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SUMMARY

Knowledae of the thermal behavibur of a-fixéd bed reactor is
important to predict responses ;o changes in feed c¢onditions, for
control purposes, for planning start-ups and shut downs and to
evaluate changes.in operating conditions in case of the necessity
to vary product guality and so forth.

An extensive literature survey on experimental systems was

done for fixed bed reactor and for the mechanisms and kinetics of-

méthanation reaction. A fixed bed reactor system with adequate
provisions was erected so that the system could be used for any
solid catalyzed gas phase reaction. The equipment worked
satisfactorily and a large amount of data were taken at various
conditions of operation.

Thé thermal behaviour was studied at steady state at different
operating conditions of temperatures, carbon oxides concentrations
and nitrogen flow rates. The reactor showed generally acceptable
pattern of temperature'profiles. At lower inlet temperature and
higher inlet concentration the reactor showed the profile with down
ward trend. But at higher inlet temperature the reactor overcame
this peculiarity. At low inlet temperature, conversion of carbon
oxides varies inversely with iﬁlet concentration. At higher inlet
temperature, there was no effect of inlet concentration on
theconversion. At lower space velocity the reactor showed the

higher temperature profile.
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For kinetic studies of the methanation reactign, an isothermal
fixed bed reactof was designedlﬁy immersing the reactof in a
fluidized éaﬁd bath. However, the data were not énalyzed to obtain
a rate equation for the reacﬁion because isothermal condipion could
not be aéhieved in the eXxXperiments. However, all data have‘been
. presented in the appendices.

The dynamic experiments were carried out by 1ntr0du¢ing stép
disturbances in concenﬁrations and flowrates. fhe dynamic behaviour
was followed bv taking measurements of the transient temperature
profiles in a non-isothermal fixed bed reactor. The results showed

general agreement with information available in the literature.
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CHAPTER 1

INTRODUCTION

The interest in the research on the fixed bed reactor stems
from ité industrial importance. The objective of the present work
was to carry out experimental work at differeﬁt conditions of
Voperation both at steady and unsteady states and e#aluate the
thermal behaviour of the fixed bed reactor..Experiments were also
conducted to establish the kinetics of the test reaction. The
literature review includes a study on the significant features in
modeling the reactor.

Fixed bed reactors are ubigquitous in the chemical industry.
This reactor consists of a cylindrical tube filled with catalyst
pellets. They are régarded as the work horse of the chemical
indusfry with respect to the number of reactors employed and the
economic value of the materials produced. The types of processes
carried out in such reactors include primary and secondary
reforming, methanation, synthesislof ammonia, sulphuric acid or
methanol, and the production of ethylene oxide, ethylene
dichloride, vinyvlacetate, butadiene, malic anhydride, phthalic
anhydride, cyclohexane and styrene. It is self evident why the
focus of so much reaction eﬁgineering research and development is
in this immediate area. Fixed bed reactors are extensively used in.
laboratory studies because of easé of operation and relative
simplicity. of design and construction. For Kkinetic studies,

differential reactors have been preferred because of its advantage



of ensuring isothermal operation and easy interpretation of data.
Isothermal operation of this reactor is ensured by putting the
reactor in a high heat transfer environment such as fluidized sand
bath, molten salt, forced air circulated oven, etc. Integral
reactors have not been favoured as it is difficult to keep these
reactors isothermal.

In laboratories most of the reactors are operated at
atmospheric pressure while much higher pressures are used in
industries. Operation at low pressures 1is often sufficient to
characterize the fixed bed reactor behaviour. Adiabatic condition

of operaticn in the laboratory 1is maintained by enclosing the

reactor in a vacuum environment or by putting compensating heaters.

around the reactor to take care of the heat loss to the
surroundings. The reactor axial temperatures are measured by
placing thermocouple or by using a travelling thermocouple in a

thermowell. Temperatures are often measured in the transverse

direction to find out radial gradient in temperature or to test the

adiabicity of operation.

An eXtensive surveyv of the literature was undertaken to arrive
at the design of two experimental sfstems to investigate the
methanation reaction in isothermal and adiabatic conditions. The
develépment of satisfactory steady state and dvynamic models for
fixed bed reactors is important for a number of reasons:

al Design, simulation and optimization of steady state

reactors.

b} Design of control systems for the reactors.

