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. ABSTRACT
} . ’ i . ‘ ‘
‘ . The methanation of carbon monoxide and carbon

dioxide was studied over Raney nickel. The catalyst was
. * ' ) B
characterized by chemisorption technigques. A differential

ﬁ%yg- léw reactor was used to obtain kinetic data. The
. r;;;tiod rates were inyestigated as'a function of temperature,
reactants and products concentrations. The po@er ra;e law
; was found ipadequate in representin§ the k%netic data of
carBon dioxide meth&nation. The orders of reaction for hydro-
gen énd carbon monox{dé were-dbtaihed. Carbonaceous species
were found on the catalyst surface after methanation reaction,
which could react with hydrogen to give methane. Multilayers
of carbon \species were aepogited on the catalyst surface dur-
.ing CO methanation; less than a ﬁ;noléyer'was found when carbon
‘dioxide was used as feed. The effects of reaction conditions
on the amount of residual ?arbon was also investigatea.
"The data in general agreggy;ifh a mechanism involving
the hydrogenation of carbonaceous species as-the rate determin-

.
re

ing step. The differences between CO and Cdz'methanations we
.also discussed.
The carbon chain growth proceés in the Fischer-Tropsch

. A . .
synthesis was simulated using available data in the literature.

iii . ’




RS

The simulétion was done by representing'the hyd-rg_é,arbo'ﬁ chainé
by numbers stored in‘vectoré. Various chain growth schefnes
wefe tested. ’1“'he results suggeéted that t&e carbon chain g?owt'h
process .could involve the stepwise additions of both onercarbon
and two-carbon units.’ |
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industry and economy on liquid fuel, the latter will remaim—

r

1.1l General

. L .
The scarcity of fluid forms of fos$il fukl has

resulted in an ardent search for~fu£ﬁre energy sources.
Various kinds of energies such as nuclear, sqlaf and

wind energies have gained poéularity as é resuit. However,
with the poésiblelexceptioq of nuclear energyy they are
essentially still in £heir development stage; and are
expected to ease the energy crisis to only a smalllextent.

The recent nuclear accident on Three-Mile Island hinders

‘the possible exparsion of nuclear energy as an alternative

source of energy in-the foreseeable future. For these

reasons, as well as the traditional reliance of the

the main source of energy in the near future.

i’

- Despite the occasional findings of new oil wells,

_thé projected oil suﬁply is still'not very encduraging.

Exploration for new oii supplies is often restricged by
harsh geographic and climatic conditions, and is proving more

and more costly. On the other hand, oil import is not only

subject to frequent rises in price, but also is to a

large extent affected by political events. In view of

these, other sopources of energy have to be found which are

—



country's demand for oil.

competitive and Ean be utilized easily. One of such
alternativeé;is coal which is in abundance in North
America. | A s
Coal can be utilized essentially in two ways.
It can be burned directiy in solid form such as in most
pﬁwer plants. TﬁiS'method, however, presents severe
environmental problems such as acid rain etc. The other
means is- to convert coal into oil and gas. One of the

. LT . L : N
major steps in the conversion of coal into pipeline

' quality gas is the production of substitute natural gas

. ‘ &
(SNG) by the gasification of coal. Coal can also be

converted into oil by hydrogenation and/or solyénﬁ
extraction. An alternative means of obtainiﬂg‘synthetic
oil is by the Fischer—T;opsch (F-T) process which combines
synthesis gas (a'mixture of derogen (Hz) and -carbon
monoxide (CO) )-from coal gasification tq. form higher

Ezggegarbons. This technology is well established; in

South Africa the Sasol plant supplies one-third of the

’

One of the final steps. in the production of SNG
from synthésis gas is hydrogenating tﬁe carbon mohoxide'
to augment the heating value. Since methane (CH4).is
obtained as product,%the,tebm methanation has been widely
used, and is e#tended to include.the hydrogenation of

carbon dioxide (COZ) to methane. Traditionally, methanation




: has been used to remove traces of CO and CO2 from hydrogen-.

rich gases such as in ammonia synthesis.

0 (1-1)

Methanatioﬁ éan be ' carried out on nickel catalysts
at 200 to 400°C at pressures up to 10 MPa. The reaction
is almost irreversible under these conditions. However,
the iarge'heat of reaction (-AE® = 210 kJ/mol at 200°C;?
presents a major problem in the design of.commercial
methanator; One metho& is to recycle a portion of the
paftially cooled product gas through the catalyst bed;
this hot gas recycle reactor system has been successfully
tested in the Bureau of Mines.

In spite of the large amount of work‘done on
methana;ibn reaction using’Hz/CO feed,'tpe picture is
st*fij)ar from clear, and there is still no general

' hg;eeﬁent regarding the kinetics or mechanism. This stems
from the fact that different catalysts were used ané~that
e reaction conditions were very much different with N
Fespedt to temperaéure, pressure and the relative concenératn

//ion of the reactants. The large heat of reaction also

/ -

/. complicates kinetics studies. The order of reaction with

RaeH]

W

i
R

P



respect to CO has been found to vary from -0.9 to 0.7

(1-3), while values of 0.8 to 1.4 have been reported for

¥
i, (1,2,4). For the hydrogenation of CO2 the general

consensus is that the order for CO, is 0.5 .(5,6) while
for H2,'zero_ordef. . |

The purpose of the present investigation is to learn
of the kinetics and mechanism of methanation of cerbon
oxides. To this end, the ratios of H,/CO and H,/CO, were
varied over .a wide range to resolve the pressure effects -
of the reactants. In addition, the condition of the
catalyst surface was also investigated after reaction.

