It requires some activation energy before the
component 1s adsorbed. Chemisorption 1s usually activated
adsorption. Non-activated adsorption or ordinary adsorption does
not depend upon temperature therefore activation energy 1s zero.

Ni+H+H 1

Dissociation
energy

ONi + H,

| 1
I I

Energy
(not to scale)

Distance from
metal surface (nm)

123

[7a]




Langmuir-Hinshelwood-Hougen-Watson (LHHW)
Kinetics

v'The Langmuir-Hinshelwood-Hougen-Watson (LHHW)

approach accounts for the surface concentrations of the species

taking part 1n the reaction.

v'Relating surface species to the observed species partial
pressures 1n the gas phase provides equations that can be fitted to
the kinetic data.

v'Based on the Langmuir adsorption isotherm, the approach was
first developed by Hinshelwood and therefore sometimes termed
as Langmuir-Hinshelwood kinetics. Hougen and Watson [1943]
developed a similar approach and popularize the Langmuir-
Hinshelwood kinetics.

v'The LHHW approach assumes that all active sites are
energetically uniform and, upon adsorption, adsorbed species do
not interact (except for surface reaction) with species already
adsorbed. 124



Langmuir-Hinshelwood-Hougen-Watson (LHHW)
Kinetics
v'Active sites have similar kinetic and thermodynamic

characteristics and the entropy and enthalpy of adsorption are
constant and not functions of the adsorbed amount.

v'The species adsorption restricts itself to only monolayer
coverage and the rate of adsorption 1s proportional to the
concentration of the active sites not occupied (empty) and the
partial pressure of the component in the gas phase.

c. 4

A http://langmuir.nmt.edu/

o

Monomolecular coverage

Langmuir Adsorption
Isotherm




Eley-Rideal Kkinetics

A gas phase component reacts with an adsorbed species,
1.e., a component reacts from the gas phase with an
adsorbed component.

A-s+B(g)—>C(g)+s

Langmuir-Hinshelwood Mechanism

O O Product QO

/W/ 7

Eley-Rideal Mechanism

AO Bq Product GO
Asads

VALY ¥ i U// S o

Nanotechnology for Water Treatment and Purification by Anming Hu and Allen Apblett




Langmuir adsorption isotherm

For the adsorption of component 4 on a certain surface

A+s = A-s
Non-dissociative adsorption Dissociative adsorption
C, K,
o _CrK,p, CA'S_IZJ/KA-pA
A-s 1-|—KA .pA A pA
C,, K, p, C, _ \/KA " P4
¢, 1+K,-p, Cr l—l—\/KA-pA
0, = Kb 0 — \/KA'pA
1+K,-p, A

_1+\/KA-pA
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Competitive adsorption

If more than one component competes for the adsorption:

A+s<= A-s
B+s&< B-s
O = Cr K, p, H = K, -p,
“A-s T > Y4
1+K,-p,+ Ky pp I+K,-p,+ K- ppg
_ .- K, - K, -
C, 7 Bp Pp 0, B Pgp

o 1+K,-p,+Ky-py I+K,-py+Ky-py



Development of a typical kinetic rate equation

v Assume a reaction mechanism. The mechanism may
include single-site or dual-site surface reactions and
dissociated or non-dissociated adsorption steps

v" Assume the single rate determining step (rds)

v'Assume that all the other steps except the rate
determining step are in equilibrium (pseudoequilibrium)
v'Write down the adsorbed concentration variables in
terms of measurable concentrations

v'Write down the total site balance, eliminate the
variable C, (concentration of empty sites), and simplify
to get the required rate equation.
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Development of kinetic rate equation based on
LHHW Kinetics single-site mechanism

The surface reaction may be single-site or dual-site, 1.e., a
single site or two sites may be involved:

A+s<> A-s
A-s<> B-s

Single-site
B-s&< B+s

A+s<> A-s
A-s+s< B-s+s
B-s<& B+s

Dual-site

130



Development of kinetic rate equation based on LHHW
Kinetics single-site mechanism: Step-II as RDS

Overall: Ao B
Adsorption of A4: A+s < A-s
Surface reaction of 4 to B: A-s < B-s
Desorption of B: B-s< B+s
k'KA'pA'[l_ & ]
(—=ry) = Pa'~e
I+Ky-pa+Kp Dp
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Development of kinetic rate equation based on
LHHW Kkinetics dual-site mechanism: Step-II as RDS

A<= B
A+s<= A-s
A-s+s<=>B-s+s
B-s< B+s

PB
k‘KA‘PA‘(l— ]
pA'Ke

2
(I+K,-py+Kg-pp)

(—ry) =

132




Class activity

Workout for the other possible rate equations based on the
mechanisms given earlier, 1.e. develop rate equation when

v First step (adsorption of A) is the rate controlling step
for single-site mechanism

v" Third step (desorption of B) is the rate controlling step
for dual-site mechanism

133



Homework problem [ 2]

Workout the example given 1n Section 10.3 of the book
by Fogler [2]: Decomposition of cumene to form benzene
and propylene.

CﬁH{CHiCHi}: —— Cf‘Hh -t C_';Hh

C+S &= C'S Adsorption of cumene on the surface

C:S —— B:S+P Surface reaction to form adsorbed
benzene and propylene in the
gas phase

B-S _E‘;" B+S Desorption of benzene from surface
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Eley-Rideal Kinetics
For the Eley-Rideal kinetic mechanism shown below,

workout the rate equation for the surface reaction rate
controlling.