-
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c¢) Since the optimum of reactor performance is often near
lconstraint boundaries imposed by the strength of the
constrﬁction materials, catalyst deactivation, safety
considerations, etc., the optimization is only feasible
when goqd dynamic models for reactors are available.

d) The transient behaviocur of a reactor should be known in.
sufficient detail for start-ups, shut-downs and changes
in operating conditions caused by changes of feed or
dictated by the necessity to vary produét quality.

e) In some processes, catalystlactivity declines relatively
rapidly; this requires cfclic operation with attendant
dvnamic changes in concentration and temperature profiles

during production and regeneration periods.

Methanation, hydrbgenation of carbon oxides by nickel based
cataiysts, has been used as the test reaction. The-reaction is by
itself industrially important, being the final purification step of
process gas for the manufacture éf hydrogen and ammonia s?nthesis
éas. The reaction alsc has a potential in the production'of gaseous
fﬁel from solid carbonaceous -sources. In addition, the reaction
provides an 1ideal exothermic‘ system for the study of the
characteristics of fixed bed reactors under varying conditions of
exothermicity depending on the concentration of cérbon oxides.

It was desired that the present work would W involve
experimental work to study the behaviour of the fixed bed reactors

experimentally. The work emphasized the thermal behaviour because



it is often the thermal response of the system which is of
paramount importance in the control, stability and operability of
these reactors.

Literature survey over a Wide range of books and papers 1is
presented in chapter 2. Mechanisms of the test reaction, kinetics
of the test reaction and reactor modeling have been surveyed.

The development of experimental facilities wused in this
project 1s detailed in chapter 3. This has been dcne by
constructing suitable laboratory reactors for adiabatig‘operation
and isothermal operation.

In chapter 4, the results obtained during the evaluation of
the éapabilities of the experimental systems developed in the
project are presented and discussed.

Computer programs are developed for calculation of gas
analysis of gas chrdmatograph integrator data for adiabatic steady

and unsteadv state and isothermal conditions.



CHAPTER 2

LITERATURE SURVEY

2.1 Mechanism deCO methanation

The mechanism of hvdrogenation oflcarbon monoxide to higher
hydrocarbons has been the subject of an intensive study for many
years. Somewhat surprisingly, relatively little work has been done
on 'thé methanation reaction and the arguments for and against
various pathways have been mentioned elsewhere (Vannice, 1982). The
different pathways can conveniently be divided into two general
groups: one whichlinvolves hydrogenation of adsorbed CO prior to
the rupture of the CO bond, and the other in which CO first
dissociates to produce~surfacé carbon which is then hydrogenated.

vlasenko and Yuzefovich (1969) pointrout that the methanation
reaction offers special oppertunities for study since 1t 1is fhe
simplest reaction of the series {Mills and Steffgen, 1973). The
mechanism of hvdrogenation of CO has been examined particularly
under conditions of -the Fischer;Tropsch reaction 1in which
hydrocarbons higher than methane are formed. Here, 1n ccntrast to
methane. synthesis, the mechanism of chain growth is of Qreat
importance. However, despite this considerafion‘and the fact that
somewhat diffefent catalysts ére used to optimize higher
hydrocarbon formation, many considerations 1n Fischer-Tropsch
synthesis are believed applicable to the mechanism of metﬁane

synthesis.

>



One of the earliest proposals for hydrocarbon synthesis was
the carbide theory proposed by Fischer and Tropsch. The carbide
theory in its simplest form postulates that adsorbed carbon
monoxide is reduced to surface carbide. The surface carbide was
believed to be hydrogenated and the adsorhed methvlene radicals
polymerize and desofb as olefinic and paraffinic hydrocarhbons.
craxford and Rideal (1939) gave a more detailed version of the
carbide hypothesis, especially with respect to chain growth. The
carbide hypothesis was originally based on the observation that the
chief Fischer - Tropsch catalysts - 1ron, cﬁbalt and nickel react
with carbon monoxide to form bulk carbides and that these carbides
can react with hvdrogen to form hydrocarbons. The carbide theory
was subsequently found to be inadequate to explain hydrocarbon
synthesis by metals of the 1iron group. Other theories of
methanation, in addition to the carbide theory, have ipcluded
schemes 1in which o©oxygenated compoundé such as methanol or
formaldehyde are intermediates. But attempts tO detect formaldehyde
or methanol in the synthesis of methane on a nickel catalyst were
unsuccessful. Moreover, when methanol 1is used as a starting
material over a cobalt catalyst, 1t was shown that the vyield of
hydrocarbons is less than that obtained when a mixture of carbon
monoxide and hydrogen 1s used.

An earlyrsuggéstion put forward was that a metal carbonyl is
first formed which is then reduced with the formation of methane.

