University of Windsor

Scholarship at UWindsor

Electronic Theses and Dissertations Theses, Dissertations, and Major Papers

1-1-1968

Kinetic study of the catalytic oxidation of carbon monoxide.

Vinod C. Khera
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation

Khera, Vinod C., "Kinetic study of the catalytic oxidation of carbon monoxide." (1968). Electronic Theses
and Dissertations. 6522.

https://scholar.uwindsor.ca/etd/6522

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.


https://scholar.uwindsor.ca/
https://scholar.uwindsor.ca/etd
https://scholar.uwindsor.ca/theses-dissertations-major-papers
https://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F6522&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.uwindsor.ca/etd/6522?utm_source=scholar.uwindsor.ca%2Fetd%2F6522&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca

KINETIC STUDY OF THE CATALYTIC
OXIDATION OF CARBON MONOXIDE

A Thesis
Subnitted to the Faculty of Graduate Studies through the
Department of Chemical Engineering in Partial Fulfilment
of the Requirements for the Degree of
Master of Applied Science at the
University of Windsor

by

Vinod C. Khera

Windsor, Ontaiio
1968 ’

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: EC52704

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized

copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform EC52704
Copyright 2008 by ProQuest LLC.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest LLC

789 E. Eisenhower Parkway
PO Box 1346

Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABF 4319

APPRO\.H%D BY:‘ / M;»A ,/SZZV'&'J%

&P Mav. -
J

| /// /%&/f £ fv/m?//céf’/

209985

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



leBSTRACT

A catalytic reactor was designed and,constrﬁcted té
study the kinetics of a highly exothermic reaction, namely"
the oxidation of éarbon‘monoxide, under integral plug flow
condi;ions. The reaétbr was found to be an efficient unit
thatjcould be uséd under isothermal conditions with a
commércial 0.3 % Pd on’alumina.catalyst in the form of
1/8" X 1/8" pellets, j- | .

Data were takeﬁ at the temperatureé of 1709, 180°, and
195°C; and at pressures close to atmospheric., The range of
conversion was from 20 % to 60 %. Mass and heat transfer
effects‘on kinetics were found to be negligible,

The rate model which was found to fit the data most
satisfactorily is as follows:

o =. L , o)
(=reg) : 7.4 exp(: ?7'9OO/RT)%EBT

This rate equation signifies either the surface reaétion
between chemisorbed carbon monoxide and oxygen or the chemi-
sorption of oxygen as the rate controlling step.v The data
were found to fit tﬁe rate equation within 95 % confidence
limits for all the temperatﬁre levels investigated,

iii
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I. INTRODUCTION

The harmful effects of air pollution are felt not only
in a‘city like Los Angeles, but also in the smaller ones,
Autopotive exhaust is by far the most significant air
pollutant in the ciﬁies. Thefexhaust gases from the inter-
nal combustion engines are complex mixtures consisting
principally of the pfoducts of hydrocarbon combustion, and
small amounts of the oxidation products of sulphur and

. nitrogen. The major constituents are water, COZ' Ny, 05y,
CO,‘and Ho: whereas minor constituents are oxides of sulphur
.'and nitrogen, aldehydes, organic acids, alcohols, hydro=-
'i carbons, smoke etc. (1ll). Table I.l in &ppendix I gives &
typical cémposition of exhaust gases;

Carbon monoxide constitutes the largest single compo-
nent contfibuting to air pollution from automotive exhausts.
Carbon monoxide gas is extremely toxic and because of this,
it is extremely dangerous in enclosed spaces where it may
.even cause death,"It has also been found to be an asphyx- -
>inal which combines with the hemoglobin of blood (19).

TablesI,2 and 1.3 in Appendix I list the effects of carbon
monoxide concentrations on the human body.

The emmission standards for exhaust gases as set by

the U.S. State Department of Health are  not over 1.5 %
1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2
by volume of carbon monoxide and 375 p.p.m. hydrocarbons
which reflect approximaﬁely an 80 % reduciion of hydrocarho=-
ns emissions and aIGO‘% reduction of carbon monoxide (12)./

The automobile industry and many research orgénizations
have beeﬁ'concerned with minimizing the guantity of air
pollotant components from automotive exhausts. The work of
these people has been hampered by the lack of high temperat-
ure ﬁ;terials of construction and development of catalysts
whioh would be immune to poisoning. The industry has olso
beeo concerned with evaluating'various metheds of reducing
air pollution from automotive exhausts including modifica-
tions of tho design of the engines etc., A number of oper—.
ational and performance penalties have, however, been
experieoced,(3). It appears that in order'to_bring down

 £be qoahtity cf carbon monoxide and hydrocarbons.to ao
acceotable level, their oxidation wiil eventually be nece-
ssary. | |
"The"probiem of oatalyst poisoning is an important one
otillvto belsoived. It is hoped that a system can be
developed which\would remove various catalyst poisons from
the exhaust gases before they are‘allowed to come in contéct
' with the catalyst or a catalyst would be prepared whioh
will not be poisoned by the lead oxide and water vapour
'present'io'the'exhaust gases. |
Conventional integral plug flow reactors have been

found to be rather unsuitable for highly exothermic rea-

ctions like carbon monoxide oxidation because of the
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3
problems involved in maintaining‘isothermal conditions in
such a systemwég mentioned by Tajbl et. el. (24).

The temperature control problems éssociated with such
a system and the presence of carbon monoxide as a major‘
constituent in automotive exhausts suggested a careful and
systematic investigation of the catalytic oxidation of
-carbon monoxide, |

Thevfeasibility of using the conventional plug flow
type of integral reactors fofukinetic study by means of
’slightly modified design and deviation from the uéual
operating procedure is studied in this investigation. The
reactor was not heated directly,Qhereasypréheating of the
reactant gasés was utilized directly and the heat of rea-
ction was utilized indirectly in order to control the
temperature of the integral reactor during the course of
‘this investigation;

The purpose_of the present investigation is two-fold:
1. To‘study the feasibility of using an integral plug flow
catalytic reactor for a significan; level of conversions
for the highly exothermic reactions., The reaction chosen
was the catalytic oxidation of carbon monoxide with ai:
over 0.3 % palladium catalyst supported on alumina.,
2., To study the kinetics of the above mentioﬁec‘l reaction
and to establish the rate egquation and determine the
reaction velocity constants 7 the temperature range of

170° to 195°C and also to determine the energy of activation.
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4
The rate equation established in this study may be used

in the design of a suii:onle catalytie reactor,
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II. LITERATURE SURVEY

An extensive survey on the catalytic oxidation of carb-
on monoxide has been preparéd by Katz (16). Dixon and
Longfield (10) have also reviewed the literature on carbon
monox;de oxidation oh.Ag, Pd and oxide catalysts,

: Carbon monoxide 6xidation occurs readily at ¥ tempm.
eragures as low as room temperéture by transition metal oxide.
catalysts such as MnO,, Cu0, NiO and CooO. Multicomponént
catalysts with mixtﬁres of oxides of Mn, Cu, Co and Ag are
particularly active in the oxidation of carbon monoxide and
are known as Hopcolites. Detailed information on important
catalysts can be found elsewhere (1, 2, 13, 20, 23)., The
most éommonly employed catalysts are weakly basicboxides of
the transition metals (e.g., oxides of Zn, Cu, Pb, Ti, Mn,
Fe, Ni, Co and Mo), Pﬁ and Pd in their metallic state, the
oxides of Ag and Hg'and the:weakly acidic oxides of Cr, Mn,

7 Fe,‘and Mo and oxides of rare earths (e.g., cerium and
‘thorium).

In the case of chemisorption of carbon monoxide on
oxide catalysts, it has been observed (l6) that some gas
is.at first adsorbed instantaneously followed by a slow

adsorption which varies approximately as the square

5
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root of time and is not appreciably dependant upon the
pressure, It is interesting to note here. that the mobility
of the translaticnal freedom of the adsorbed molecules can
be determined from a knowledge of the entropy of adsorption.
This has been illustrated by Damkohler and Edse (8).