A+s< A-s
A-s+B& C-s
C.-s&B+s

135



General rate equation

r N
_ kinetictermx potentialterm

(=r) =

adsorptionterm

g
v'For intrinsic kinetics, the kinetic term contains the reaction
velocity constant and may or may not contain adsorption
constants.

v'The potential term is the simple driving potential and for
an essentially irreversible reaction should be equal to unity.

v'The adsorption term contains the adsorption coefficients
and partial pressures of species and provides a means of
quantifying the competition among the species to occupy the
active centres. This i1s useful in the sense that it helps in
interpreting the effect of partial pressures of reaction species
and even 1nert and poisons on the rate of reaction. 136



Successive dehydrogenations in
methylcyclohexane dehydrogenation

Methylcyclohexane
|—Hz
Methylcyclohexene
}—Ho
Methylcyclohexadiene
}—Hz
Toluene

137



Development of kinetic rate equation based on

LHHW dual-site surface reaction for the
dehydrogenation of methylcyclohexane

Step two (I1) is the rate controlling in dual-site surface reaction

MCH + s —— MCH:s

MCH:'s + s ——— MCHe's + H»'s
MCHe's + s —— MCHde's + H»'s
MCHde's + s —— TOL's + Hy's
TOLs =— TOL + s

A=MCH, B=TOL, (' =H,, D=MCHe, and £ = MCHde

()
(1)
(11T)
(IV)
(V)
(VD

138



Development of kinetic rate equation based on
dual-site surface reaction for the dehydrogenation
of methylcyclohexane

For Step-1, it may shown that

(—r) =k pCo—k,-Cy (1)

At equilibrium net rate is zero, so

(VAS = KA ‘Pa- (19 (2)

For Step-1I which is the rate controlling step:

() =k, Cp.-C.—k_y-Cp . -C

)

(rate determining step) (3)
139
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Development of kinetic rate equation based on dual-site surface reaction for
the dehydrogenation of methylcyclohexane

For Step-III at equilibrium

Cp, = B2 (4)

. e
Cp. = — (3)

For Step-V at equilibrium

Cps=Kg-py-C (6)
140



Development of kinetic rate equation based on dual-site surface reaction for
the dehydrogenation of methylcyclohexane

For Step-VI at equilibrium

Ces =Ko pe-C (7)

5

For Eq. 3. we need the values of C, and indirectly C, _1in the known concentration

values, 1.e. we need to eliminate these two concentrations from Eq. 3.

Inserting Eq. 5 into Eq. 4, it may shown that

C,, = (8)
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Development of kinetic rate equation based on dual-site surface reaction for
the dehydrogenation of methylcyclohexane

Inserting Eq. 6 and Eq. 7 in Eq. 8, 1t may be written that

Kp-pp-C,- (Ko pe-C))
K,-C.
K;-C

5

(K¢ pe-C)

. K, -K? -C, - pg- 2
Cp. = B CF r}B Pc 9)
J.K._q_'.ﬁ.}

From Eq. 5 upon mnserting Eq. 6 and Eq. 7. it may shown that

K, -py-C -Ks-pe
K,

C. =

E-s
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Development of kinetic rate equation based on dual-site surface reaction for
the dehydrogenation of methylcyclohexane

Inserting Eq. 2 and Eq. 9 in Eq. 3, it may shown that

i

(_IA) :A_E (KA ‘P4 +('_'T5) ' Cs _k—z '

Ky -Kz-C, - pg-pe -
: | (Kepe-C.
K, K, e PerG)

. w3 .3
(—fg)szz-Kﬁ-pd-ff'(l—ﬂ‘z R tc Py pc]
ky K -K;-Ky-p,y

3
(_’:4) = kz K, p, 'Cf 1= pf Pe (10)
K-p,

Where.

kKKK,

K 3
k_, K. K




Development of kinetic rate equation based on dual-site surface reaction for
the dehydrogenation of methylcyclohexane

Total concentration of the sites is the sum of all the covered sites and the empty sites

C,=C.+C, +Cpc+C,. +Cp +Cp, (11)

Inserting the corresponding expression in Eq. 11. 1t may be shown that

A 2
I‘*B'ﬂc'cﬁ'pﬂ'}?c
I&4+k3

C,=C,+K, p, C.+Kp-pp-C.+Kp:pe-C, +

_|_KB -pp-C,-Kq-pe

K,

KB'K(%"}}B'FS? +KB‘PB'KC'PC
K, K, K,

(-‘.T — CS *

. 2 - - -1
Ky K- pp-pc +£~B'PB'£~C‘I—’CJ (12)

C =Cr+|1+K,-p,+K. -p-+Kz-pp+
T[ A" PygT e PoThp Pp X, K, X,



Development of kinetic rate equation based on dual-site surface reaction for
the dehydrogenation of methylcyclohexane

Using Eq. 12 with Eq. 10, 1t may shown that

3
k'K—_,j'pA'[l_pB p(‘]

K-p
)= K, K . K, py-Ke po)
P - - \p Ko Pp-Pe By Pp BcPe
1+K, - p,+K, po+ Ky pp +—2—= + - J
( ' K, K, K,
Where. k =/, - C;
| pape
k-K‘i-pd- 1— f CJ
K-p,

(—7ry) =+ (13)

(_1+KA ps+Ke-pe+Kp-pp+K"-pg-pe +K'- pp 'PC)Z

Eq. 13 1s the final and the required equation.

Note that the denominator 1s squared in dual-site mechanism which 1s not the case for

single-site mechanism.



Homework problems

v For the mechanisms given on slide 130, work out the rate
equations by considering adsorption, surface reaction, and
desorption as the rate controlling step.

v" For the Eley-Rideal mechanism,

A+s < A-s
A-s+B< C-s
C-s&SCH+s

workout the rate equation for the adsorption of 4 and desorption of
C.
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Homework problems

For the oxidation of nitric oxide to produce e, the
following Eley-Riedel mechanism 1s proposed. Derive
rate expression assuming surface reaction as rate
determining step.