Saveral workers have concluded that svynthesis based on CO and

.H2 involves the production of an unstable intermediate complex,



containing C,H, and O atoms, which 1is the precursor of both
hydrocarbons and alcohols.

At present, two related‘ mechanisms deserve special
consideration. Béth involve the éoncept of initial formaﬁion of a
HCOH surface complex but differ in subsequent steps. One mechanism
invdlves methylene radical intermediates and emphasizes electronic
charge or polarization factors.

Vlasenko and yﬁzefovich {1969) conclude that the most probable
scheme for the mechanism of the reduction of carbon monoxide to

methane on nickel, cobalt, and possibly iron catalysts is

[ ] +e+ Hy —=-e--m- > [H] - {(7)
[ ]+ CO ~mmmmmmmee > [COlF + e (8)
[COT" + [H;]7 -———--- > [HCOH]' + e(Slow stage) + [ ] (9}
(HCOH]® + [H,;]™ ----- > [CHl + HO + [ ] (10)
(CH,] + [H, I SRS CH, + e+ 2 [ 1 (11)

The symbol [ ] denotes a vacant active center on the catalyst
surface. The symbols in square brackets represent adsorbéd species.
For the svnthesis of h;gher hydrocarbons, the fifth stage of this
scheme 1s not the reaction of methvlene radicals with hydrogen, but
their polymerization.

Orlov's suggestions (1908) that methvlene radicals are formed
in the primary stages of the hvdrogenation of carbon monoxide was
believed verified experimentally by the existence of CHZ radicals

in the methylation of benzene to toluene. Evidence was obtained
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that CH, species are formed from carbon monoxide and hydrogen. On

the basis of the results obtained, Eidus concluded that on cobalt

and nickel catalysts the primary stages of the process involves the'

successive hydrogenation of carbon monoxide, first to an unstable
okygen—containing group, and then to a methylene radical. Eidus
{1967) has provided a recent review of his views on the mechanicsm
of the Fischer - Tropsch reaction.

Hamai‘ {1941) proposed a éimilar mechanism having an
intermediate oxygenated complex, OH-C-M, which is reduced to M—C—H;
groups. The M—CHz‘groups, in the adsorbed state, polymerize to
long-chain hydrocarbons on the surface. Hamai concluded that,
except at the highest temperatures, methane formation did not occur
at the catalyst surface.

Storch, Golumbic, and Anderson (1951, 1959) have proposed a
different mechanism for the Fischer-Trepsch reaction based on
oxygenated intermediates as shown below. Theyvy assumed that (1)
hydrogen is adsorbed as atoms on_tﬁe surface of the metal, (2)
chemisorption of carbon monoxide occurs on metal atoms with bonding
similar to that in metal carbonyl, and (3) adsorbed carbon ﬁonoxide
is partly hvdrogenated according to Equation {1Z2).

Initiation of chain:

0 : H oH
{
C 4 2H ———memm > \ / - (12)
i .
M c '
Y
M
I



Termination of c¢hain:

R - CH, N P > RCH,CHO - acids, alcohols
C 28 _ (13)
fl .
M RCHfH%OH ~--> hydrocarbons

H,_ OH 2H
. ‘.‘,‘.“ /’ N .
R - CH;, JOH --> "¢ # R = CHy =====-2- > RCH,
..‘\ - _:-"". H

' M (14)
i '
™M I

While the overall scheme proposed describes details of chain

growth not applicable to methane synthesis, the initiation and

termination steps are pertinent for the mechanism of the

hydrogenation of carbon monoxide to methane. As shown in reactions

(132) and {14), termination products are aldehydes, alcohols, énd

olefine but not paraffins. The complex. I has been questioned

since IR spectra do not indicate a M = C bond but this does not

fupd=—=2ntally change the picture. For methane synthesis it is
s

proposed that this reaction scheme may be modified to become:

0 H OH H H OH H H H
/ i /’ L) l

S AN
i L \\\\1/// AN !/// H
Comenas SUTCRG LN ST RN S 5 S > CH,
i [ | THO 1
M M M M {(15)

A
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In this scheme Intermediate A would form alcohol under certain
circumstances énd under octher conditions would produce methane. The
reversible dissociative sorption of methane on nickel (the reverse
of the last step) was demonstrated many years ago.