The transitional metals, especially those in.Group
VIII of the periodic table, have been commonly used as
catalysts for methanation, either in supported or
unsupported form. The catalyst used in. the present study
was Raney nickel. Raney nickel is prepared by removing
aluminum from.a nickel-aluminum alloy by agqueous elkali
at elevated temperatures.

A single-pass differential catalytic reactor was
used to collect kinetic data. A differential reactor is
used because the data are amenable to easy and direct
analysis, andﬁgo not reguire integration of r%te equations.
Perhaps the more important advantage is that the data are
free from distortion due to physical transport processes

such as diffusion and heat transfer. : o
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1.2 Methanation of Carbon Monoxide

l.2.1 Mechanism of coO Methanation

The hydrogenation of CO to methane is the simplest
example of the synthesis of Mydrocarbon from‘%Ynthesis gas.
Theréfore, it is nécessa to involve at least some work
done in Fischer;Tropsch (F+T) synthesis. One of the earliest
pProposed mechanisms for F-T reaction was the carbide theory
of Fischer and Tropsch (8), which was later refined by
Craxférd and Rideal (9,10). fssentially this theory

postulates that adsorbed CO is reduced to surface carbide,.

which is hydrogenated to methylene radicals. These methylene

‘radicals polymerize and desorb as olefific and paraffinic -

hydrocarbons. The carbide theory was subsequently found

to be inadequate to explain the hydrocarbon synthesis in the
bresence of the iron group metals (11,12). For methanation
in particular, the temperature of hydrogenation of the |
éﬁrface.nickel carbide is higher than the témperature of
appreéiaﬁle methéne prodﬁction. In addition, the rate of
méthédhtion id much greater than the carbide formation rate <>
(13-15).

Oxygen-containing substdnces} such as meﬁhanol or
formaldehyde, haveA.een considered to‘be the intermediaté
products in methanation (16).' éowever,wattempts to detect
these intefﬁe%iates have'not been sﬁccessful (17). Moreover,
the yiéld of(éeihane is less with methanol as a starting
material than wheﬁ a mixture of hydrogen -and carbon monoxide

is used (18).




- . ' 6

Fischer aﬁd Tropsch (19) ha& also earlier suggested
that carbon monoxide reacfs with the catalyst to form an
'intérmediate of metal carbonyl which is ‘then reduced to )
give methane. In the seventies, Pichler (20) also p;esepted'
A " a similar .explanation for F-T éynthesis. This is now known -
as the CO inséftiou mechani§m by which the carbon chain
grows by stepwise insertion of carbon monoxide between the
growing carbon chain and the metal surface, and its subsequent
hYdrogenation.:' ' ‘ - ©

Insﬁead_of intermediate compounds, surface complexes

or radicals have also been considered to play a role in

methanation. Orlov (21) Sugéested that methylene radicals

=

are forﬁed in the primary stages of hydrogenation of carbon

monoxide. The é&xistence of CH, radicéls was subsequehtly
proved by-Eidus and Zelinskii (22) in the methylation of
| benzene to toluene.' Eidus (23) furthér suggested that
; methylene .is the result of hydrogenation of carbon monoxide
E _ ‘ throdaglan unstable oxygen-containing group. A similar
: mechanism was.also proposed by Hamai (24), in which an
- intermediate oxygenated -complex precedes'the formation of
the M-CHZ species.
Storch et al. (11) proposed that formation of

adsorbed oxygenated complex of HCOE forms the'basis in F-T.
syﬁthesis. The formation of hydfocarbons is by a stepwise

w .

condensation reaction with the elimination of water.__This

o ’ step bears strong resemblance to the éddition'polymerization




in polymer chemistry. Nijs and Jacobs (25) also concluded
that F-T synthesis involves hydfoiyl-condensation mechanism
involving HCOH species. This species can be regarded as

i

the 'monomer' unit in F-T synthesis, and is thought to

be formed by the reaction:

L - ‘ r~
g + 2H ———e H*E’OH | (1-3)

In methanation this species does not add on té any growing
carbon chain by coédedsation ﬁut is-reduced to methane
instead. 0

Vlasenko and Yuzefovich (26) also invoked a HCOH
surface complex which, however, is reduced to methylene
radical. They stressed the importance of éledtronic charge
or polarization factor in methanation. It was.proposed
Ehag the formation of a positively-charged HCOH'sﬁecies
is the slowest step:in methanation.

Blyholder et al. (27) suggested that methane is
formedqby the hydrogenation of HCO species'to a‘meﬁhdxy
group'which-is further hydrogenated to methane. No conden-
sation type reaction is involved.. The speciés HCO was
thought to bé formed by CO-insertion mechanism.

In contrast to the\p:evious‘belief-thét CHOH or othér
oxyge;;E;a complexes a:é'thg'intermediates._the work'on_

methanation after the 1973 oil embargo has produced evidence

that carbonaceous species resulting from the decomposition of

TN
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carbon monoxide by the Boudouard reactlon on the catalyst .

surface could be the pertinent surface speC1es,

2C0 — C + -C02 {1-4)

At‘temperatures above 450 K exposure of'nickel surface to
CO results in the buildup of carbon on the surface (28).
Tdttrup (29) studied the decomposition of COpin-a therﬁo;
gravimetric flow system in teniberature range 553 - 673 K, and
the data were found to be best correlated by assuming |
dissociation of adsorbed CO as rate de;ermiaing step.

Rabo et al al. (30) showed that adsorption of CO on
nickel at 573K is dissogciative,. ‘resulting in dlsproportlon-
ation to co2 and a Ni-C species which is very reactlve to H2
Wentrcek et al. (31) reported the detection of carbldlc
surface species using Auger electrod microscope when
catalyst surface (Ni/Alzoé) was exposed to CO at'550 K.