O+s =—= O-s ER-1
NO+0O.s =— NO>s ER-2
NO;'s =——= NO,+s ER-3
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Homework problems

Modify the mechanisms given on slide 137 to single-site surface
reaction while neglecting hydrogen adsorption-desorption step,
develop kinetic rate equation based on LHHW kinetics when the
rate controlling step 1s:

* Adsorption of methylcyclohexane (Class activity)

* Single-site surface reaction for the loss of first hydrogen

* Single-site surface reaction for the loss of second hydrogen
* Single-site surface reaction for the loss of third hydrogen

* Desorption of toluene

See a few next slides. You may consult Chapter 10 of Fogler [2].

See also Chapter 2 of Froment et al. [11].
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Class activity

Overall:
MCH —— TOL+3H,

Sequence:

MCH + s — MCH:s hH

MCHs —— MCHe's + H, (]
MCHe-s —— MCHde-s + H: (1
MCHde's == TOL-s + I, (1v)
TOL's == TOL + s (V)
Derivation:

From step-11, it may be written as
(1) =k, Cpi =k, Cpy-pe (rds) (N
Weneed C, and C,,, so

From step-1, -1, -1V, and -V Eq. 2, Eq. 3, Eq. 4, and, Eq. 5 may be written, respectively

Cp=K, psC (2)
Cpy - Pe

(‘v e [ 3

> =T 3)
Cy. o p

C = B-s [ 4

Es K_1 ( }

Cpy=Ky-py-C, (5)

Where, K is adsorption equilibrium constant of toluene which is reciprocal to the

desorption equilibrium constant for toluene
Using Eq. 4 with Eq. 5, it may shown that

_Coope _Ky-py-C -pe
K, Ky

Cp, (6)

Using Eq. 6 with Eq. 3, it may shown that

C.oop. K.-p,-C -p.’
C,. = g " Pe _Bp Pp-by P (7

K3 Ks'K4

K. - C . 3
(_’.4)=k3.KA'p,f'C\—/(,E-M

K, K,
ko Kyepy-pc’
R R e B (8)
4 2 By Py k2'KA‘K3'K4',U4
Now, K = M , s0 Eq. 8 becomes as follows
k, K,
. 3
(7".4)2/"2'1{.4'!7.4'C\.~[17PR Pc J o
K-p,
C[ =C‘ +C‘4,\ +CH‘X +(_‘”“ +C!-,-.\ o)

Inserting corresponding expressions in Eq. 10, it may shown that

5
.C. +K/;'P;,'C_‘ “Pc +KH'P1,-C‘. Do

C,=C,+K,-p,-C.+K,-
¥ s A Pa B Ps K, K, K,

2
G =C-.{1+K,4-P.4+KH‘PH+KH‘p3‘p(‘ roege p(J

K K, K,
K Pk !
C=C | 14K, p,+K, p,+ 8 PsPc_ By Py Pc 1
5 T { 1Py B Pr K, K, K, (11)

Inserting Eq. 11 in Eq. 9 and writing C; -k, as k, it may shown that

3
Py Pc
kK, -p,-|1-
AP ( K-p, }

(=)= X Ea— (Final form)
14K, p,+ Ky py+ o0 P Po BuiPyiPc
[ A A B B KS'K“ K4




Discrimination among the rival models

Now we have a number of rate models developed based on
power law, LHHW, and Eley-Rideal. Each of the rate
equations developed is to be fitted against the experimental
data and the one which 1s the most appropriate kinetically
and statistically would be chosen as the best-fit rate
equation. “Initial rate” analysis may be used to get a clue of
the final form of the equation best suited to the experimental
data. Comparing the results to the literature findings and
microkinetic analysis may be carried for the final
discrimination and for observing the validity of the final rate
model. For more on discrimination among the rival models,
see Chapter 10 of Fogler [2], Chapter 2 of Froment et al. [11],
and Usman et al. [12].
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Problem: Design of a fixed bed reactor

A gas phase fixed bed reactor 1s to be designed for the 1sothermal dehydrogenation of
methylcyclohexane (MCH) to toluene and hydrogen. The feed to the reactor is pure
methylcyclohexane flowing at the rate of 100 mol/s. The temperature and pressure conditions are
360°C and 2.0 bar. Assuming the principal reaction 1s clean and no byproducts are formed, find

out the:

a) weight of the catalyst required for a total of 90% conversion of methylcyclohexane

b) the final conversion 1f the catalyst weight 1s 100 kg.

The rate equation for the problem is given below:
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Problem: Design of a fixed bed reactor

=(-ry)

(c) 2004 M. Shacham, M. B. Cutlip and M. Elty
hitpoiiwrene polymath-software com

POLYMATH 6.0

Licensed Software. Build 6.0 204

B R E B E B E

The software 1s an excellent source for
solving single and simultaneous
ordinary differential equations.

(_FA) =k- (p4

K:3600-exp(

__pB'pé
K

—217650( 1 1 3
———| ————| |, bar
83143 (T 650

661.8

k=1.65x10"" exp(B : (l - TD , mol-s'-g-cat "-Pa”’

B=18.1
Component Representation ~ Mole fraction
(1-X

Methylcyclohexane y Va0 ( 4)
Yo+ Vao X4

Toluene B TR
+3- - X

H, C Yco Y40 "4 4
YIo
Inert 1 39,0 X,




Homework problems

v'Using POLYMATH software, find out the weight of
the catalyst for the problem described above, however,
use the rate equation as described in Usman et al. 2011
[13]. Solve the problem and see the difference for using
two different rate equations. What are your comments?

v'Example 10-3 of Fogler [2].