vannice (1976) postulated that the reaction occurred between
mdlecularly "absorbed carbon monoxidel and hydrogen via .C/H/O
intermediates. Chen and et. al (19%0) mentioned more recent
evidence (Ponce, 1978; Happrel et al;, 1980; McCarty énd Wise, 1979;
Goodman et. al., 1980; Zagii et al.; 1979}, dissociative adscrption
of carbon monoxide and hydrogen followed by reaction between
surface carbon and hydrogen atom via CH.- épecies appears to be
more likely. For the latter mechanism, some researchers proposed
hydrogenation of surface carbon was the rate determining step and
others propoéed that is proportionation of CO was. Recently two
models are generally accepted. Ho and Harriot (1930) suggested that
the limiting step might be the surface reaction between adsorbed
carbons monoxide and hvdrogen atom to form carbon an& water (CO* +
2H* - ——- > C* + HIO). Klose and Barens (1984) suggested that the
limiting step was the hydrogenation of surface carbon to carbon
species (CHE*) involving two adsorbed_hydrogen and the surface
carbeon (C*x + Z2H* ---> CHf).

The latter model Qas preferred in this study for two reasons.
The first reason 1is that it will be a problem to explain the
deactivation of most methanation catalysts by deposited carbon. It
may be better explained if the hydrogenation of surface carbon is

slow and then some of active deposited carbon will become
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unreactive. The other reason 1is that adsorbed carbon monoxide 1t
self can be easily dissociated under reacticn temperature. Thompson
Jr. and et. al (1989) stated that the first type of mechaniém {Bell
1981) assumes the associative adsorption of CO. This mechanism
allows for oxygenate formation, but does not directly account for
the production of Cor The production of CO; has often been
attributed to the water gas shift reaction. The following equations

summarize the most important elementary reaction steps.

Heo! + HY ==P===> HCHO® + * (r.d.s.)

HCHO' + H' e=¥==> CH' + H;0

The latter type of mechanism suggested by Klose and Baermns

{1984) is described as follows:

(r.d.s.)



Carbon monoxide and hydrogen are dissociatively adsorbed and
equilibrium is established. Interaction of surface carbon and
adsorbed hydrogen to a carbene species 1s the rate determining
step. Subsequently, the carbine intefmediate is quickly
hydrogenated to methane. Surface oxygen reaqts fo water in a
similar manner as carbon formation. Until recently most authors
seemed to prefer the view that the first group of mechanism
involving some aldehydic or enolic surface intermediate is the more
probable {Sachtler, 1980). This preference was based metal carbides
‘to methane and the Boudouard reaction,

2 CO ~---- ;> C + CO,

" 18 known to be rapid only at much higher temperatures, which
suggested that both the dissociation of CO and the hydrogenation of
carbon are too slow to be intermediate steps in the methanation
reaction. However, these arguments do not rule out the possibility
that the formaticn of the "surfacé carbide" C.is and its subsequent
hydrogenation to CH, are fast encugh to be preferred pathway.for
the formation of methane on the surface of a nickel catalyst.
Indeed, in 1948, Kummer et al. had shown that labelled surface
carbides can yield labelled methane under the conditions of the
Fischer-Tropsch synthesis. The problem was recently reinspected by
Wentruk, Wood and Wise in Stanford, by Araki and Ponec in Leiden,
and by Rabo, Risch and Rabo at Union Carbide. The stanfordrgroup
observed that on an alumina - supported Ni catalyst, the reaction .

2C0 --—--- > Cys *+ CO;

ads

occurs at a detectable rate at temperatures as low as 350%K.



In pulse experiments at 553K CO was rapidly converted to Cads +
COE. Subsequent pulses of hvdrogen at the same temperature rapidly

converted the Cm guantitatively to CHr The stanford workers

5
conclude that the dissociative chemisorption of CO on nickel
provides an energetically possible mechanism for methanation and
they stress that the surface carbon species, unlike Ni :C is
reactive towards hydrogenation.

Ponec (1978) also found that disproportionation of CO to C.ds
and CO; can be rapid. On nickel films exposed to low pressures of
iCO + Hz the first product observed in the gas phase was actually
coﬁ, while CH; formation appeared to be preceded by an induction
period. Which means that this €O, was not formed by water gas shift
reaction. Eviden;ly it was formed by disproportionation:

2 CO =~wmmmmm > C, + CO;.

by which C. was successively deposited.and accumulated on the
surface. The rate of CH; formation increased 1n the course of the
reacticn. Since dissociaticn of CO is thus demonstrated to occur
under the conditionsl of CO hvdrogenation on these film the
pertinent question 1is: which adsorbed species is faster converted

to methane, Cads

or cowg? To answer this question, the authors
coverad their £ilm with labelléd 13Cads obtained by pretreatment with
ECO and exposed this £ilm to a gas mixture of 5H2-+ 12CO at 77 pa
and 523 K. It was found that initially much more ‘)CH, than ‘!CH, was
formed, indicating that under these conditions methane formation

via disscciation of CO seems to be thepreferred pathway. The same

conclusion was drawn by Rabo et al. who found that Cus ON Ni 1s
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readily hydrogenated to CH, even at room temperature where CO + H,
would not be converted to methane. For CO and Ru films it was
Vcbserved by Sachtler ahd et al. (1979) that‘predepésited 13‘C is
~hydrogenated to 13CH4, but this <carbon alsc undergoes a

deactivation.