This carbon is pery reactive towards Hz. . However, this species
is,unetatle at tigher temperatures (723 K) and-ie transformed
to unreactive graphite. Araki and Ponec (32) concluded that

dissoc1ation of CO is one of the 1mportant react;on ‘steps in

methdnation, the other being hydrogenation of deposited carbon

-by adeorbed hydrogen. They proposed that the'hydroéenation

of surface species Cﬁ- (x =0 - l) is the limiting step 1n

methanation; Using temperature programmed desorption in

the presence ‘of H,, McCarty and Wise (33) identified four



.i'r.

typesof carbon deposited from CO on nickel .surface at

.550 K and suggésted that one of these carbons, the « state
.is the likely intermediate in methanation. The « carbon
"was slowly transformed into the less active‘ﬁ carbon with
an activation energy of 33.5 kJ/mol. Amenomiya et al. (34)
with the aid of infrared and mass spectrometets, detected
carbon and CH species during methanation and concluded

that CH is the most abundant species at the reaction
_condition. i

' The application of temperature programmed reactionufj
fh redent work by Zagli et al..(35) led to the conclusion‘;
that the decompgsitidn‘of CO is the rate determindng step

-, .
in CO methanation. Thi Conclusion was reached from the

‘observation .that bot methane and water peaks were produced
at the same temperature when adsorbed CO was slowiy heated
in hydrogen. The same ébnclusidn was also reached by Betta |
‘add Shelef (36) who dehondtrated that there is nq kinetic

isotope effect for hydrogen in methanatien on nickel

catalyst. Ho&é?er,-the Boudouard reaction as the slow;st
step in'methanation does not reconcile with the fact .that
the rate of reaction does depend on the partlal pressure of
hydrogen. Goodman and coworkers (37), usmng a2 specially
des;gned ultra high vacuum system, 1nvest1gated gethanatlon
ovér a single nlckel crystal, and their data are consistent

with a mechanism in which an active surface carbon species

is the dominant route to methane formation.

e e e - e ermmem e e e C S Y O -




Thé importance of carbidic intermediates is by
no means limited to methanation over nickel cétalyst. It
has also been thought to play an important rdle in F-f-
synthesis. Biloen et al. (38) showed that ;36 from CO
decomposition when hydrogenated will give hydrocarbons
containing several 13C atoms within one molecule. They
concluded that the intermediate is an oxygen-free species
CHx . Usiné transient reaction tecHniques, Matsuﬁoto ané
Bennett (39) have shown that *-CO or *-C species are the
likely intermgdiates in methanatfg; over iron catalyst.
Joyner (40) similarly proposed CH species as the relevant
intermediéte in F-T synthesis. These results underline

the close relationship between F-T synthesis and

methanation reaction.

Other catalysts active in methanation or F-T
reaction can also deposit ¢arbon on the surface. Ekerdt
and Bell (41) found that ruthenium catalyst after

hydrog?nation'of CO contains a reservoir of carbon atoms

on the surface.. Sexton and Somorjai (42) found a carbonaceous

deposit over rhodium surface during methanation. King. (4
investigated CO hydrogenation over supported ruthenium .
and iron catalyst, and concluded that the data are ’
consistent with initial formation of surface carbon. No

hydroxy-carbene or forﬁy} specieé during the reaction wer
found. . | ' ‘

-
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In summary, the mechanism of methanation of CO is
still not resolved. Evidence accumulated suggests that
the mechanism can b ivided essentially into tﬁo major
catigories. One_ggsgji;:és the formgtion of a CHKO
complex on the catalyst surface, while the recent evidence
suggests- the possibility of carbon reéulting ﬁiom dissociation
of CO as a relevant interﬁediaée. The choice of the type of
intermediate brihgs out the important question of how the
oxygen in CO is removed from the carbon atom. Is it
removed as‘oxygen atom ané then- hydrogenated to water or

~
is itgremoved as water from an oxygenated species -such as
k

. -
CHxD ? Before 'a fhechanism can be regarded as established
this central issue must be resolved.

1.2.2 Kinetic Studies

While there is still controvérsy over the mechanism

-and intermediates in methanatioh of CO, kineti¢ data
collecte iﬁ Garious studies present a more consistént

picture. Generally the rate is found to increase witth the
partial pressure of H2 and decrease with the partial
‘pressuré of Co. 'The overall reaction order is positivé
yith respect to total pfessgfe 6f_the system.? Hence'ﬁhe
rate increasds with the totél‘prqssure. However, differént
studies é ult in different orders of reaction.

Many) correlations have been‘pfoposed fdrﬁthe
methanation reaction. They are bften_bgsed on different

. ) b [ _ ]
methanistiiggggumptions. Earlier works:have been reviewed by

Vlasenko and Yuzefovich (26), and by Mills and Steffgen (44).

"

- .




- differs considerably from 146 kJ/mol found by Nicolai

12

These data yield various orders of reaction for/hydrogen
and carbon monoxide under different temperatures and
partial pressures. Luyten and Junger (45) found that

at 573 K and with H,/CO ratios from 1 to 6, the rate
over nickel on kieselguhr was approximétely proportiongl
to hydrogen partial pressure but retafded by carbon

monoxide according to: *

r = x¥p. 9% - (1-5)

-

The activation energy was 113 kJ/mol. This value
. .

and coworkeTrs (46) in studies made under identical

conditions on similar catalysts.
Using a flow method, Akers and White (47) made

an extensive study of the kinetics'of methanation at

L

atmospheric preééure on an industrial nickel-kielselguhr

catalyst'in temperature range 573 to 623 K at HZ/CO ratios

from 1.2 to 4. The conclusion was reached that the

ra

limiting stép is the reaction between an ddsorbed CO and

three molecules of H, according to the equation:
- 3
. H, :
r = . {1-6)

_ ' , 4
" (a + bPCO.+ cPCO2 + dPCH4)

~

k PCO P

N

However, the ‘result has been criticized because of the large

iy
B
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external and internal‘gradients in temperature and

concentrations.
b

The retarding influence of CO is apparently due to

its strong adsorption on the catalyst surface, leading to

.2 corresponding decrease in “the degree of hydrogen coverage.