Instead of using POLYMATH software, you can prepare
an excel spreadsheet using Euler’s method or Runge-
Kutta method for finding the weight of the catalyst, etc.
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Diffusion and reaction for porous catalysts

Solid catalysts are usually porous structures in order to
have high surface area (m?) per unit gram. Due to the
porous nature, the inner surface 1s many times greater than
the outer particle surface. Now as the reactants have to
reach the mner surface through small pores, there may be
significant resistance to mass and heat diffusion (transfer).
Due to the reason, concentration and temperature profiles
may be developed across the particle, 1.e., within the
particle.

For temperature distribution, 1f a reaction 1s exothermic,
higher temperatures are possible at the center of the
particle than at the outer surface and vice versa for an
endothermic reaction. h



Concentration and temperature distributions
in a gas-solid catalytic reaction [14]

Gas film

Catalyst particle
surface(s)

gas s
, Catalyst particle
/ interior
/
/
Exothermic
/ reaction o
/ 2
A Y

AT

ov

CAs \
"\ Endothermic
T reaction

N —
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Diffusion and reaction for porous catalysts:
Effectiveness factor

The rate (kinetics) of a chemical reaction are dependent on the
concentration of the reactant, say 4, and temperature at any
point of the catalyst. Now as concentration and temperature
may vary from point to point so does the rate of the reaction.
Therefore, 1t 1s required to account for these wvariations
(diffusional resistances) to define the rate which represents the
particle as whole. It may be interpreted that the effectiveness of
the catalyst towards the rate of reaction varies within the
catalyst particle and this effectiveness has to be considered in
the final rate law. A factor known as effectiveness factor is
required.

Effectiveness factor 1s defined as the ratio of the observed or
overall rate of reaction to the intrinsic rate of reaction at the
outer surface of the particle where there are no diffusional

limitations. e



Diffusion and reaction for porous catalysts:
Effectiveness factor

_ (_FA )obs

(_rA )int

J

(—=r,),, 1sthe rate of the reaction at the conditions
at the outside surface, 1.e., ¢, and T..

(=74 )ops s the rate of the reaction actually observed.

1 1s effectiveness factor
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Diffusion and reaction for porous catalysts:
Effectiveness factor

Satterfield [15] defines the effectiveness factor as

“the ratio of the actual reaction rate to that which
would occur 1f all of the surface throughout the
inside of the catalyst particle were exposed to
reactant of the same concentration and
temperature as that existing at the outside surface
of the particle™.

158



Diffusion and reaction for porous catalysts:
Effectiveness factor

Consider, now, a spherical catalyst particle of radius R as shown in
the figure below:

R
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Diffusion and reaction for porous catalysts:
Effectiveness factor

Considering a thin spherical shell within the catalyst particle
and apply mass balance across the thin shell for the following
assumptions:

1) Porous particle 1s spherical;

2) Porous particle is isothermal

3) Reactioni1s 4 — Products (irreversible)
4) Kinetics are represented by (—r,)=k-c/,
5) Steady-state conditions

6) Reactants are transported through diffusion and there is no
turbulence. The diffusion is described by Fick’s law with
mass diffusivity defined as effective diffusivity.
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Diffusion and reaction for porous catalysts:
Effectiveness factor

Applying boundary conditions:

BC-I: c,=c atr=R
BC-II: Cy_ 0 at r=0
dr

And defining Thiele modulus, ¢, as

and for n=1, it may shown that

: r
sinh| ¢-—
, e
Cas r -sinh
[ nne

The above equation describes the concentration profile in the spherical particle. 161
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Diffusion and reaction for porous catalysts:
Effectiveness factor

The rate of reaction throughout one spherical porous particle is:

L 1 mol/s
tanhg ¢

€

Rate=4¢r-R- D, ‘CAS[

If all the internal surface is at the concentration outside the surface, 1.e., ¢y, then:
4 3

Raz‘ezgﬂ-R -k -c, ,mol/s

By the definition of effectiveness factor, i

_3( 1 _1]
7=\ tanhg 4
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Diffusion and reaction for porous catalysts [15]

Effectiveness factor 4

1.0
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Effectiveness factor with power-law kinetics.
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Diffusion and reaction for porous catalysts:
Effectiveness factor

A modified Thiele modulus can be defined which is
based on observed values

2
o & [_ 1 dnj 1
D\ V. dt)cy
This modified Thiele modulus 1s related for wvarious
values of heat generation function, f, and dimensionless
Arrhenius number to include the effect of temperature
while determining the effectiveness factor. One such

relationship (graph) 1s shown 1n the figure on the next
slide. 164




Diffusion and reaction for porous catalysts [15]
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Effective diffusivity

The effectiveness diffusivity can be calculated by the
following equation

1 | |
— +
Deﬁ DKn,eﬁ" DA,eﬂ
Where,
D, effective mass diffusvity, m?/s

D,., ordinary or bulk effective mass diffusivity, m*/s

Dy, effective Knudsen mass diffusvity, m%/s
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Knudsen diffusivity

“If the gas density 1s low, or if the pores are quite small,
or both, the molecules collide with the pore wall much
more frequently than with each other, This 1s known as
Knudsen flow or Knudsen diffusion. The molecules
hitting the wall are momentarily adsorbed and then given
off in random directions (diffusively reflected). The gas
flux 1s reduced by the wall resistance. Knudsen diffusion
is not observed 1n liquids.” [15]

Pure molecular Pure knudsen
diffusion diffusion
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Knudsen diffusivity