2.2 MECHANISM OF COEMETHANATION

The hydrogenation of COE to methane has not been investigated
extensively. Catalysts which bring about methanation of COZ are in
general those active in methanation of CO.

Two mechénisms of methanation of carbon dioxide have been
discussed in the literature (Mills and Steffgen,.1973). One of
these was proposed by Bahr (1929), who considers that the
methanation of CO. occurs with the intermediate formation of CO.
This idea 1s supported iﬁ studies of Ru and Fe group of catalysts.
Other evidence strongly indicates that the mechanism does not
proceed through intermediate formétion. In the presence of Ni
{nickel)} and cobalt catalysts 1t has bheen shown that CO: 1s
converted only into CH; and the formation of small gquantities of
higher hyvdrocarbons was déﬁacted only in some instancés when iron-
cobalt and copper-cobalt catalysts where used. If has also been
shown that CO: is not hvdrcgenated in the presence of significant
amount of C0 and does not influence the transformation of the
latter. |

Medsford (1923) proposed the mechanism of COzlmethanation

without intermediate CO formation as the following way:
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OH
co, t2Ha Hy --- C/ __T_H.Z-g_._..> CH.O __-:t-_"_‘i—__>
\\\OH
cH, o8 =P cn, -0 cp,

This mechariism was further developed by Pichler (1943} who

proposed the following sequence:

0 H OH

1 7

C + ~—==> C ‘t—‘:‘}——> CHEO + Hzo
1 \ o

0 H OH

—“+H

2 : -+ Hy
----- > CH0H -------> CH, + H;0

Vlasenko and .Yuzefovich (1962) conclude that kinetic data
cannot confirm a particular mechanism directly, and that evidence
by independent method 1is required. They £found from weighing
experiments that there is no significant adsorption of CO, and the
product of its transformaticn. Further, when a mixture of H:and Co;
was introduced to the untreated catalyst, the work function remain
unchanged relative to that in an atmosphere of hydrogen. This was
taken to indicate that adsorpticn lof CO, and the formation
complexes influencing the electronic structure of the catalyst does
not take place on the surface of the catalyst containing dissolved
hydrogen. They conclude that recent experimental results refute the

suggestion that the start of formation of CH, from CO, on nickel
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catélysts is preceded by the adsorption of both components of the
reaction, and indicate that hydrogen adsorbed on the catalyst
surfaée reacts with molecules of carbon dioxide in the gas phase.

From such considerations, Vlasenko and Yuzefovich (1969)
conclude that the most probable scheme for the methanation of co,;
appears to be one in which the fofmation of complexes of a type
corresponding to the enol form of formaldehyde takes place
initially, and in which the subsequent transformations are
analogous to the stages in the hydrogenation of CO, but with the
significant difference that in the reduction of C0£ these chaﬁges
take pléce not on the catalyst surface, but in the volume of the
gas.

The mechanism proposed by Vlasenko and Yuzefovich (1969) is:

2 [ 1+ 2e + H ———--- > 2{H]
2 [H]” + COj -—==--m—= > {HCOOH] ----> 2[ - 1
od
/
+ C + 3e (=slow)
AN
OH
OH
/
C + Hz ——————— > HCOH + H:O
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According to this scheme, the process 1is initiated by‘the
activation of only the hydrogen on the catalyst surface, after
which the reaction takes place 1in the gas volume. Mills and
steffgan (1973) guestioned this mechanism and concluded thaﬁ the
mechanism of COZinethanation is uncertain and that this would Be a
fruitful field for investigation.

‘In additioﬁ toc the direct mechanism cof CG;, there 1s evidence
that COz,is removed by the reverse water—gés-shift reaction, by
conversion to carbon menoxide

€0. + H; z======= CO + HO

If a catalyst is tested with carbon dioxide, with no carbon
monoxide in the inlet gas, a trace cf carben monoxide is found 1n
the exit gas, indicating the occurrence of the above reaction.