The inhibiting effect of CO has also been observed with
other catalysts. Karn, Shultz and Anderson (%p) found the
following empirical expression for methanation of CO over

a rgtheniﬁm catalyst:
r = k PH P * (1-7)

This group also studied methanation on Raney nickel

catalyst using preésures from 0.1 to 2.2 MPa and found

-

that the total pressure dependence was to the 0.3 power
. . .. ¥ I '
for CO hydrogemation. fThe activation energy was 121 - 134

kJ/mol.

o
b

The kinetic picture is changéd, however, when

“a low concentration of CO in excess of hydrogen is used.

The order of reactlon for CO can .change from as low as
-0. 9 as reported by Bousquet et al. (1,2) to p051t1ve .
values.l Apparently the reaction undergoes 2 change in "
reaction régime as the concen;ration.of CO is decreased.
The Russian school reported zero order with respect to CO.

In a flow-clrculatlon system with a nlckel-chromluq *

catalyst at 402 - 448 K and a feed ©of 0.3 volume percent
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of CO in hydrogen, Vlasenko et al. (50) found the rate to
be indépendent of both CO and Hz. Independénce of rate on
CO was also reported by Cognion and Marguerin (51) who
employed a chromatographic pPulse reactor with 82 as carrier
gas for'nickel supported on alumina.

That the order of reaction with respect to CO
depends on its concentration was shown by Schoubye (18)
who found ‘that the order is zero at low concentratidn of -~
CO, but approaches -0.5 at higher concentration. He

proposed a kinetic model with”H2 adsorption as the rate

determining step and arrived at the following rate

T

. expression: T “*

r = (1-8)

I.';'\'v* " ’ 0'5
: (1 +k, (Pog/Py ) )

2

Van Herwijnen et al. (52) studied the reaction
on a supported nické} catalyst at partial pressureé of
co below’Z.kPa and at temperatures‘between 443 and 48§mK.
The rate determining ifep was proposed to be the reactidn

between an adsorbed enol cbmplex and adsorbed H,..~ The

data -were found to be best correlated by the expreségon:

r = .- (1-9)

S

-
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A low activation energy of 42 kJ/mol was obtained.
The invelvement of.an enol complex in methanation
¥ was also proposed by Vannicei(4) who studied the kinetics
- on supported greup VIII metals. A model was proposed in
which.the rate determining step is the rupture of the C-0
bond in the enol complex CHOH}'the existence of which has
yet to be established. For Ni/A1203 the power rate law was
r = xpy 08p 0.3 (1-10)
¢ < At still lowerrconcentrationzbf CO or at higher
temperatures, the rate of reaction often increases with -«
Co pertrahppressure. Lee et gi;#(B) found that the
rate expression+
0.5

’ k) Peo PH2

t1-11)

H
]

1+k, P, +k,P
E . 2 “H, 3 [cH,
) ‘ o '
correlates their experimental data best. The activation

t

energy was found to be 29_kJ/pol. It is suspeected that

diffusiofial effect fnight be important urfder the reaction
. ‘ > A

condition.
Similarly, -at stemperatlire of 673 K, Saletqae

and Thomson (53) found that the rate increases w1th co

part:.al pressure 1n the absence of }O . However when
CQ2 is present the reaction rate is independent of CO
o Iz :

[ u‘ﬂ;

“y

yl‘
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concentration. The data were subject to significant
thermal and concentration gradients since the effectiveness
factor was calculated to be 0.25 . 5
Randhava et al. (54) was interested in the removal
of low concentration 8T CO from Hy for use in low temperature
fuel cells. With CO concentpation of 500-900 ppm in H,

over nickel catalyst at 458~573 K, the reaction rate was

given by:

r = kP . (1-12) B
&
E _ ' -
When the reaction was carried out over ruthenium catalyst

under similar conditions, the CO dependené} was found to

be even larger (55): T

r = kP~ - (1-13)

Under these conditions the rate is undoubtedly goverhed
by diffusional effect. o , *
‘While the effect of CO on the reactlon rate depends
on its concentration, temperature has also been found to
exert a strong influence on the reaction order. Goodman
et al. (37) found that dependlng on the temperature, .the
rate could be zero order in the reactant pressures,
especially H2 - At 503 K the rate was zero order in total

Pressure in the pressure range 0.13 - 13.3 kPa for a
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H2/CO feed gas of ratio 4/1. However at 625 K, the rate
increases strongly with the total pressure. The observed
result was attributed to saturated H2 coverage at 0.13 kPa
reactant pressure at the lower temperature; an increase
in H2 partial pressure results in no substantial increase

-

in adsorbed Hz. A mechanigm was proposed by the authors,
¢
which involves the hydrogenation of an active carbon species,

While recent evidence points strongly to the possible

involvement of carbidic species in the reaction mechanxsm,

the important role of adsorbed CO has not been completely

abandoned. Huang and Richardson (56) investigated the effect

231,05

ef alkali on CO methanation on a series of 8% Ni/SiO
catalysts and arrived at the equation:
>
‘ 24 0.5 *
%1 P B,
¥
r = ' : (1-14)

2
(1 + k2 Peo )

1

. o

from which it was concluded that the rate determining step

is the reaction of ‘an adsorbed hydrogen atom‘H with adsorbed

.carbon monoxide CO on the catalyst surface to give spe01es HCO.