A recent review by Dixon and Longfield (9) cites the
work of Schwab and Grossner (21) in which the rate of carbon
monoxide oxidation over palladium wire was described by the

‘relationship:

_ &(co) _ y (0)
> kTeay eeo(2.1)

which is a simplified form of the expression where oxygen

chemisorption is the rate controlling step, i.e.,

a(co) kK (02) eee(2.2).

de | 1 + K(CO)
When carbon monoxide adsorption on PA wire is high ; Egn,
2.2 reduces to Eqn. 2.1l. In general, however, Schwab's

work suggests an expression of the form:

-

dat T (1 + K(con? ’

in which the surface reaction between carbon monoxide and
oxygen is the rate controlling step. 1In the case of

high adsorption of carbon monoxide gas on palladium, when

K(C0)>>1, Egn. 2.3 redues to Eqn, 2.1, Modell's work (18)
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7
on Pd wire also agreés.with the work of Schwab, whereas the
results of Daglish and Eley (7) are in direct conflict with
those of the above investigators. They suggested dissociat-
ive chemisorption of oxygen as the rate controlling step.
The work of Daglish and Eley wqé carried out at lower temp-~
eratures as compared to others; which could probably expiain
the shift in mechanism, Fof high adsorption of CO on P4,
this éan be written as follows:

(-rco) = k =5z vea(2.4)
- The works ﬁentioned above have been on Pd wire and
films as catalyst surfaces. The bnlf WOrk on the kinetic
investigation of CO oxidation on a PAd catalyst supportéd on
alumina is that of Tajbl et. él. (24), Their study was car-
ried out on in é continuous stirred tank catalytic reactor
for conversions upto 15 %. This reactor was considered ..
superior to the conventional plug flow reactor hainly be-
cause the plug flow reactors'arg extremely difficult to
operate under isothermalvconditipns. Thé rate model sugges-~
‘ted:was first ordef with respect té 07 concentration and
inversely proporéiqnal to the €O conceh£ration.’
The investigations mentiohéd above are baséd on the
assumptiqn that éarbonvaonbxide_is very stréngly adsorbed
on Pd,. This has béen confirmed iﬁ';he work of Stephens(22)
who'studiédlthe adsorption of the carbon monbxide-oxygen
‘ system on paliadium metal film. It.ﬁas however not possible

in his work to establish oxygen adsorption rates in the
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8
presence of carbon monoxide as they encountered the expec-
ted diffculties of reaction between adsorbed carbon'monoxide
and bxygen, wheras there is no use of finding the oxygen
adsorption rates in the absence of carbon monoxide because
the palladium surface changes its adsorptive_charactéristics
by the presence or absence of carbon monoxide,
The complete rate equations for the various rate

controlling steps, the simpliﬁied forms of which have been
mentioned in this chapter will be discussed in detail in

Capter III,
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IIT. THEORY

A, Catalvtic Kinetics

The determination of the kinetics of a chemical reac-
tion, in generél; and a catalytic reaction, in particular,
involves the understanding of;thé fundamentals of the
process, 'Unfortunately, very little is known about the
exact role of a catalyst in a catalytic reaction. So far,
insufficient knowledge exists on the total phenomenon.

. Under the present circumstances until a more cdmprehensive
underétanding of the catalytic‘phenomenon is achieved, there
are two approaches open‘to the present’day investigator.
One is based on the Langmuir-~Hinshelwood mechanisms as mod-
ified and propounded by Hougen and Watsoni and the other
approach is through the empirical power law formulation.

Hougen and Watson.(lS) proposed the following steps by
which a catalytic reaction proceeds:

t 1, Mass diffusion of the reactants to the exterior
surface of the catalyst.

2, Diffusion of the reactants into the catalyst pore
structure.

3. -Chemisorption of the reactants on the activevsites
of the catalyst, )

4, Surface reaction between éﬁemisorbed reaétants

9
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‘10

and/or reactants in the gas phase.

5. 'Desorpticn of products,

6. Diffusibn of thg products out of the pores to the
exterior surface,

7. Mass diffusion of the products away from ﬁhe surfaée
of the catalyst.

| Steps 1, 2, 6, and 7 are physical in nature whereas

the rest of the steps are chemical ones.

One or more of the seven steps could be rate controlling.
The rate expressionsAfor single rate cont{plling steps have
been §roposed by Yang and Hougen (26). Iﬁ those cases where
two surface reactions are occuring simultaneously on differe-
nt types of active sites, the two reaction: rates are additive
requiring independant rate egquations,

B. Evaluation of Rate Equations

When the diameter of thenégt@lyst‘particles is small in
comparison with the tube radigs, a flaﬁ Velocity profile is
obtained and this acts as a condition confirming plug flow
behaviour in the reactor (25)., For the case when a steady
state flow system exists, if an elemental section of the
reactor is considered with a catalyst mass of AW producing

a conversion of dX of the reactant, then the basic conversi-

on equation can be written as:

F ax ='(-rA) aw _ ee.(3.1)
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11

il

where _ F 1b. moles/hr. of Ffeed.

conversion in 1lb. moles of A/lb. mole of
feed,

e
]

molal rate of disappearance cof reactant
A based on unit mass of the catalyst.

§
2]
H

W = mass of the catalyst, lbs.
This equation can be rewritten in the integrated form as:

X

= ...?..Xé.., eee(3.2)

L
F (~rA)

|
i

' The expression for the reaction rate is substituted in
Egn. 3.2 in terms of conversions taking into account any
expansion or contraction in volume of the feed stream during
the course of the reaction. The right hand side of Eqn. 3.2
is then integrated and the integrated expression plotted as
abscissa against W/F as ordinate, Invcase the integrated
'right hand side is a complicated expressioh, then multi-
linear regression can be employed and the values of the
constants in the rate expression evaluated,

For rate expressions which are highly complicated; the
integration is best éarried out graphically although this
melod is rather inaccurate. |

Since an inteéral reactor was employed in this study,
instantaneous numerical values of reaction rates at various
conversions can be computed by;differentiating the X vs. W/F
curve. This however introduces'grapﬁical differentiation

errors and is therefore not generally used;t,
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C.. Effectiveness Factor