There have been a number of investigations on  the
hydfogenation of CO and CO; together {Seglih and et. al, 19875); it
was concluded that COE i3 not hvdrogenated in the presence of CO.
Such a conclusion might me errcneocus because it does not take into
account that simultaneous with CH, fbrmation is the formation of
water which feacté with CO to make COZ by water-gas shift reaction.
This leads tc the observaticn that the CO; concentration, instead
of decreasing, may actuallv increase or at best maintain steady
until the €0 1s substantially ceonsumed. Thus only at 1low

concentrations of CO would CO; reducticn to methane be observed.
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2.3 Mechanistic Rate Equation
Chen and Wu (1990) used the complete mechanism suggested by

Klose and Baerns (1984) is described asrfollows:

Reo
. CO+2 2=>C"+0" . .... Cerread e (1)
1 K'
Hy+2%a=> H*+H* ... . ... ....... (2)
. ko, . .
C*+2H "~~~ ~~ > CH+2" {(r.d.sg) .(3)
Il kca.
CHy +2H" = === ===~ 'y CH+3" ... ..., (4)
kb‘g;
O*+2H"-———=—- > H0+3" ..o {5)

On the basis of this mechanism, a Kinetic model was derived
applying the principle of one rate determining étep and assuming
that the adsorption of kinetically relevant species can be
described by Langmuir adsorption isotherms. The detail derivation
is described as follows.. |

The equilibrium adscrpticn constants for carbon monoxide and
hydrogen adsorption according to reactions of equations (1) and (2)

are given by

;

~
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6.0 ELanBE :
Ko = ——2 9@ = == (6)
P.OB Bc
2 ; ’ . l
-k, =S >0, =K, BE*8 v (7)
: po° :
v

The reaction rates according to the reactions of equations (3), (4}

and (5) are given by:

Ty = kg 8, 0% (8) '
Ly, = Ky, Ocn, 0% | (9}
HI&O='MWQBQB§ 1 (10)

On steady state, the balance relations of carbon and oxygen

are given as

The CO dissociation of Equation (1) is a fast and reversible
reaction, therefore the rate of CO disappearance 15 determined by

the formation of carbine.

-t - . _ . ' .
~Tog = Ty Tgo = Temyr Tey = Icw, (11
1

From equations (8), (9}, (10) and (11), the coverage of exygen

and carbine are given as
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. Ry
=58, = —2 8, | (12)
, ky o |
& Iowi = Tan
i kCH‘ B.EH'Z ka{z ec
‘ki ]
= 8, = = 0, {13)

From equations (6), (12) & (13) the coverage of carbon is

given as
i \ . 2!
' Koy g | Koo Poo 84
¢ 3]
fod

Ko

where k. = [
kC’H
]

From equation (7), the coverage of hydrogen is given as
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0, = Kki/* py/* 0
Lora 3 £ ¥
Oy=Ky P 6 (15)
_ /2
where Ky = Ky

The total surface coverage is:

0,+86_.+8,+0,+0y =1

4

Neglecting the coverage by oxygen and carbine, the surface
balance can be approximated by
B, e+ B +B8,=1 ..., e (180

The coverage of vacant sites is calculated from equation (14},

(15} & (16) as, .



[
k2

8, + K. P*O, + K, Pi/*8,=1
=> 8, (L +K, P‘“ + Ky PA/Y) =1

=8, - 1 N 1)

T3 TE e e 7
1+K, Pop" +Ky P,

b

Now from (13), (14) & (17)

k l/%
= % X K_P*0
kqh | ,
ko 1
By = —2 K. PE° X e e (18)
Ly 2
P Ky, 1+K, PiR+K, P}
and from (15) & (17)
6. =K, P50,
i": - l ) N
= K, Py'° X , e (19}
75 1+ K, 232 + K, B3 !

Then the rate equation of methane formation from equations

(9), (18) & (19) is given as



rC."’ kaf‘ e.ail "‘f
‘kCH
\ _ 2 D1/2 . 1
Ky .. Ke Poo” X 1 1/2 1/2
. Ch, +KCPCO +KHPH2
lJ..fz 1 ¥
X {KH PH; X 12 1/2
' k 1+K.Pro *‘KHPH:“
. . nl/2 2
- o K’CH; KC o KH PH;
- CH, T K \ . ;
C (LR P Kyt (1+K PL2+ K Ph/%)?