-

Recently Ho and Harriott (57) studled the reactlon and

concluded the rate is governed by the reaction step:

%
s’ N . -
- —— ¢ . {1-

R COa + 2Ha Ca + 520 . {l-15)

and arrived at the following, rate equation:
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n ) - Ky Peg "H,

. 2
(1 + k2 Pcoﬂi k3 PH2 )

Table l1-1 summarizes the variou; rate eqﬁations
reported in the literature. These equations undoubtedly
represent the collected daga well and reflect the particular
kinetics involved at the widely different reaction conditions.
Hénce, it is not surprising that they do not agree with each
other, either in form or order of reaction. The various

~ reported values of CO order of reaction are an illustration
of the various kinetic regimes involved. Aé the partial
pressure of Co incrgases the order ofjreaction decreases

. ’ from positive value; to negative values at higher concentrations.

Various values of activétion energy have also been reported,

. the lower ones apparently associated with lower concentrations
of CO"and hence possibly with a diffusion processll The order
- of reaction for Hé is more consistgnt; the rate in mos§
reported studies pas been found to increase with hydrogen
o partial pressure. - . .

! R " -
, 1.2.3 Infrared Spectra Studies

ro B As methanation EEVOIVes CO adsorbed on the catalyst

} : ' surface, lnformatlon on the modes and strength of adsorptlon
g | is lmportant.‘ In ;hls respect infrared (IR) spectra studies

l have prov1ded 1mportant information. 1In additiom, an in-situ
IR technique has also been :used to find surface species

relevant in methanation. .
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- Table 1-1

+ Rate Equations for CO Methanation

Equation ' Reference

0.9 _ =Q0.2 -
_.k P%ﬁk* Pao | 45,
1.33°_ =0.13
K PH2 Peg - 48
0.8 _ -0.3 ( .
k P P 4
H co .o .
0.7
k Pog 54
.J
K Py 55 .
kPooPy
, 47
4
(a+bPoo+cP g +dP.. )
2 4
k PH2 | )
L 18
0.5
(1 + kz(PCO/PHz) )
k.p
1°co 52
(1+ ky Pog)®
- ¥
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Table 1-1 (continued)

20

Equation

Reference
0.5
k1 Pog Py .
2
3
(1 + kP + kyPoy )
2 4
- 0.5
_klpcopnz
o 56
2
(1 + k, Pco)
klPCOPH2
57
(1 + Ky Pog + k3PH2)
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Generally CO is adsorbed on nickel in molecular =
form. Studies_of the IR spectra of the adsorbed molecules
have shown the existence of at least five types of bonding
CO to the nickel surface (58,59). Each mode of bonding is
associated with a different structure characterized by
different bﬁnd strength (table 1-2). The form of /bonding
which prevails depénds on a number of fgcto:s, including
crystal structure and surface coverage. With crystalline
specimens, modes A and C are observed (59), while at
higher coverages\;peciés corresponding to mode B are
favoured (59;61). On disordered crystallites, CO is much
léss strongly chg@isorbed and only in linear structures,

{modes D and E).

Other surface conditions are also important in

* deciding the aistribution of these 'linégr' and 'bridged'
"co; Primet et al. (62) fognd that_for éompletely'reduced
sample of Ni/sio, catalyst, the raéio of the linearly |
and bf%?ged bonded Species are'indébendent of temperature
in the 293 < 373 K'faqge. However, on pértially reduced

samples, the linearly bonded CO is favoured. Eischens (63)
~ found that the presgnce of adsorbed and dissolved H, in the

catalyst also influences the properties of nickel toward

the adébrption of CO. wSuEpdsedly adsorbed aﬁ&]or dissolved

v -t

hydrogen alters the electronic properties of the metal,
, : L : '
possibly by transferring electrons to the nickel atoms. The

IR spectrum shows changes corresponding to change from linear
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Table 1-2

"

Surface Species for CO Chemisorbed on Nickel Surfaces

T.

22

Infrared Band

Species ' Frequency
cm
0
L.
Ni“ Ni A 1915
o
¢ ._
-Ni- Cc 2035
0O 0 o )
c C
| 7~ ‘~$
— Ni— Ni— B 1963
o)
_ii_ D 2055
"o
f|3 - .
-Ni- E 2082
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' structures to bridged structures, dgpending on the thorough-

ness with which H, has been removed from the metall after
. : . ) '

reduction. However, Primet et al. (62) showed that the

presence of H2 on.nickel surfaces shifts tpe CO band from

2040 em™* to 2070 em™! and ‘aggested that hydrogen is

-

'..electron-attractiﬁg. Mercury and sulphur compounds which

v

. dlfferent strengths between the adsorbate and the catalyst

-

-are known poisons for methanation reaction are also inhibitors

for bridged co formatipn‘on nickel sﬁrface'(64 -67). T~

It is generally accepted that the linearly or

nbrldged bonded CO (mode A and C respectively) is lmportant

in methanathn. However, the existence of the bridged -~-
structure as such has been questioned. Blyholder (68)
has shown that all available data on the IR spectra of

chemisorbed CO can be explained by assuming only aklinear

* form of Jonding. . Ih addltlon, by dlstlngulshlng between

surf&ce sites and surface atoms, the sgectra of CO on

varlous nickel catalysts ¢an be’ descrlbed on the assumption

°that only linearly bonded CO is present (69). Regardless of

 the actual mode,of bondlng to the metal surface, each type

of adsorptlon should evidently be characterized by bonds of
&

surface, which should determine the thermal stablllty of the

. L]

adsorbed CO and hence its stablllty toward hydrogenation.