The effectiveness factor E, is défined as the ratio of
average reactien rate within a  pore to the maximum reac-
tion rate if the pore is absent, i.e., if all the interior
surfaﬁé is equally available at the témperature, pressure
and composition prevailing at the exterior surface. An
effectiveness facor of unity is approached when the size
of thé catalyst partiéles is small, and when the pores are. .
larg§4and'well intercbnnected (19),... With the small sized
and‘fighly poroﬁs.catalyst used in this study, these cond-
itions'are conveniently met, Therefcre an éffectiveneés B

factor of unity was assumed,

D, Axial Aspect Ratio

_Axial aspect ratio has been defined as the ratio of the
length of the catalyst béd to thevcatalyst particle diametexr
kz/ap). According to Carberry (3), axial mixing effects
upon kinetics can be ignored safely and . plug flow kinetic
behaviour for all kinetic orders will be insured if axial
aspect ratios of éﬁ least 30. are used in integral plug flow
reqctors. |

A éufficiéntly large axial aspect ratio shoula, theref-
ore be used ( an a#ial'aSPect ratio of 60 was chosen based
upon the quantity of the catalyst required for significant
conversions) so that the akial mixing does not affect the

kinetic .study.
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IV. EXPERIMENTAL EQUIPMENT

The design and construction of the experimental
equipment constitutes an essential part of this project,
The detailed diagram of the catalytic reactor is shown in
Fig. 1, whereas a schematic diagram of the experimental
setwup is shown in‘Fig. 2.

A. Maijor Eqguipment

'

1. Reactor
A cyiindgrical tubular reactor was used in this

experimental investigation. The reactor was made from a
2’f@wt long 1=1/2 in, 16 BWG mild steel tube surrounded by
a concentric 2 in. sche 40 mild steel pipe; The annulus
was provided in order to (i) utilize the héat of effluent
gases from the reactor in heating the reactor, (ii) to act
as an insulation on the reactor tube because of the very
low thermal conductivity of thé gases., Standard 150 1lb.
mild steel flanges for 2 in., sch. 40 steel pipe were welded
at the two ends of the reactor. The flange at each end was

fitted with one screwed 1/4 in. Swagelok 316 stainless steel

male connector for flexibility in connection to inlet and
outlet tﬁbing and to facilitate insertion of Berl Saddles,
One screwed Omega connection was also provided on each

flange for flexibility in the adjustment of thermocouple
' 13
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16
protection tubes,

. The outlet for the reactor efflaent gases was connected
to the inlet of the annulus located at the lower end of the
'réactor so that these gases pass through the annulus leaving
it at the outlet which is located at its upper end.

The catalyst bed was held by means of two 1/16 in. thiék
stainléss steel screens snugly fitting'inside the reactor
tube.” The empty space below the catalyst bediwas filled
with‘ceramic berl saddles,to act as a support to the catalySt
bedj The catalyst bed was filled with the'catalyst mixed -
with‘the.berl‘saddles. The details of the catalyst used in
this investigation ére given in Table 1.6 in Appendix I.

2. Preheater |

The preheater consisted of a 2 in; sch., 40 mild
steel pipe with:standard 150 1lb. steel flanges welded at
‘both ends. The fittings on each of the top and bottom flan-
ges are identical to those on the reactér flanges.

The heat to the preheater was supplied by two 18
in, long, model 5024l'type 2718-SP semi-cylinderical heating‘
units each rated at a maximum wattage of.940. |

B. Process Measurements and Control

1. Flow Measurement and Control

Rotameters were used for all flow measurements.
The nitrogen gas rotameter was fitted with 1/2 in. o.d., 16
BWG copper tube which was used with all the rotameters except

the N, gas rotameter, For the latter, a % in. to % in,
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Swagelok reducer was used downstream from the rotameter
before mixing of .the nitrogen gas with the rest of the gases
took_place. |
| Brass check valves with heoprene o- rings and sta-
inleés stéel screens were used at the outlet of each rotame-

ter to prevent backmixing of the gases.

2. Temperature Measurement and Control

The temperatures of the gases entering and leaving
the preheater were measured by 1/16 in, od. 20 gauge series
1000 chromel alumel thermocouples.supplied by Thermocouple-
Pfoducts Co; The thermbcouples were enclosed in 1/8 in. o.d.
stainless steel protection tubes which were positioned in the
flanges by means of 1/8 in. Omega stainless steei thermocou-
ple conneétérs. Some static electricity was observed to de-
vélop. ‘Grounded thermdcouples gave an error of the order of
2 to 3 mV. Since accurate temperature measurement for the
preheater inlet was not necessary, a rough measurement was
accepted for the preheater inlet gases. 1In the case of the
preheater outlet and reactor bed temperatures, ,ungrounded
therﬁocouplés were used. This type of thermocouples was not
affected by the static eleétricity developed in the equip-
mént. The thérmocouples in the catalyst bed were képt at
a d.istance of one inch from the two ends of the bed, while
-proﬁiding for the necessary flexibility of movement of the

thermocouples for checking temperature variation inside the
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catalyst bed.

A seclector switch was used for thermocouple conn~
ections. The positive terminals of all the thermocouples
were combined whereas the negative terminals weré indivi-
dually connected to various points on the selector switch.
The leads from the selector switch were connected to a
potentiometer through an ice junction.

The temperature of the4gases leaving the preheater »
was controlled by adjusting the voltage of a 20 ampere
model 9~521-10V2 variable-transformer'suppliéd by Fischer
‘Scientific Co. This transformer controlled the heating
from the semi-cylinderical heaters surrounding the preheater,

The heat loss from the gas lines from preheater
outlet to reactor inlet and from reactor outlet to annulus
inlet were controlled by controlling the voltage supply
to heating cords by means c¢f two 10 amperes model 9=521-5V2
variable transformers supplied by Fischer Scientific Co.

The temperature of the catalyst bed was controlled
in two ways:

A By cohtrolling the témpera;ure of the gases
entering the reactor. |

b. By controlling the recircﬁlatioh ofﬂhot

gases in the annulus.

3. Pressure Measurement and Control
The pressures of carbon monoxide and nitrogen gases
which were taken from gas cylinders were controlled by

model 1L pressure regulator coupled to model 70A low press-—
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19
ure regulator supplied by the Matheson Company.

The pressure for each gas was measured at rota~
meter inlet conditions using pressure gauges of the follo-
wing ranges:

Nitrogen gas 0 to 100 psig

Rest of the gases O to 10  psig

Higher range of pressure was used for nitrogen
gas gecéuse of its high flow rates. The pressure ét the
inlet and ouvtlet of rcactor wés'measured by a pressure
ga&ge of range 0 to 1.0 psig by using two control valves,

A safety relief valve set at 25 psig was install-
ed éfter the reactor pressure gauge as shown in Fig. 2.

C. Analvtical Equipment

The reactant and product gaseszere an&lysed ﬁsing
a series 5,000 éelecta system gas chromatograph supplied
' by'BarberﬁColman Co., of Canada Ltd. This included an
injector ﬁath, a column bath followed by a detector bath,‘
a six port thermal conductivity detector with W2-X fila-
ments and power Suppiy modulé.to the filaments. The
| arrangement of‘the thqrmal conductivity detector is shown
"~ in Fig. 3. The signals from the detector were recorded
on a étrip chart recorder. The temperature of the indivie
‘dual 'y.inits was controlled by the control arrangc’ements‘
provided on_thé gas chromatograph.
'The injeéted sample gases passed through a silica qél
columnn in é 1/4 in{ o.d., 1 ft. long copper tubing‘fOllowed
by a second column of molecular'sieves;”which was li ft.