Based on kinetic theory of gases, Knudsen diffusivity can be obtained as

Dy, =9700-7, 1/% , cm’/s

Where,

T absolute temperature, K
M molecular weight

7 pore radius, cm

The pore radius r, 1s for a round straight pore, the actual pore
geometry 1s complex and the therefore including the effect of
pore geometry, the following relationship can be written for
the effective Knudsen diffusivity [15].
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Effective Knudsen and ordinary diffusivities

Effectiveness Knudsen diffusivity

6° T
Dy o = 19400 |— . cm%s
TSP, VM

Where,
v particle voidage
Pr desnity of particle, g/cm’
T tortuosity factor when Dy, 1s calculated based on mean pore radius
Se surface are of the article, cm®/g
Effectiveness bulk diffusivity
D,-0
DA,eff = ;im
Dy ordinary diffusion , cm?®/s
7, particle voidage

T tortuosity factor when D, 1s calculated based on mean pore radius



Bulk diffusion coefficient for gases at low pressure

Based on the Chapman-Enskog theory, the following
equation using 1deal gas law for the determination of total
concentration “c”” may be written [17]

o -3 2(RT)3(1 +1j 1
16 TO\M, o My NposQls ap

1 1 1
= 0.00]8583\/]’6(—— —+ )
My Mg PoquQ@,AB

. . 2 . .
Here, D 5 is in cm?/s, 0,5 is A, and p in atm.

The mass diffusivity D ,, for binary mixtures of non-polar
gases 1s predictable within about 5% by kinetic theory. ,,,



Bulk diffusion coefficient for gases at low pressure

v'The parameters o, and ¢, could, in principle, be determined
directly from accurate measurement of D,z over a wide range of
temperatures.

v'Suitable data are not yet available for many gas pairs, one may
have to resort to using some other measurable property, such as
the viscosity of a binary mixture of 4 and B.

v'In the event that there are no such data, then we can estimate
them from the following combining rules for non-polar gas pairs.

[SAB=\/3—A_6B] [O-AB=%(UA+UB)]

v'Use of these combining rules enables us to predict values of
D ,, within about 6% by use of viscosity data on the pure species
A and B, or within about 10% if the Lennard-Jones parameters for
A and B are estimated from boiling point data as discussed in
Chapter 1 of Bird et al. 2002 [17]. 17




Bulk diffusion coefficient for gases at low pressure

v'The Lennard-Jones parameters can be obtained from the
Appendix of the book [17] and in cases when not known can
be estimated as described 1n first chapter of the book [17]. To
avold interpolation, a graphical relationship for collision
integral 1s given on the next slide.

v'A mathematical relationship by Neufeld is recommended for
computational (spreadsheet) work [18].

Q, = A + ¢ — + E — + G (11-3.0)
(T*)"®  exp(DT*) exp(FT*) exp(HT*)

7% = kT/e g A = 1.06036 B = 0.15610

C = 0.19300 D = 0.47635 E = 1.03587

F = 1.52996 G = 1.76474 H = 389411



Bulk diffusion coefficient for mixture of gases and
gases at high pressure

v'The behavior of gases at high pressures (dense gases)
and of liquids 1s not well understood and difficult to
interpret to a mathematical evaluation. The following
approach can be used for estimating the mass diffusivity
of gases at high pressures. The method 1s very good for
gases at low pressures. At high pressures, due to the lack
of large number of experimental data, a comparison 1s
difficult to make.

v'For the diffusivity of gases at high pressure and mixture
of gases, see “Poling, B.E.; Prausnitz, J.H.; O’Connell,
J.P. 2000. The properties of gases and liquids. 5th ed.
McGraw-Hill” and Chapter 1 of the book by Bird et al.

[17]. 173




Class activity

For the exothermic reaction (methanol formation: CO +2H, — CH,OH ), calculate the effective

binary diffusion of CO in H,, effective Knudsen diffusion, effective diffusivity, and effectiveness
factor for the following conditions. Use attached tables and charts where required. Some
equations which may helpful are also given along with the data.

T'=400K, p = 5.0 bar absolute, and yco = 0.2 and yy, = 0.8.

Particle diameter = 2.0 mm,

Heat of reaction =-90.84 kJ/mol

Thermal conductivity of particle = 0.20 W/m-K

(—=rco) = 1.5 x 10~ mol/g-cat-s

Dimensionless activation energy or Arrhenius number = 20

Particle voidage = 0.50

Surface area of the particle = 150 m°/g

Density of the particle = 1.20 g/cm’

T ity f =4,
ortuosity factor = 4.0 174



Homework problem

For the isothermal dehydrogenation of methylcyclohexane over Pt/Al,O; catalyst, the following
information is available:

7 =600 K, P = 5.0 bar, Y40 — 0.2,))(“0 =0.8

Catalyst particle size = 1.5 mm

Heat of reaction = 205 kJ/mol

Dimensionless activation energy or Arrhenius number = 10
Thermal conductivity of the catalyst particle = 0.16 W/m-K
Particle voidage = 0.55

Surface area of the particle = 208 m*/g

Density of the particle = 1.5 g/cm’

Tortuosity factor = 3.0

Use the rate equation given on slide 152 and use initial rate with p4 = p.4o, ps = ppo, and pc= pco
to find out the rate of the reaction under the given conditions.

Calculate the effective binary diffusivity (of methylcyclohexane in hydrogen), effective Knudsen
diffusivity, effective diffusivity, and effectiveness factor at the given conditions. Observe the
effect of temperature (vary between 575 and 675), pressure (vary between 1 and 15 bar), and
tortuosity factor (vary between 3 and 7) on the effectiveness factor.