Heal et.al. (70,71) have correlated the linearly bonded

' specles with methane formatlon over nickel, cobalt and iron.

.~y -

,However, Fujimoto et Elr (72) have observed that on ruthenium

5
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T

the bridged form'is hydrogenated at lower temperatures than
Lo . r. .
the linearly bonded CO, and, suggested that the former is

responsible for methane formation. Martin et al. . (73)

reported that when CO adsorbed on Ni/S:‘.Q2 is heated above .
400 K, a new band occurs at 1830 cm T corresponding to CO -
bonded to four nickel atoms. This species caé;be regarded
as a precursor to the formation of carbidic species.
.It is generally agreed that hydrogen is adsorbed
dissociatively.pn a nickel surface. However, Vlasenko
and. Yuzefovich (26) concluded that hydrogen is adsorbed

in the molecular form under methanation conditions. They

r

argued that due to the influence of the adsorbed CO, the ¢

-electronic state of the‘surface changes, resulting in a
decrease in the energy of bonding between hédrogen molecules
and the metal surface, and dissociation of the molecules does
not occur. HoweGer, Siddiqui and Tompklns (74f\concluded

that in the presence oh CO, hydrogen is adsorbed dissocmatlvely

with a positive charge. Selwood (75) evaluated the chemlsorp-
'S

tive bonding of hydrogen on nickel based on published data
o r

on chemisorption and magnetic measurements, and concluded that

chemisorbed hydrogen on nickel must consist of an atom carry-
'lng a negatlve charge and the stOLchlometry is one hydrogen
atom to one nlckel atom.

- "a

Various" attempts have also been made to find the

~

1ntermed1ate in methanation by IR technlque. Blyholder and

Neff (76) obtalned IR spectra of. surface complexes formed

» )
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when CO and H2 are exposed at 453 K to Ft_a/sio2 which they

interpreted as having the following structure:

R M .
-HoweQer, gn nickel catalyst, they found no surface complexes
at tempergéur;s up to 453_K'evén'though methane ﬁas_readily
formed an& detected (77). K&lpbel and Tillmetz (78) made
calculations showing that formation oflcomplex of the type
M-E-OH on a nickel surface is not favourgd; They also
suggested that the reactive species on nickel surface could
be a metthene‘group. ' Surface methylene as an intermediate
species has also been suggested by King, (43), while Joyner (40)
considered CH spec1es to be lmportant.

IR spectra study has helpéﬁ}to show that éo
adsorbs in‘-different fpfms on nicﬁel sufface. O; importance
in methanation,are the linearly and bridged bdndeé co
_spec1es with stretching frequenc1es in the_region 2040 cm -1
-and 1940 cm l"respectlvely. Debates cont;nue as to the
actual exiqténcé of the bfidged gonded CO as such, as well
as to which species is res§0nsible for the formétion of
methane; The attempts to find intermediate species in methana—
tion by IR studles have not been fruliEul. Although in-situ

1nvestlgat10n revealed the presence of -CH2 .and -CH3 groups

(41), thelr roles in methanation are still not clear.

) o
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1.2.4 Poigoning and other Studies ]

Methanatiog over nickel catalysts is very shscepéible
to poisoning b& sulphur compounds. Poisoning studies have -

provided pertinent information in understanding the reaction.
: 4
Using LEED, flash desorption and work function measurements,

Erley and Wagner (79) have shown that inhibition of methanation

reaction is,due to the suppression of CO adsorption which

.is complete when surface coverage by sulphur is greater than

»

0.3 ' Klosterman and Hobert (64) studied the reaction

5. "o

behaviour of a series of sulphur compounds on Ni/SiO2
and concliided that the sulphur atoms from dissociation of
these compounds block the sites nequiféd for dissociation

of CO. A similar conclusion was also.reached by Wentrcek

et al. (66). . | o

! ) 3,

Poisoning and other studies suggest that methanation
‘may require an ensemble of nickel #toms. Rostrup-Nielsen and .

Pedersen (80) concluded that the poisoning of methanation and

W

t L
Boudouard reactions is due te geometrical effect, and that the

pethanation reaction requires an ensemble with several nickel
atoms.. Employing IR spectroscopy and.sat;ration magnetization
technlques, Primet et al. (62) anestlgated CO adsorption, ont’
N:./SJ.O2 catalyst, and suggested the existence of a stable
chemlcal form comprlslng ‘a mixture of llnear and multlcentered
co, similar to that observed in metal clusters, where the

CO is bonded to one, two or three metal atoms in well

e - 4

R T
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defined préportions. Simila¥ly Burton and Pugel (81)
employed a flash desorption technique and identified the -,
active site for CO adSorption as a ghree.hickel atoms

site. Pannell and coworkers (82) studied chemisorpﬁion

-of 02, H2 and CO on unsupported nickel and found that

- 0.54 CO molecules are irreversibly adsorbed per surface

nickel atom. Harberts et al. (83) detected by thermal

desorption the existence of strongly bound states of co,

- oQLand.c(zqn nickel and nickel-copper alloys. They attributed

thg_c(zstate to the recombination of C and 0 adsorbed species.

A.similar explanation was also given by Somorjai et al. (B84)

in their study of methanation over rhodium catalyst.
' T F
Adsorption studies of CO and H, have also shown

r

that interaction leads to an enhancement effect. The

-effect of a chemisorbed layer of one gas on the chemisorption

of another was first investigated by Griffiﬂ'(BS) who found

" that preadsorbed CO on copper and nickel catalysts increases

2 adsorbed. Similarly Ghosh et al. (86)

the amouﬁélof H

. reported_that'on cobalt at constant pressure, chemisorption

of H, is greater from a 1H,+1CO mixture than from a 2H2+lcb
mixture, and the amount of CO adsorbed is greater from

a 1Hé+l;0 mixture than from pure CO. Sastri et al. "(87)
observed a similar enhancemegt effeés‘and suggested the
existence of the complex HCOH. WedTer et al. (88) found
that thf heat of adsorption of H, on nickel is.increased By

the presence of-pieadsorbed CO. The maximum coverage oﬁ

LaM .
s

.
s e Y By . Tk e okl % n el et arme e ke -



the formation of CO on the surface as an intermediate. This

28

CO on hickel at temperatures above 300 K is increased
by the presence of preadsorbed H2 oh the surface.