S
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long in a 1/4 in. o,d. copper tubing. The molecular sie-
ve was 5 A, mesh size 40/60 supplied by the Chromatographic
Specialities Ltd, The second column acted as a reference
column and was a 1/8 in o.d. empty copper tubing. Standard
0.13 ml gas sampling valve supplied by Barber-Colman Co. of
Canada Ltd,. was used as Hamilton Gas Tight syringes were
fOuhd to be completely unéatisfactory‘for the precision'
required.

The silicavgel column gaQe separation of carbon dio- .
 'xide gas from the rest of the gases, whereas the molecular
'sieveé coluﬁn gave'explicit separatidn of ¢« oxygen, nitro-
gen, .and carbon_moﬁoxide in theii order of appearance. The
" bpands of various gases were fairly well resolved because
the lenéths of the columns were decided after.some trial
and error. The optimum column iengths were used to get
the best possible separétion and a distinct distribution of
residence_times of the gases in Ehe columns.
Carbon dioxide was irreversibly adsorbed on the mole-
cular sieves, ﬁowever, Since the quantities of carbon dio-
" xide injectod in very small as'gbmparedito the amount of

molecular sievesg,.the latter was very slowly destroyed.
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V. EXPERIMENTAL PROCEDURE

The experimental procedures consisted of the follow-

ing:

A. Calibration of Rotémeters

" All the rotameters were calibrated using a Wet Test
Gas Meter supplied by Precision Scientific Co. Inleﬁ
temperature and pressure conditions were ﬁsed for this
calibration. All the rotameter needle control valves were
kept at ﬁhe outlet as suggested by the manufacturer., The
volumetric flow rates at the conditions of calibration
were then converted to standard»conditionsv(l4.7 psia;.70°F)
and nolar flow rates were calculated., These were then plot-
ted vs, rotameter scale reading (error was + 2%.). |

B. Operation of Gas Chromatograph

'The following sequential operation was carried out:

1. The flow rate of helium through each of the two
columns was adjusted to 40 ml./min, withiﬁ + 5 % of each
other.

2., The detector heat was switched on and temperature

controlled at the desired level of 100°C by means of
adjustment on the detector heat control mOdule.

3. After the detector had attained its desired
temperature, injector heat was turned on and controlled

22
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at 100°c.

4, The‘column heat was then turned on. Heat transfer
from therdetector and injectoriheat to column bath (thus |
raising column bath temperature even when the column heat
setting is at zero) was observed., Therefore column bath
temperature was controlled at 60°C with the dampers open
to maintain a low temperature in the column.

5 The thermal conductivity cell power supply was
switched on and the current tﬁrough the filaments.adjusted
at 170 m Amperes to get optimum sensitivity without damag-
ing the cell filaments. |
| 6. The chart recorder was sQitched#on after the
equipment had stabilized.

7. The analysis of gases by the gas chromatograph
and its calibration were carried out as detailed later,

The conditions of operation of the gas chromatograph
are summarized in Table 1.5 in Appendix I.

After the gas chromatograph components were stabilized,
each of the gases expected to be encountered in the react-
anté and products'was injected individually using the gas
sampling valve, i

‘Peak height obtained on the chart recorder for a'pure'
gas sample introduced was considered to give avgood
quantitative estimate of the gas and a relationship was
established between the quantity of a particﬁlar gas injected

and the peak height. The residence time, which is defined
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as the time elapsed between the m&ment the sample is intfo«
duced and when-the maximum peak height is obtained, was
also noted. This procedure was repeated for each of the
gases., |

The conditions of operation of the gas chromatograph
were checked each day a run was made as these were found
to'vary slightly at times. The calibration of the chro-
matograph was also checked from day to day.

3

C. Operational Procedure

The reactor was cha:ged with the required amount of
catalyst mixed with the berl saddles. Berl saddles helped
in the maintainaﬁce of uniforhity in temperature of the
catalyst bed. The thermocouple protection tubes were then:
held in place inside the catalyst bed 1 in. from each
end of the bed. This was necessary to know the temperature
distribution inside the catalyst bed.

Air from the compressed air line was allowed to pass
through the system at the desired rate and the preheater
furnace switched on for a few hours to allow the catalyst
to attain constant activity. This was found necessary
becauée the catalyst activity was found to deteriorate for
the first few hours with air flowing in the system. The
temperature of thé preheatér outlet gases was controlled
by adjusting the power through the heating elements surr-
odnding the preheater tube. The temperatures of the heating
cqrds wound on the connecting tubing to cobﬁrol the heat

-losses of the gases in connecting tubing were also controlled
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by separately controlled variableltransformers.

The reactor feed gases were then fed to the system at

- the desired rate. The temperature at the top and the bottom
of the reactor bed was regularly noted., Both of these
temperatures were observed to rise continuously at a steady
rate, However 9fdifference in temperature between tﬁe top
and bottom part of the réactor was quite significant with
the reactor top temperature 20 to SOOC above the reactor
bottom temperature.  If this &ere’allowed to exist, the
précision of the temperature at which the data is taken
is completely lost.

To overcome this problem'two methods were used in
co~ordination with each other in order to be able to take
the data at a particular temperature. In the first place,
the temperature as indicated by the thermocouple in the top
poftion of the reactor was allowed to rise above the tempa
erature level at wﬁich the data were désired, The reactor
bottom temperature was also allowed to rise to a temperature
level which-is a few degrees_below the desired temperature ‘
( the exact le&els tolwhich the top and bottom portion of
the reactor should be allowed to rise can be decided only
by experience). The heat input to the heating elements of
the preheater and to the heating cords on the tube conn-
ecting the preheater to the reactor waé then considerably
reauced so tﬁat the temperature of the reactor top started

falling after a while whereas reactor bottom temperature
209585
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continued to rise slowly till‘the’temperature at which the
data are taken‘xiﬁreached simultaneously in both the react-
or top and bottom portion. The product gases cdntinued
to pass through the gas sampling valve and were injected
into the gas chromatograph at the brOper instant. A mini-
mum of two samples were analysed in this way for each run
and the reproducibility of the results.was carefully
checked. The error in analysis by means of the gas éhfoma-

ttograph was @stimatied tho be 4k 3%.
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VI. RESULTS AND DISCUSSION

The analysis of integral plug flow reactor data is
much more difficult compared to either the differential
reactor or the.continuaus stirred tank catalytic reactor.
The use of the latter has very récently been demonstrated
by Tajbl et. al. (24). Also the temperatures in the inte-
gral reactors are difficult to maintain especially for
hiéhly exothermic and highly endothermic reactions. The

. study of such reactions for significant conversions has,
therefore, long been avoided under plug flow conditions,

Because of the design of the reaétor and operating
procedure developéd during the course of this investigation,
it'was possible .to study the kinetics of the  highly exo-
thermic catalytic oxidation of carbon monoxide in essent-
ially a conventional integral plug flow reactor.surrouﬁded'\
by an annulus through which the hot product gases pass and
help in the maintenance of isothermai conditions in the
reactor, This was achieved without any direct external
ﬁeating of the reactor. The reactor ﬁed temperatures could
be controlléd to a maximum variation of + 2% (+ loc for
most of the runs) from the desired temperature, For.an
integral reactor, temperature control of t@is order can bé

considered as being very precise.