Note: You may prepare an excel spreadsheet but the assignment is to be submitted in the hard

form. Late submission will carry not more than half of the marks. -
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Various design of reactors

Based on the phases involved, reactors may
adopt various shapes and designs
depending upon the process requirements.
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Reactors for gas phase only [20]

v'If rate of the reaction is high, the reaction can be carried
out 1n small reaction spaces, €.g., in flames and arcs.

v'For slower reaction larger reaction space is required.

Flame

Examples:
combustion of
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Electric arc
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acetylene
from methane,
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Large reaction

—

vessel Autoclave
/\_ N
)
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Reactors for liquid phase only [20]

Tank
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Gas-liquid reactors only [20]
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Gas-liquid reactors [20]

Drum scrubber

Example:
ammonia
serubbing

Mechanical absorbers

Plate scrubber
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Liquid-solid reactors [20]

Stirred-tank Autoclave
reactor
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Examples:
roasting
of ore,
cement
manufacture

Gas-solid
reactors [20]
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Gas-Liquid-solid reactors [20]

Stirred-tank Autoclave Rotary Rotary Agitated Reactor with Batch Moving-bed Multicompartment
reactor drum sphere drum fixed solids reactor reactor reactor
S -
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for ore ammonium N, 4 3H, — 2NH; coking of iron smelting, roasting
Al(OH)4 chloride (with catalyst) coal caleination of ore
heat regenerator of limestone
(with refractory
material)
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) Fluidized-bed cocurrent-flow countercurrent-
Reactor with Kneader Screw Spinning Iluidized-bed Rotary kiln reactor reactor flow reactor
eirculation nozzle reactor
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cement roasting
manufacture of ore

Think other designs.

You may have a novel idea.
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Design of a fixed bed reactor

A commonly used fixed bed reactor has the following
features:

v'The reactor is used for a fluid-solid contact though
gas-solid systems are more common.

v'The solid catalyst particles are arranged randomly in a
cylindrical shell or tube, where the solid particles
remain fixed with respect to each other as well with
respect to the reactor wall.

How will you define moving bed reactor and fluidized
bed reactor?
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Design of a fixed bed reactor

v'The gas or liquid flows from top to the bottom. The
flow 1n upward direction may loosen the bed giving rise
to attrition and fine particles may increase the pressure
drop and may possibly be fluidized.

v'Sulfuric acid production (SO, oxidation), methanol
production, ammonia synthesis, manufacture of styrene
by the dehydrogenation of ethylbenzene are some of the
industrial examples that require a fixed bed reactor.

v'The catalytic bed may be arranged in a single shell,
single shells adjacent to one another (multibed), or
multitubular reactor.

186



Design of a fixed bed reactor

v'The catalyst bed may be arranged in a multitubular
geometry 1n which a set of tubes are placed inside a shell.
This conforms to a shell and heat exchanger type
assembly. The catalyst may be packed inside or outside of
the tubes.

v'A radial flow reactor may also be used where pressure
drop 1s an 1ssue.

v'The usual catalyst particle size ranges between 2-6 mm.
Various shapes of catalysts may be used. Spherical, solid
cylindrical, hollow cylindrical (Raschig ring type),
Lessing ring type, extrudates, etc., are the different kinds
of shapes of catalyst that may be employed.
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Variety of catalysts: pressure drop [6]
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Design of a fixed bed reactor
v Thermodynamics of the reaction (heat of reaction and chemical
reaction equilibrium consideration)
v" Reaction reversibility
v" Kinetics (rate) of the given reaction
v" Feed composition and product specifications
v" Flow requirement
v" Thermal energy requirement
v" Bed arrangement
v" Properties of catalytic particles and catalytic bed
v" Catalyst weight (size of the reactor)
v" Length to diameter ratio
v" Pressure drop
v Temperature and composition distributions

v One or more of these requirements may be dependent on eagla
other.



Fixed bed reactors
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Types of fixed bed reactors [14]

FBCR
1L Y
Axial flow Radial flow
Y
Y
N‘;‘;aef;?cza:'c Adiabatic
(multitubular) speratian
w} 4
1} Y Y
Catalyst Catalyst Single-stage .
outside tubes inside tubes (as above) Multistuge
Y l
[ Y Y
Interstage Cold-shot
heat transfer cooling
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Fixed bed reactor models [14]

FBCR Models
(1) (2)
1-phase 2-phase
(pseudohomogeneous) (heterogeneous)
cp=cpgi =1, CAFCpp T#T,

(1.1} (1.2) (2.1) (2.2
1-dimensional 2-dimensional 1-dimensional 2-dimensional
axial gradients axial & radial gradients
cp = r.'A{I:F,, etc. op = fﬁh’, J"}, atc.

(2.1.1) (2.2.1)
PF axial PF
with radial
(1.1.1) (1.1.2) (1.2.1) (1.2.2) dispersion
PF DPF axial PF DPF lea, T)
{axial) with radial axial and
dispersion radial
(for ca, T') dispersion

(2.1.1.1) (2.1.1.2)
intarfacial interfacial and
gradients intraparticle
(cp, T) gradients
n=1 iep, T
VER
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Fixed bed reactor models [14]

(1) In a “one-phase” or pseudohomogeneous model, mtraparticle gradients are 1g-
nored, so that everywhere in the catalyst bed, the value of concentration (c, ) or
temperature (T) 1s the same as the local value for bulk fluid (cAg or T ) The
actual two-phase system (fluid and catalyst) is treated as though it were Just
one phase. In a two-phase or heterogeneous model, intraparticle gradients are
allowed, so that, locally, within the particle, c, # cp, and T # T,. The effects
of these gradients are reflected in the particle effectiveness factor, % (Section
8.5.4), or an overall effectiveness factor, 7, (Section 8.5.6). If the reactor oper-
ates nearly 1sothermally, a single value of 7 or n, may be sufficient to describe
thermal and concentration gradients. However, 1f operation i1s nonisothermal,
n and/or n, may vary along the length of the vessel, and 1t may be necessary
to account explicitly for this behavior within the reactor model. A further dis-
cussion of the effects of interparticle and intraparticle gradients 1s presented in
Section  21.6.