1.3 Methanation of Carbon Dioxide

The hydrogenation of carbon dioxide to methane
has received relatiVély little attention compared to
the methanation of carbon mondxide;. One reason for
this is the historical’ role of H2+CO gas in the Fischer-

synthesis. The renewed interest in substitute

oy

Trops

natural gas SNG) and the engineering problem assqciated

with the removal heat in CO methanation have helped
to shift research efforts towards CO2 hydrogenation.

Carbon digkide methanation on nickel contrasts o f

; that of carbon @ona!ide in the following respects&

(1) CO%'is not hydrogenated in the presence of CO even in’
very low concentrétions.
(2) Only methane is formed and no highe:\{fdrocarbons are

obtaineq.

(3) The reaction rate has been reported to be higher than
that of CO.

‘One of the earliesﬁgpropose /mechanisms for CO

methanation was made by.Bahr (QQ), who proposed that peduction

of CO, to methane océurs through the intermediate formation

of gd. This view was questioned on the basis pf the
difference in methanation behaviours of the two carbon oxides

(90-92). Medsford (93) proposed a mechanism not, involving

——— A .
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mechanism was further developed by Pichler (94) who
suggested that the hydrogenation takes place with atomic

hydrogen present on the catalyst surface:

0 OH
1 s H2 | H2 H2

cC + 'ZH—rC\' " CH,0 —=+ CHJOH —*w. CH, + H,0
I : :

0 OH ' ' .

Similarly Vlasenko and Yuzefovich (26} proposed
the following reactions to be the rate determining step in

¥
the methanation of COQ. . «

H
2(0)7 + CO, — (HCOOH)—»2( ) + oA, 26
. " - \OH

According to this'scheme, the slowedt step is the formation

rd

of &n enol complex from adsorbed hydrogen and gaseous 002

and the intermediate enol cbmplgx reacts fwy H, in the; gas
. . -q_' o
phase to give methane. This mechanism is controversial

since it proposes that the p?bcess is initiated by the

activatiog of only the hydrogen oaiphé'catalyst surface, ~

with the subsequent reactions taking place in the gas phase.
; ; ‘Other mébhaﬁisms were also’ proposed from kinetic A
studies. However,tﬁese earlier kineti¢c data were usually
collected underﬁpigh conversion conditions using pelletéd
catalysts, so tggt the intrinsic kinetiqg_weré often masked
by hea£ andimass transport limitations. For example, aindef
and White (95) studied the kinetics in a, flow system at *

atmospheric pressure in the temperatufe range 533 -673 K

i

W




on a nickel-kielselguhr catalyst and concluded that
e ‘

the rate ‘determining step is between one adsorbed CO2

molecule and at least two adsorbed H, molecules. Similarly

Dew and co&orkers (96) investigated the kinetics an the

same catalyst under pressures of 0.2 - 3.0 MPa and found

3
that the data were correlated well by assuming the rate

¥

determining step involves an adsorbed CO2 molecule and
four adsorbed H2 molecules. The following equation was
~obtained:_

Y- 4 .

1 r = 2- C o (-7

5
( 1 + kzPH2 +k3PC02 )

At low pressure, about 0.2 MPa, the data could also be

correlated by the eqiation: *

kfl co
(1 + k. P :

» 2H2

which corresponds to a mechanlsm in Wthh aidlssoc1ated
CO2 molecule reacts with two adsorbed H2 molecules; the
adsorption equ;librium constant for dissociated CO2 is
assumed to be negligiblefcdhpared to'rhat for H2 .
Solc" (5) investigated the.kineti S using an excess
of H2 on a nrckel;zéégmia catalist ﬁﬁgfgencluded that

the order of reac for co, is 0.5 . This value was

also reported by Cognion and Margnerin (51) and Pour (7).
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to enol complex, .as well as chemisorbed CO species. Kinetic

true klnetlcs being dlstorted by transport llmltatlons

. ) _ 31
Pour also found that H, has a fractional order of \reaction
at partial pressures below 25 kPa but zero order at higher

,"\ . . N
pressures up to 10g kPa. The following rate equation

was cbtained:

\ kP, P73 R

Ck1Py Peo
_ K (1-19) )

3

X k
{ 1 + k2 PH2 )

-~

However, Vlasenko et al. (97) found a first order
dependency on CO in temperature range 398 —*398 K when
an excess of H, was used at a total pressure of 100 "kPa.
Van Herwijnen et al. (52) studied the reaction at
CO2 pPressures below 2 kPa and at temperatuQES'between

473 and 503 X, and concluded that the'rate'of adsorption

of_'CO2 is the rate determining?step as expressed by the 1

following equation: ' "

. C © . (1-20)
(1 + k, Pcoz) -

*

-

Thus,different mechanlsms have been proposed for

3

CO2 methanatlon, varying . from CO intermediate fo;matlon
LY

2
studles have not been very frultful because of the often

-

extreme reaction cond;t1bn§ emplbyed, resulting in the ¥

¢ e
In addition, the reaction was often carried out in excess
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-adsorption could be