27
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In order to avoid the effects of axial mixing upon the
kinétics of theé chemical reaction,vthe axiél aspect ratio
(Z/dp) was considered carefully. An axial aspect ratio of
60 was used in this investigation in conformity with 30.
prvmoré suggested by Carberry (5;6).It was therefore
ensured that axial mixing does not affect the reaction

- kinetics of carbon monoxide oxidation.

Radial heat transfer gradients were also considered
to be important ;.. this investigation., The passage.of
reactor outlet gases through the annulus surrounding the

'capalyst bed was found to be extremely helpful in contro=-
lling the radial heat transfer gfadiehts at a low level,
‘This was due to the fact that the gases flowing in the
annulus were approximately at the same temperature as the
reactor bed.

Mass and heat transfer effects were calculated and
found to be negligibly small under the experimental
conditions. The method of calculation is illustrated in
Appendix Iv.

Differentiation of the inﬁegral reactor data comp-
licates the gnaiysis and the data lose some precision.

The equation of the piug flow catalytic reactor i.e.,

. A Xa
w ax '
= (‘- A oo-(6ol)
F (=xpd |

can therefore be used in order to evaluate various models

which will now be listed (26).
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For the reaction,

aa + bB = rR
or, ‘ %02 + CO = COyp
the mechamistic rate equations for different rate contro-

1ling steps can be written as follows:

Controlling step ER ‘i Rate Eguation

f

Surface reaction

%R, KaKg

between chemisorbed  kg(apap=~ 7~ 2
A and B = K "(1l+Kpap+Kpap+Krag)
) 000(602)
Adsorption of A ag 1
without disso- : ka(aa- E“) 7MY :
ciation of A (1+ JASR + Kpap+Kpap)
BB *R“R
K ag
L ( 60 3)
Adsorption of A : a l,
with dissociation kg (ap- —3) ey 2
of A (all compo=- K (1ﬁ¢r ) R+KBaB+KRaR)
nents other than A K ag ,
at equilibrium cas(6.4)
adsorption without : '
dissociation)
. 1
Desorption of R k‘d(KaAanaR) )
. ( 1+KAaA+I<RaR+K§<RaAaB)
s ec (Gc 5) .

The values for chemical equilibrium constant K for
this reaction were calculated and found to be of the order

of 1035

. The term aR/K in all the above expressions can
therefore be dropped. As mentioned in Chapter II, Stephens

(22) has established that carbon monoxide is very highly
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adsorbed on palladium surfaces. Assuming ﬁﬁm‘the term Kpap
-is very large as compared to the other adsorption terms.
These simplifications lead one to the following equations:
- For the case when surface reaction is. rate Contro~

lling,

ee(6.6)

( - ) =k aAaBKAKB
B T s (1 2
| + Kpap)

ry

For high values of KBaB:(KBaB)>l), this reduces to
the expression: |
o

i

2 eae(6.7)

("'rB) = Kk

With the adsorption of A without the dissociation of

A as the rate controlling step, equation 673 is simplified

to,
aQ
(-xg) = K, b vee(6.8
B a ( 1+KBaB) \ ( )

This eguation for high values of KBaB can be written

asS:
| R o
(-rB) =k 5%.: ce.(6.9)

which is the same as equation 6,7,
With dissociative adsorption of A as the rate contr—'
olling step, eguation 6.4 can be written as:

k ap

2 000(6010)
(l + KBaB) L .

(-rB) ;

This equation for high adsorption of B reduces to,
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- aa
(an) - k'—';‘-B'z oao(6.ll)
For desorption of R as the rate controlling step,
the term Kajpap is very large compared to the term ap in
the numerator because of the very high value of K and
therefore Eqn. 6.5 can be simplified to the following exp-

ressions
(=rz) =k ...(6.12)

i.e., the rate of CO oxidétion is independant of the conc-~
~--entration ofrthé reactant and product species.
The.right hand side of Egqn. 6.1 was then integrated
using the simplified models listed above. The integrated
expressions excluding the yet unknown multiplied term 1/k
- were plotted as absissae against’W/F as ordinate. Equations
6.8, 6.10, and 6.11 gave non linéér plots and were therefqre
.rejected as plausible models,Whereas Egn. 6.12 was found ﬁo'
. be inconsistent with the experimental data because the reac-
- tion rate was not found to be concentratidn indepehdant and
‘ . .

.was rejected on this basis. A linear relationship is expeé-
ted ifbthe model being tested is correct. This criterion
gives a éound‘method for the acceptance or rejeétion of

a rate equation. Equations 6.7 aﬁd.6;9 whiéh are essenti-
ally the same in their éimpliﬁied forms gave straight'lines

on these plots at all the temperature levels (170°c, 180°C,

and. 1950C ) studied thus confirminé the wvalidity of the
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nmodel:

Rl TRty e

With this model, the integrated right hand side of

eqn. 6.1 without the unknown factor l/k can be written as:

(co) (02) o
j dXco = [{ln(.?(c@) - ¥oo) - ln(Z-%é-%%»)}

(02)

(2756

= 1) + Xgo)*2 eee(6.13)

‘The plots of the right hand side of egn. 6.13 (without
~ the unkno&n multiplied term 1/k) as abscissa against W/F
ag ordinate have been presented in Figs. 4, 5, and 6.
These plots weré then used to determine t"he_, slope which is
equa{ to 1/x, from where k values at various temperaturés
were determined. All these plots gave straight lines |
‘passibg through the origin within the limitations of the
eXperiméntal errors. Obviously, this is one of the necess-
aryvconditions for the reaction rate model to be valid,
The k values determined from the slopes of these plots
Qere then used to determine the energy 5f activation
according to Arrhenius' law., Ln k was plotted as ordinate
against 1/T as aﬁﬁcissa and a straight line relationship .
was obtained@f The slope of this straight line gave the
value of - E/R.from where the energy of activation was
computed, . Statistical analysis showed that the mcdel

fitted the data withina95% confidence region. The energy
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SLOPE = I/k

W/ F

L 1 1

T 2'7[co]dx3}°[02] "

FIG5 MODEL FITTING TO DATA
AT 180°C
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~of activation was found to be 27.9 + 6.5 K.cals/gm. ‘mole
Table 6.1 lists a comparison of the results of this study

with those of others.

TABLE 6.1

Comparison of Energies of Activation

Investigator  Catalyst Temperature E, Kcals.
: Range ©C per gm, mole,
Schwab (21) Pd wire 250-320 22,2 2
: . ’
Daglish and Pd wire 95-130 28,3 b
Eley (7) ’
Modell (18) Pd wire 140-150 28,7 &
* Tajbl (24) " Pd on alum- 200-234 28,5 2
ina
Present 0.3 % Pd on 170-195 27.9 2
work alumina
a

Based upon the rate model, k(0,)/(CO).

b
Based upon the rate model, k(oz)/(co)z.