2 1/z2
Ky K KBy Pi,

(1+K PR+ KPR

B IV Y T e e e (20}

Parameter estimation

For parameter estimation, a linear least square method was

applied. The rate equation (20) can he rearranged as follows:

1
K _
+ B - P2+ - 11 e R PR (21)
Zy 3 3.3
(kCE, K, Kz) "ICCF{, X Ky ?
i L

The plot of.[p;;p%/rm¥]7 versus PMUZ at different partial
- e

pressure of CO should be straight lines. The sLopes, (Si) and

Ay



intercepts (Il) could be estimated and formulated as follows:

(=]

L
-

g

3

(Ko, Ko K) (ke Ko Ki) 3

Based on the above eguation, the plot I, versus Pwln should be
straight lines. The slope (SZ) and intercept (I,) could be estimated

as follows:

I
SZ — < T T ¥ 8 4 4 ® 4 3 3 1 F 1B (23.\!
2y:3
\kCH Kc i
1
I, = s (29)

From equations (22), (23} & {24}, the model parameters of Koy

K. and KH could be estimated

Mills and Steffgen (1973) concluded that the rate of methane
formation must depend on the concentration of an appropriate
complex of the'sdrbed C0 and H,. Using the static method at about
300°C over nickel catalysts,‘the rate of formation c¢f methane was
found to be approximately proportional to.the pressure of hydrogen
but retarded by carbon monoxide. Using a flow method, an extensive
study was made of the kinetics of methane formation at atmospheric
pressure over an industrial nickel-kieselguhr catalyst in the range

300-350°C at H./CO ratio of 1.2 to 4.0. The rate of methane
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formation is expressed by the equation:

'3
Pe Py

J " (A+BP#DP +FPyy ) ¢

where A,B,D, and E are constants.

Additional Kkinetic expressions for nickel catalysts which
reflect the inhibiting influence of CO-are discussed in connection
with catalyst compositions. One exception to this has been noted.
The retarding influence of carbon monoxlide at high concentrations
is apparently due to fact that the CO covers the catalyst surface
to a considerable exﬁent, leading to a corresponding decrease 1in
the degrée of coveringwith hvdrogen. Similarly, the empirical rate

of methane formation over a rutheniﬁm catalyst was found to be

1.33 -3.13
r = kpPy®? PV

indicating that here also high CO pressure 1nhibits catalyvst
activity.

This situation can be changed by the use of a low
concentration'of CO 1in a large excess of hydrogen. The kinetic
relation ship obtained in this way by a flow-circulation method
with a nickel - chromium catalyst at 135-175°C and a concentration
of CO in Hz equal to 0.3 Qol% has the form

W = kP, P,°
The zero-order of the reaction with respect to both components

was attributed to the non uniformity of the nickel surface with

respect to the adsorption of CO and H2 under the given conditions.

0
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Thermogravimetrici:étaiyst measurements'during reaction established
that at 160°C the degree of coverage of the nickel . surface by CO
amounted to about 1/3 and 2)3.of the surface being covered with
hydrogen. A critical review concluded that the rate expression r =
kpw Pﬁj correlates most of the experimental data except when
excess Hz and/or CH4 are presentﬂ To cover the entire range of gas
compositions, this equation was modified to

f . kP Py’
A+ K, Py +Ky Poy,

It is noted that this expression does not include a term in
the denominatér for the inhibiting effect of CO. _

The extensive kinetic studies of hydrogenation of CO to higher
hvdrocarbons have established that carbon dioxide is a secondéry
product and results from the water-shift reaction,

Thompéon. Jr., and et. al. (1989 Stéted, considering CO
inserticn mechanism and hydrogenation of the surface formyl group

as the rate determining step, the reaction rate by the following

expression:

. Nm = k: anC'U 6y

Based on the assumption of the thermodynamic équilibrium the

fractional surface coverage would be:

1

' 0500 = k.0 C‘OBH/BV t

' : a3
r 0% = K, P, 6%

eco= Kcopr:oav

9,
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where 0, represents the fractional surface vacancy. The low
activities indicate that the surface was covered predominantly by

CO and H, so the fractional surface vacancy would be described by

1

(1"‘\/ Ky Py, + KeoP co!

Substitution into rate equation leads toc an overall reaction rate

8,=1-0,,6,=

in terms of the partial pressures of H: and CO.