(2) In a one-dimensional model, gradients of ¢, and T at the bed level are allowed
only in the axial direction of bulk flow. In a two-dimensional model, gradients at
the bed level 1n both the axial and radial directions are taken into account.
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Steady-state two-dimensional pseudo-
homogeneous model

Convective
| flow + axial
| dispersion

i
- r
Radial ( z{” T
dispersion i
| AZ

A~ ——i— =<~ l
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Steady-state two-dimensional pseudo-
homogeneous model

Mass balance:
(Rate of mass in)— (Rate of mass 0ut)+ (Rate of mass genemtion)

—(Rate of mass consumption)=(Rate of accumulation of mass)

Energybalance:
(Rate of energyin) — (Rate of energyout) + (Rate of energy genemtion)

— (Rate of energycansumptim) = (Rate of accumulation of energy)
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Steady-state two-dimensional pseudo-
homogeneous model

COIltiIlllity equation (Constant D,,and D, ).

2 2
L] L 1 L L
N o0°c, +De{8 C, —|——ac‘4]—a(m‘4)—p3-(—VA)=0

“ oz’ or:  r or oz

Energy equation (Constant ¢, Ak, and k,):

o°T o’T 10T ) . oT
k. —+kn, —t—— |-G, —+ 4 Ahm 0
ea 822 e [872 p 8}/‘] p 82 /OB ( A)( )

For the derivations, see class notes and book by Missen, Ref. 14.
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Peclet numbers

Peclet number for mass transfer

Peclet number=

Mass trasnferrate by convection

Mass transferrate by conduction

u-d

pP

D

r

G,
p-D,

Peclet number for heat transfer
Heat trasnferrateby convection

Peclet number =

Heat transferrate by conduction

Per’ p =

u-dp :G-cp-dp

k k

r r




Boundary conditions

FQO:F;1+[—DQQJ

dz

(kz(T -T)=—-k, éz—
dz

aCA :0T:O

oz Oz

(3CA :aT:O

or or

%4 _y

or

dT
o)t

v

atz=20

atz=20

atz =1L

atr=20

atl":Rg

atl":Rg
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Overall heat transfer coefficients: hollow

cylinder

/1 1 +Ai‘1n(’”2/’”1)+ 4, )
U. h 2-m-k-L h -A
TSR peay s

\0 i T ) 0/

Outside fluid ——
film resistance

Inside fluid
film resistance

Pipe wall
resistance

_________ - 199



Bed properties and Ergun equation for
pressure drop calculations

Ps Bulkvoidage=¢&, =1— Ps
(IOS XVP)_I_I pp

Particledensity= p, =

Bulk density=py = p,-(1-¢,)-(1-&p)

d,-G
Y7

Particle Reynoldsnumber= Re , =

Ergun equation

_dp _150-G-p (1-g5)° 175G 1-¢,
dz p-¢°-d’ & o-¢.-d, &
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Recommended correlations for fixed bed

reactors [21]

Type Correlation Deviation %  Range
Particle-to-Fluid (a) Heat Transfer:
< h, D
.= Z('AH“){T“) sP_24+1.1P'PRe"® 259,
an(Ts-T) A
TV T Mass Transfer:
k.= —20
" an(Cjs- C) 24 1.15cRe®® 25%
PDim
Heat-Transfer Coefficient (b) Spherica! Particle”
For one-dimensional model hD 08 033 6D,
b= q ——=226Re Pr expl- 1% 15-75
TAT-T) Ay keal
LN
where T, is the wall temp of m hr *C
the fluid at axial position of 20< Re £7600and 0.05SD_/D £ 0.3
interest (for homogeneous P
model, T of fluid and of bed Cylindrical Particle® 27,

are assumed idennal)

h.D 6D
2 1.40Re" P exp(- ——p]
lf

20 S Re £ 800and 0.03 DP/D £0.2



Recommended correlations for fixed bed

reactors [21]

0.05 <Dp/D <0.15

Type Correlation Deviation % Range
Wall Heat-Transfer herical Panticle”
Coefficient (b) h 0.795, 033 14% 100-250
For two-dimensional model Dy =0.19Re" P kcal
h,= q A m’hr °C
A, (TR[ }
20< Re £ 7600 and 0.05 S D,/D <03
where TRl =Temp atr, = R,
lin i Pary 1 :
WDP =0.18 Re"pr’’ 33%
A
205 Re£800and 0.035D /D £ 0.2
Effective Radial Thermal hoD. ¢ approx. [-10
Conductivity (c) P =027 keal
A l-
'}» -a—T = i r € mzhr OC
T
ar, r, =R, Ai
! Use value of h to calculate A, o112
_ DG A
Applies: 500 < ——— < 6000
u{1-e}



Recommended correlations for fixed bed

reactors [21]

Type

Correlation

Deviation % Range

Effective Radial Diffusivi

©)

x,

or

N, =-D

$r r

FAR |

Typical commerctal reactors with Sc=0.7
€D, 1 038

ust=.l‘l_‘l Re
Dpr>(].l
m =11 for Re > 400

m = 57.85 - 35.36 logRe + 6.68 (lcrgRt)2
for 20 < Re < 400
For DP/D < 0.1 divide

D, calculated from above by

|1 +19.4D,/Df}

For more general equation in terms of Re,
tortuosity, and g, see Ref. (d).