The data on which the analysis of the present inves=-
tigation is based are given in Tables III.l to III.3 in

Appendix III.
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VII. CONCLUSIONS AND RECOMMENDATIONS

An experimental investigation has been carried out on

the kiﬁetics of the.catalytic oxidation of qarbon monoxide
-on-.0,3 %:Pd catalyst on alumina in an integral plug flow
reactor with a modified design. The modified design and
bpera%ing procedure kept‘the Héat transfer gradients in
theicatalyst bed to a‘minimum. Isothermal conditions in thé
reaétor could thus be achievedg This allowed precise contr=-
ol of temperature.at thé ievel at which the data werelrequi-
red, .The axial aspect ratio, Z/dp, was kept ét a level that
~assured plug flow conditions.-

The'rate model for the system has been established and
ié found to conform to some of the earlier in&estigations
>(18, 21, 24) on Pd'wire and on Pd on alumina cataiyst, but
disagrees with thexinvestigation of Daglish and Eley (7).

2
‘ | “Ia | |
tion amongst rival rate;models. The rate egquation that

¥:\ .
The plots of/' against W/F allowed discrimina-
5 «

described the data most satisfactorily is as follows:

e-27,900/‘RT (02)

-X = 7'4
co \ (o)
where, -r = reaction rate in ik moles of CO converted
. . Co (1b cat) (hr)
R - = gas constant,= 1,987 cals/(gm mole)(OK)
T = temperature, °Kx

38 S
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(02), (CO) = concentration of oxygen and carbon
monoxide, respectively, '
(1b moles/cu ft);
which is a simplified form of the rate equation with either
the oxygen chemisorption as the rate controlling step or
the surface reaction between chemisorbed CO and O, as the
"rate controlling step. High adsorptivity of'éarbon monoxide
on pailadium has been- established in the work of Stephens
(22), and has been used in this investigation for the simp-
lification of the control rate equations.

The validi£y'of this rate model in conformity with the
résults of most of the dther inveétiqators indicates very
strongly the possibility of use of the conventional plug
flow reactorg with the ﬁbdified design in the study of high-
.ly exothermic catalytic reactions even at significant conv-
ersion levels.

It is therefore recommended that the feasibility of

| using such reactors with modified design be studied.for’
other suitable reactions as well and that the integral plug

flow catalytic reactor not be rejected premptorially.
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NOMENCIATURE

A = component

a = concentratlon of. reactlng spec1es,.lb moles/cu ft..
‘ap = area of particle per unit mass, ftl /1be

a, = area of particle per unit volume of hed, £t 2/5¢3

B} = component |

b = number of moles of B

Cp = heat capacity per unit mass at congtant ?ressure
;D = diffusién coefficient | |

a-pr Pa R = diffusion coefficient in binary systems

Dip-p = Giffusion coefflclent (mean) of component B in a
multicomponent system

E o Effectiveness factor
E = énergy of activatlon
F = molal flow rate of CO, 1b. moles/hr;

- F = bulk mass flow rate of gases, 1lb, mass/hrf |
G = mass ve]ocmtyzof-gas based on total cross se¢tion of
bed, lbs./(£t%)(hr.) :

Gy T molal mass velocity of gas baécd on total cross secééiw
. ion of the bed, 1b. moles/(£t¢) (hr,) :
'AdiB = molal heat of reaction of component B, Btu/lb. moles
jp. = mass transfer number» |
\ Ju = heat transfer number
K = = adsorption equilibrium cons£ant )

T 40
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k o
k =
M =
Px =
Pp =
Ppy 7
pr =
R =
Re =
r o=
L. =
Sc =
T =3
t o=
W o o=
X =
Yy =
Yf,B =

41

reaction velocity constant

‘thermal conductivity

: molecular weight

Prandtl number = (ng)/k
partial pressure of component B in ambient fluid; atm,

partial pressure of component B at the catalyst surf=
ace, atm,

pressure factor for component B

rmB/(am ¥ Gm)

= Reynolds number,= G/(a, ¥/4)

= number of moles of R

molal.reaction rate of component B, lb., moles of B

- converted/(hr.)(1lb., of catalyst)

Schmidt number =/ﬁ/€D

temberature, Ok
time, hrs,
mass of the catalyst, lbs.

conversion, lb, moles of B convdrted/lb. of catalyst)
(hro) '

: mole fraction of pressure factor

.mole fraction of pressure factor for ééﬁponent B

.Greek Letters ' : ‘ S

> D
1 I

b= |
H

o
]

o=

difference

viscosity of fluid, lb.mass/(ft.)(hr.)
total pressure, atm, ’
density of the fluid, le./ft§

: ‘ 3
bulk density of the catalyst bed, lbs of catalyst bed/ft.
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H

summation

shape factor

i

Subscripts

A,B,R = components

D = diffusion

£ 5 film

H = heat transfer ‘
i' ;= component

m = mean

m = molal property

p = constant pressure
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TABLE I.1 (1)

46

Constituents of Internal Combustion Engine
Exhaust Gases( Spark Ignition Engine)

Ma jor Constituents

(greater than 1 %)

Water

Carbon dioxide
‘Nitrogen

| Oxygen

Carbon monoxide

Hydrogen

Minor Constituents

(lessef than 1 %)

.Oxides of‘sulphur

Oxides of nitrogen

Aldehydes

- Organic.acids

Alcéhols

Hydrocarbons

Smdke
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TABLE I.2 (11)

Threshold Limits

For Continuous B8~Hour Exposure

Constituent

Carbon dioxide

Carbon monoxide
Sulphur oxides

Formaldehyde

Nitrogen oxides

Parts per million
by volume
5,000

100

10

5
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*
TABLE I.3

Effects of Carbon Monoxide Concentration
on Human Body

Effects CO concentration

Allowable for an exposure for eight hours 0.01 %
Can be inhaled for one hour without
_appreciable effect 0.04~- 0,05 %
Causing a just appreciablé effect after ,
one hour of exposure 0.06~ 0,07 %
Causing unpleasant symptoms, but not
dangerous after one hour of exposure 0.l - 0.12 %
Danéerous for exposure of one hour 0.15-:0,2 %
Fatal in exposure of less than one hour 0.4 and above

48

The commonly accepted value for the maximum allowable

concentration for a daily 8~hour exposure is 100 ppm. This

value has been accepted by the American Conference of

Governmental Industrial Hygienists,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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*
TABLE I.4

Analysis of Commercial Grade Carbon Monoxide

Minimum purity 98.0 %
Carbon dioxide : 2,000 ppm
Oxygen 20 ppm
Dew point ' 75 ppm

* Data supplied by the Matheson Company of Canada Ltd,
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TABLE I.5

Operating Conditions of the Barber-Colman
Selecta Series 5,000 Gas Chromatograph

Helium gas flow rates: - : 40 ml./mt.
Column temperature: GOOC
Injecﬁor temperature: _ lQOOC
Detector temperature: VlOOOC
Detgétor filament current: 170 m.Amperes
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TABLE I.6

Catalyst Details

The catalyst used for this investigation contained
0.3 % palladium activated and stabilized on  high activity
alumina supplied by the Harshaw Chemical Company. The

physical properties of this catalyst were as follows:
. .“ : .