Ny, = k2K1KH3PH3KCOPco(9 nk

= kK Ky Py KoP e
= K
‘ 1+ JKy Py + K o0 ®

Rearranging this equation into the form

o 1 + - PHZ +- VKCO PM
V| JERRRS N\ EEKs | RRE

, K

and numerical analysis yields sz K, o andrKHZ_Numerical values
of the coefficients were obtained from regression analysis.
Négative coefficiehts are obviocusly physically impossible and the
only equation with all positive co-efficient had the followiling

form:

Ky, Py, KeoP o

{ l+¢KH1PH3 +Kcopca)

If the hydrogenation of a surface methylidyne were the rate

determining step, the reaction rate éould be described by:



Ney, = kKO8,

where the surface coverages at thermodynamic equilibrium are

0,0
em___%e;}f
;_Klecoev

The surface coverage by atomic oxygen, 8, ., was estimated using

the guasisteady - state approximation. With this_assumption the

atomic oxygen coverage would be:

. e k8 vk O, a
07| KB otk 8,

Under differential conditicns the forward reaction rates would

be more significant than the reverse reaction rates, therefore,

Substitution of these expressions along with expressions for

0, and 0y 1into above rate equation leads to the following rate

equation:
. ky (kg /K1) Ky Py KooP oo '
1 1 =
- CH;! (1+‘/———KH:P33 + Kc‘ Co) 2 ! )
Numerical analysis would vield kj, (kﬁ/k4), KH and Km.
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2.4 KINETICS OF METHANATION

Van Herwijnen and et. al (1973) studied the kinetics of the
methanation of CO and CO, in H; on a supported nickel catalyst. They
measured the methanation of CO, at partial pressures below 0.0Z atm
and at atmospheric pressure and at temperatures between 200 and
230%C. They studied the methanatlon of CQ in the same congentration
raﬁge, between 170 and 210°C. |

They proposed Langmuir-type fate equations as:

' 1.36X10% ,.exp(-25300/RT) . P -
: ,a%‘mol.hr'l.g‘”.
{(1+1270. Pg,)

Loo, =

2.09X10% . exp{-10100/RT) . P
= — P ' ® ___ mol.hr?.gt.
(1+4.56X107%.exp (+12400/RT) ..Pg) ®

In this study they used Nickel catalyst (33.6% wt NiQ) of
Girdlr-Sudehemic, Munich. -alumina was used as carrier material
in a 4 ml tubular reactor plaqed in‘a fluid bed acting as a
thermostatic bath.

Experiments at 200°C showed that CO poisoned the methanétion
of CO; 1In con;entrations larger than 200 ppm. Water and methane in
small concentrations had no effect on the reaction rate. The
results of this study were in good agreement with data published
previously. Same mechanistic implications of the kinetic data were
discussed.

chen and Wu (1990} studied the kinetics of methanation of CO
in H; over nickel boride catalysts. The kinetic studies were

carried out in a continuous flow type reaction apparatus with a
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differential fixed catalyst bed U-shape reactor immersed in a
controlled furnace was made of stainless-steel with 1/4 inch
diameter. This investigation was under Pg: 0.05 - 0.40 atm, Py

0.75 - 4.0 atm and T : 210-280% on nickel borides. The kinetics
was explained satisfactorily by dissociative carbon monoxide and
hydrogen, and hydrogenation of surface carbon to‘a CHH-species
involving two adsorbed hydrogen atom as rate determining step. Both
the hydrogenation of surface oxygen to water and CHJ species to
methane were considered to be fast processes. The rate equation of

methane formaticn was expressed as follows:

1 1 ! " 1
. ' 2p &
_ kg KKyPp Py,
IC'HE = 4 4

(1"'1{;“.?;‘5; +KHPH:£ I

The investigator finally concluded that the rate of methane
formation increases with partial pressure of HE and decreases with
‘that of CO in the studied range.

Randhava and et. al (1969) studied the methanation of carbon
monoxide at parts per miliion levels over 0.5% ruthenium metal
catalyst, dispersed oﬁ alumina catalyst in a fixed-bed reactor. The
catalyst pellets were 1/8 x 1/8 1inch cylinders. The reactor was
built from 1/2 inch i.d., l-inch o.4., and 22 inch-long stainless
steel 304 tubing. Gas mixtures of 3450, 1090, and 505 p.p.m. carbon
monoxide in hydrogen were used within the range of 175% - 275%°C. The
rate of reaction of carbon monoxide follows simple pseudo-first.
order kinetics. The rate constant follows the Arrhenius temperature

dependence at low temperatures. The rate of CO conversion increases
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rapidly with a decrease in the partial pressures of CO at the same
temperature. For the atmospheric pressures at which the
investigation was conducted, the fractional c¢onversion of carbon
monoxide increased continuously with an increase in temperature.
Evidence of diffusion con