very u. D
approx. ES @p =6-20

Dpuspf
Notes: Re = m

: Dp is diameter of a sphere or an equivalent sphere, 6/a,,.
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Physical properties of mixtures

Average molecular weight:

M, =y, M,+yg-Mp+y--M-+y,-M,

Density (applicable at low pressure):

_ p 'Mave
o R-T
Heat capacity:

Cp, =YV4 'Cp,A(T)"‘J/B 'Cp,B(T)+J’C ’Cp,C(T)"‘J/] ’Cp,I(T)

Transport properties such as mass diffusivity, thermal
conductivity, viscosity should not be taken as additive.
Recommended mixing rules should be applied for such
calculations. See Poling et al. [18] and Bird et al. [17] Chapters 1,
9,and 17. 204



Steady-state one-dimensional pseudo-
homogeneous model with negligible axial
diffusion for adiabatic operation

Continuity equation:
dX, _7-D; py-(-1,)

dz 4.-F,,
or dX, :pB°(_rA)°MO
dz G-y 40

Energy equation (Constant ¢,and 44,,,):

dT _ Ps (=ry)-(=Ah_)
dz G-cp
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Steady-state one-dimensional pseudo-
homogeneous model with negligible axial
diffusion for non-adiabatic operation

Energy equation (Constant ¢,and 44,.,):

dT _ py-(1y)-(=Dhy,) 4 U-(T-T))
dz G-c, G-c, D,

What would be the boundary
conditions for each case?
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1.

Fixed bed: A few rules of thumb

Usually d, 1s chosen so that the ratio D/d, > 10 to
avold flow problems. A very small particle, on the
other hand, will cause excessive pressured drop.

In one of the criteria, the effect of axial dispersion
depends on the ratio of the length of the reactor to
the particle size. If the ratio 1s 100 or more, the
effect 1s usually negligible compared to convective
mass transfer.

Carman-Kozeny equation 1s suitable for fine
particles. Ergun equation works well for both
laminar and turbulent regions.
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Solution of partial differential equations

COMSOL
NMULTIPHYSICS

v’ Finite difference approach

v Finite element approach

Finite difference: k. |
v" Explicit methods e =SS
(Easy to put but beware of convergence and stability)

v" Implicit methods
The Crank-Nicolson method

Finite element:
v Comsol Multiphysics (old name Femlab).
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Problem

A gas phase adiabatic fixed bed reactor 1s to be designed for the
dehydrogenation of methylcyclohexane (MCH) to toluene and hydrogen.
The feed to the reactor is 80 mol% methylcyclohexane and 20 mol%
hydrogen flowing at the rate of 20 mol/s. The inlet temperature and
pressure conditions are 340°C and 5.0 bar. Assume the principal reaction
is clean and no byproducts are formed. Also assume constant pressure
drop, specific heat capacity, and heat of reaction. By applying one-
dimensional plug flow model,

a) determine the variation of temperature, partial pressures of each
components, fractional conversion, and rate of reaction along the length of
the reactor (effective factor is unity),

b) redo Part (a) if the effectiveness factor is 0.9,

c¢) redo Part (a) for the 80% deactivated catalyst. What are new conditions
required for having the same outlet conversion as that obtained in Part (a).
Take W/F 4 = 30,000 s-g-cat/mol, catalyst particle size = 4.0 mm, L/D of
bed = 3.0, bed density = 900 kg/m’, and bed voidage = 0.6.

Use the rate equation given on Slide 152.



Solution of one-dimensional pseudo-
homogeneous model

Euler’s method is employed for approximate solution of ordinary
differential equations with initial value problems.

yn—l—l :yn +hf(xn9yn)
h:xn+1 _'xn

Take interval “A” as low as
possible. Take large number of
steps to avoid numerical
instability.

Runge—l%utta 4th order
method has better efficiency

than Euler’s method.

(c) 2004 M. Shacham, M. B. Cutlip and M. Elly
hitp:/heww polymath-software.com

POLYMATH 6.0

Licensed Software. Build 6.0.204
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Assignment (Last date: 09-May-2016)
Total marks: 12.5

A gas phase fixed bed reactor is to be designed for an adiabatic dehydrogenation of
ethylbenzene. The feed to the reactor is pure reactant flowing at the rate of 20 mol/s.
Assume the principal reaction is clean, i.e., no byproducts are formed. Using Euler’s
method (Excel spreadsheet) to find out the weight (W) of the catalyst for 30%
conversion for constant value of effectiveness factor as 0.9. Take heat of reaction and
specific heat capacity as constant. While doing this, workout the concentration (X}),
temperature (7), and total pressure (p) profiles along the flow direction (7 vs W, p vs
W,and X, vs W). Plot T vs W, p vs W, and X, vs W.

Note: You may prepare an excel spreadsheet but the assignment is to be submitted in
the hard form. You need to find the reaction conditions and intrinsic rate equation
from the literature.

Submit hand written assignment attached with it print of the part of the actual excel

spreadsheet. 211



Reading materials

R-1  Pages 2 and 3 of Hill and Root [1]

R-2  Pages 591 to 594 of Couper et al. [4]

R-3  Complete article by Usman et al. [7]

R-4  Complete article by Ding et al. [8a]

R-5 Pages 1 to 11 of Richardson [6]

R-6  Complete article by Usman et al. [§]

R-7  Chapter 10 of Fogler [2]

R-8 Complete article by Weller, 1956

R-9  Pages 129 to 147 of Satterfield [15]

R-10 Pages 512 to 517 and 523 to 531 of Missen et al. [14]
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