'

"Apparent bulk density: 55 1bs./cu. ft.

| Burface area: - 200 m2 /gm.
' Average side crushing .
strengths 22 1bs.
Pore volume: ' 0.40 ce.c./gm.
Catalyst size =~ 1/8% X 1/8" cylinderical
pellets '
Catalog ho. pd,-0505 T
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'APPENDIX IX
CALIBRATION CURVES

FIGURES ‘8 TO 14
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APPENDIX III
. . EXPERIMENTAL DATA

Tables TII.l to III.3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

Lzv°1 AL ALY 6SE°€E 8°I

$86°1 €LV°0 T¥6°€ L°I

LEL®T 20S°0 SzE* Y 9°1

816°T 025°0 €LL D G°I

SO¥°0 Do0LT

zot°e - $95°0 ¥IE°S 7T

90¥°2 L8S°0 ¥10°9 €°1

128°2C L09°0 626°9 z°I

862°¢ 196°0 €67°8 T°1
sTsdAieue % F p@3 OO
uotssaxbex o’} Jo soTCcw °JT
_woxz (%o) X FsA1e3e0 °SqT

%L FA XP 153) NOISHZANOD /M *ON NOY¥ FANLTIIANIL

T°IITI F719YL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey

TABLE III.Z2

TEMPERATURE RUN NO. W/F CONVERSION Ego) K + 7%
lbs. catalyst V2 from
1b, moles of Xco regression
CO fed + 4% analysis
1.1 6,929 0.521 4,668
I1.2 6.014 0.461 4,354
I1.3 5,314 0.433 3.554
11.4 4,773 0.409 3,131
180°¢ II.5 4.325 0.391 2;766 0.673
II.6 3.941 0.368 2.574
II.7 3.622 0.359 2;245
II.8 - 3,350 0.332 2.255
II.9 3,128 0.319 2,090

- 09
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TABLE III.3

TEMPERATURE RUN NO. W/F convErstoN - | 489 ax x + 7%
~ ‘ (5.
: lbs, catalyst - 2
1b, moles of XCO : xf:;;?ession
CO fed + 4% analysis
III.1 4,773 0.350 9.980
I11.2 4,325 0.316 9,113
III.3 3,622 0.264 8.211
" 195% 1II.4 3.359 0.243 7.459 2.146
III.5 2.964 0.222 6.444
III.6 2.771 0.210 5.810
III.7 2.608 0.199 5.525

19



APPENDIX IV

MASS AND HEAT TRANSFER EFFECTS
CALCULATIONS
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APPENDIX IV

MASS AND HEAT TRANSFER EFFECTS

The mass and heat transfer effects at the surface of
catélyst particles can be calculated using the method which
has recently been presented by Yoshida et. al. (27). They
have suggested correlations oé thé following types'for
evaluating these effects.

A,  Mass Transfer Effects

The mass transfer effects can be computed from the
knowledge of Reynolds numbers which can then be used to
evaluaté jp values or used direcﬁly in Fig. 1 (27) along
with the other paraméter values as will be illustrated in

this appendix. The theoretical correlations suggested are:

For 0.01 < Re < 50,

jp = 0.84 Re—Q'Sl eeo(IV.1)
For 50 < Re < 1,000, .
jp = 0.57 Re"o‘4l cee(IV.2)
where Reynolds number is defined as
‘Re = a‘G ooo(_IVOB)
v

and the equation which has been plotted as Fig. 1 by Yoshida
et. al, is given as follows: J

- 62
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T M 2/3 :
Prn = R (Jn) P (o) eeo(IV.4)
where R is (rp /am qéGm)
For run number I.l,
1b. moles/hr. 1b. moles/hr.
0.01722 €O .. gg 0.00755
N . _ =22, 0,00967
0.09008 w——m?em] REACTOR N,
0.00518 ——2 o) ; 92 . 0.00035

|
|

"the rate of reaction is found to be

r = O 06 - O 0913 1b., moles of C0>converted

m .65 (lbs. catalyst)(hour) (1V.5)

Mass of catalyst particles .3.748'gms./100 particles

H]

0.03748 gm./particle

Area of one catalyst particle(l/8"X 1l/8%"cylinder)

m(1/8X 1/12)(1/8 X 1/12)
+2X -};-(1/8 X 1/12)2

0.000511 ft.z/particle

then, . ' 5
a_ =(0.,000511/0.03748)(453.6) ft./lb,

= 6.16 £t2/1b. v..(IV.6)

For cylinderical particles ¢ = 0,91

‘Also G ; Fm . £.00411248 +- 0,107550/2.:,p
"oa (n/4)(1. 37/12)%

10, 95 _1b, moles
(hr.)(£t. )

P

"
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Therefore, R = m 0,0815 .f;(IV.7)
am $6m 6,16 X 0.91 X 10.75
= 0,00135
. - e e IV&B) '
and, | a, = a_ fg (1v,8)

]

6.16 X 55 ft2/ft3

339 ft%/ft?

i

l, Partial Pressures

a. 1Inlet ' x

01722 14,7 + 2.5)
0.01722 X g i)

co ~ 0.01722 + 0.0706 + 0.02463 + 0,79 + 0,02463 X 0,21

= 001722 X 17.2 - 9.179
0.11248 X 14,7 ~ ort77 atm

0.02463 X 0,21 X 17.2 _ 4 053 atm.

5> 0.11248 X 14.7

e
o
H

- 0.0706 + 0,02463 X 0,79 x X7.2
2 0.11248 14,7

.= 0,938 atm.

b, QOutlet

0.01722 X 0,439 x 17.7
co = 0.10764 14,7

0.0845 atm,

L}

= 0.,00035 X 17.7
2 0.10764 X 14.7

= 0,00392 atm,

. 0,00967 X 17.7

- = 0.1083 atm.
Pco,™ 0.10764 x 14.7 arm
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_ 0.09008 X 17.7
5 0.10764 X 14,7

Py
= 1.008 atm.

c. Average Pressures

0.1318 atm. L .

il

= 0,02846 atm.

o
O
!

= 0,0541 atm.

= 0-973 atm-

2. Mean Physical Properties

a. Critical Temperature

T =

cm i T

nMs

X

llci

Xco cho+ Xoo Tcoz + Xopp TCeo, + XNz Tch

fl

0,111 X 133 +0.,024 X 155 + 0.05015 X 304

+ 0,82 X 126

1]

137.97°K

b. Average Molecular Weight

S
B =i§l Xi My

0.111 X 28 + 0.024 X 32 + 0.05015 X 44 + 0,82 X 28

n

29.05
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c. Viscosity
Average viséosity of a gas mixture may be
calculated from the critical viscosities of the individual
gases in the mixture, the composition and reduced properties
of the mixture. Using the correlations and figure given by
Hougen and Watson (15), mean viscosity of the gasfmixture

is calculated as follows.

and  up = Mom X fen

(0.111 X 190 + 0.024 X 250 + 0.05015 X 343

/”cmz 6
+ 0.82 X 180) X 10" p.
-0
= 191.8 X 10" p.
Reading from Fig. 175, p. 871 (15) for,
170 +273
Ty = L2 Zald. = 3,216
r 137,97
and Pr = 0
then, (= 1.2
. ‘ -G
fn = 191.8 X 1.2 X 10~ p.
= 230 x 1072 CePe = 230 X 1074 X 2.42(3%%%g;—)
- 0.0556 ——PMe

(ft.)(hr.)
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d. Dgnsity

The density of the gas mixture may be calcu-

lated from the average molecular weight.

_ 29.05 X (14,7 + 3.0) X 273
P © 350 X 14.7 X (273 + 170)

1bs./cu, ft.

HH]

0.0601 1bs./cu. ft.

3. Diffusion Coefficients

The diffusion coefficients for diffusion between
carbon monoxide and each of the rest of the gases can be

- computed using Eqn. 50 of reference (15), i.e.,

- 3/2
T3/

31732 W 1/M, +_1/MB
V5 )

D = 0,0043
A-B 77 n(yg/

The vélues of atomic volumes (v's in the above expression)
have been listed by Hougen and Watson in Table LIX (15).
The individual diffusion coeffitients can now be

computed.

T3/2'

n{(30.7)"(25.6)

i Dcomoz . = 000043 1/3] 2J1/28 + 1/32
en/hr.

0.24 ft%/hr.

. ".

T3/2

- 0.0043
1!B30.7);/3(34.0)1/ﬂ

il

1728 ¥ 1744

Deo-co,
' 2
cm, /hr.

0.1183 £t2/hr.

1}
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(443)3/2

0.0043 = (30.7)1/3(31,2)1/3

5 +1/28 + 1/28

cm%/hr.

Deoang =

= 0.358 £t2/hr.

The diffusion coefficient of carbon monoxide with
the rest of the gases may be calculated from the following

éorrelation (15).

D = -
Co~m
' %o, . %co2 + )
Dco-0,  Pco-cog Dco-N,

Using this, one gets,

Pco-m = 5022 , 0.05015 0,82 +/hr.
0.24 ~ 0.1183 = 0.358

]

i

0.3108 ££2/nr.
Mass velocity of the gas based on total cross section
of bed is,

0.,01722 X 28 + O 09008 X 28 + 0,00518 X 32
(ﬂ/4)(l 37/12)

G =F/A =

311 lbs./(hr.)(ft?)

il

Reynolds number as defined by Yoshida et. al.(27) may

now be calculated,
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G._ - 311 ,
a, @M 339 X 0.91 X 0.0556

Re =

18,13

H

Schmidt number is defined in the usual way,

Se = Hm - 0.0556
(@) (Degep)  0.0601 X 0.3108
= 2,98
Also,
-1 - a+b=-1r . . . 5+ 1 -1
Yeoo = 1 Yoo 5% ) =1 = yoo 1 )
= 1 f.0.5 Yoo

where y., = Peo . 0.1318 . 9,11

= 0,945

Using Fig 1 from (27), for a Reynolds number of 18,13,
Schmidt number of 2,98, nyO of 0,945 and R value (Eqn,IV.7)

of 0.001. . it is found that

APR
Yoo = TH

0.013

0.013 X 1.187

0

therefore, APy
= 0,01542 atm.

which is a small fraction of the total pressure and is also
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small compared to thevpartial pressure of carbon monoxide
Vin the main gas stream, e.g., of all the runs at the temp-
erature level of l70°C, the maximum partial pressure grad~
ient between the main gas stream and the catalyst-surface
was found to be less than.8.5 % of the partial pressure of
carbon monoxide in the main gas stream.

To consider the effect of this partial preésure grad-
ient on the'conversion of carb@n monoxide, computation of
inlet and outlet partial pressures at the catalyst interphase
wasfmade using a procedure which was essentially the same as
that used earlier in this appendix., This however involved
trial and error in which values of partial préssures at the
interphase of the catalyst surface at the inlet and outlet
were assumed and compared with those obtained by computation
using Fig.. 1 (27).

A Based on the carbon monoxide paftial pressures at the
‘catalyst interphase at the reactor bed inlet and outleﬁ
conditions, partial pressure gradiehts were evaluated., These
‘were then used to éalculate the conversion of carbon mondxide
thus taking mass traﬁsfer effects into account. This conv-
ersion was found to deviate less than 3.2 % from the conver-
sion calculated wiﬁhout consideration of mass transfef.effec—

ts., The effects were therefore considered negligible, and

were neglected.
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B. Heat Transfer Effects

The heat traﬁsfer gradienté across the film surrounding
the catalyst particles can also be calculated from the co-
rrelation given by Yoshida et. al. (27). The jy factor hay
be obtained from the knowledge of jp factor.

For 0,01 < Re < 50,

0.84(Re)"°'5l

i

ip

H]

then, iy 1.076 iD

51

#

1.076 X 0.84 ¥ (18.13)~0¢

0.206

i

Average molal specific heats of the gases from 298°K

to 443°K are as follows:

CPpean co = 7.0 cals./(gm. mole) ( OK)
CPean 0y = 7+2 cals./(gm. mole)(°K)
CPean co,= 9+65 cals./gm. mole)(°K)

CPpean Np = 6.95 cals./(gm. mole) (°K)

l, Specific Heat of the Mixture

n
CPmix. =i§ *i Cpi
= 0.111 X 7.0 + 0,024 X 7.2

+ 0.05015 X 9.65 + 0.82 X 6,95
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. - Btu
Comix. 7.130 (1b. moles)( R)
Cals,
= 7,130

"~ (gme. moles)(OK)

H ' .

Reactants 9 AHq43%K . Products
rat 443K ’ ~ Ok at 443%
CO = 1 mole. CO = 0,439 moles
Oy = k% mole, , _ . COp= 0,561 moles
+inerts o ' 02 = 0,22 moles ‘

o + inerts ’
Reactagts f ‘ N Producgs
at 298°K - at 298%%k

AHygg0k

2.. Heat of Cooling the reactants from 443°K to

- 298%,

4

AH =(1 X 7.0 + 0,5 X 7.2)(443 ~ 298)

“‘cooling

- 1.538 K. cals.

[H

3. Heat of Reaction at 298°KW

CO ====== C +% Op AHEZ9g

]

4+ 26.416

o o
C + Oy COy AHgp98 - 94,052

(0.561)(CO + ¥ Oy===C0,)  AH ~67.636 X 0.561

R298"

4, Heating the Products from 298°k to 443°Kk

- 0.561/2) X 7.2) X (443 - 298)
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pred - 6 Y . -
ASHheating 1.460 K. cals

Heat of reaction at 443°K may now be computed from

the information gained above,

OH

4

o - 1,538 -~ 67.636 + 1,460
R 443 K _

i
i

67.714 K. cals./gm. mole of CO fed

3
j 2 - 67'7i4ax 10 Btu/lb. mole of CO fed

i
i

37,600 Btu/lb, mole of CO fed

5. Prandtl Number

Using the relationship given by Eqn. 51 (15)

e : / ) : 5.15
Vit 9 =S¥y
= 0,743

Then the temperature differential across the film
separating the main gas streah and the catalyst surface
can be calculated from.the following expression given by
Yoshida et. al. (27).

T-co AHr co

. ._1 2/3
: p

At =
S
Subsituting the values of the various terms occuring in this

from those calculated earlier,

5 . .l N
- 0.DB15 X 37,600 X(0.,206) . . " - 2/3
AL/T = 6.16 X 0,91 X 7.130 X 10,98 X 766 (0.743)
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or, ‘ %E = 0,0348
i.e., %'é:l:"t'= 3.48 %

which is very small in magnitude for the conditions at which
this investigation has been carried out, and can therefore
be safely neglected without any significant effects on the

results,

4
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