Nowa

hydrogen and failed t& reveal the full kinetic picture.
Thus, other studiés are needed to furnish more consistent
z A

information, as found in the earlier studies of the

e

adsorption of CO2 . Elsqﬁens and Pllskan (98) suggested

that CO2 adsorbed on Nl/SlOz at room temperature and at a
& n 0
pressure of 160 Pa has the form of carboxylate O=C-Ni . *

-

Besten et gl?'(se) proposgd that a possible mode of CO

0=C—0
Ni Ni °

Blyholder and Neff (99) concluded that at 293 K CO

2
. By infrared spectroscopy

2
dissociates into chemfsorbed CO and oxygen 65ﬂFe/SiOz

X . - ™ .
catalySt; Hirota (100) by an isotopic desorption method

concluded that about 1/3 of the nlckel surface chemlsorbs
g'_ -

Coz-very strongly at 195, 273 and 292 K, and part of the

2

CO, chemisorbed is not desorbed even on evacuation at
573 K. ‘Quinn and Roberts (101) studied the adsorption of

-

co, oh nickel films in the temperature range 193 - 373 K

: and concluded that the surface is about 30% covered with

Coz and the adsorption is probably dissociative. Slmllarly
Brennan and Hayward (102) concluded from calorimetric
measurement that nickel can adsiorb-co2 to Only a small
extent and can subsequently adsorb H2 . ;Tney also suggested

that adsorbed CO2 could dissociate.

A . The more recent inyestigations of CO2 methanation

provide evidence confirming the dissociative adsorption of C02,

and supporting‘tne.originaerahr mechanism. Maatman et al.

(103) proposed that the mechanism involves two slow reaction

L

M



steps, either of which can be rate determining, the

, and co, . Falconer and

Zagli (104,105) investigated the reaction over ruthenium

dissociative -adsorption of H

and nickel by temperature-programmed desorption and
’ o
reaction techniques and concluded that co, dissqeciates

to CQO and O on adsorption at elevated temperatures, and
that both CO and 002 methanation_follows the same mechanism
after adsorption. Gupta.gt al. (106) concluded that on

ruthenium—molecular sieue catalyst the presence of H

2
is necessary for the dissociation of CO, ; methanation

of CO, proceeds through the formation of CO and 0. species

on the catalyst surface. Similar results were obtained
by Solymosi et al. (107) on supported rhodium. The

reaction‘steps consist of dissociation of CO, and the

2
subsequent further dissociation into active surface

cerbon. Somorjal et al. found that on both iron (108)

and rhodlum (84) surfaces deposition of carbon occurs as

-

a result of methanation of CO. or CO . By lnfrared studles,

2
Martin et al. (73) concluded that adsorptlon of CO2 is

-dissociative on nlckel

-

In summary the mechanism of Cbz methanation is now
beginning to ‘receive more gttention. From the data currently

avallable, it seems likely that co hydrogenatlon proceedg

through the 1ntermedlate formatlon of CO. The observed

dlfference between the two carbon oxldes in methanatlon

°

is related to CO being more strongly adsorbed than CO2 .

\_A\
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1.4 Thermodynamics of Methanation ~

q . - K
’ The formation of methane from carbon monoxide and

-

carbon dioxide can be described by theﬂfollowing reactions:

3H2 + CO —— 'CH + H, O (1l-1)

4 .2

4H, + CO, —= CH + 2H.0 (1-2)

2 4 2
. T - -
Also of importance in methanation is the water-gas shift
reaction: ‘ - | _ -
Cco + H20 — C.:JO2 + H2 (1-21)

b
-~

The above reactions all have large negative values of

Gibb's free energy over a wide range af temperatures,

,partlcularly reaction (l -1). Hence, they all have high

equilibrium constant yalues K, and the reactions are:
very favourable thermodynamically. Because of the N
magnitudes of the"equi%ibrium oonstants, the methanation
rate will be neither-limited nor affected by thermodynamics‘
at moderate conversion of CO or C02
Reactions (1-1) and (1-2) are hlghly exothermlc.

The ' exotherm1c1ty 1s only sllghtly dependent on temperature

as shown in flgure l—l. The high heats of reactlon present
englneerlng problems in the design of large reactors. ‘Failure

.’ -
-
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to remove the heat will result in overheating and deactivation

of the catalysts.

The equilibrium constants are affected crfi&dally
by temperatﬁre. " As the reactions are exothermic, increasing
the temperature will qeprease the values of the constants,
the decrease being larger the greater the heat of reactlon._

As the latter is only slightly affected by temperature, one )

can’ expect almost linear plots of ln K as a function of

“reciprocal temperature as shown in-figure 1-2,

By assuming'ideal solution and gas behaviours, it
can be shown that the equilibrium constants can be expressed
in terms of the partial pressures of the read%ants and

products (109).

P, P
CH, “H,O
K = =4 K (1-22)
co R e, Co
s sz Poo .
1
2
P., P <
) - Cg4.-H2Q ' ) .
Xco, = v Fp,co, + (1723
4 2 p 4.P T2 _ .
H, ~CO,

It can be seen that-the'eqﬁiiibrium yield of methane is

-strongly affected by the H /CO and Hz/CO ratlos.

Theoretlcally the methane ylelds are hlghest at hlgher

-




Figure 1-2

gy T

60
| ‘ S K
50} oV
h 1)
Cb OV
/,’ x (]
40 S-S a2
WA
DV o <%
. o) < (&
o
30
* XCP’L (..x%.?’
-7}
8 b:b'b 0/
4 Lol C
} £ ™
X N
10
. . - ; H
: ﬁgli* 'z |
| v W |
o- - V 5 '. {
7 . .
_Io 12 I 1 L
10 15 20 25 3.0
| 1000 /T

ey

Effect of Temperature on
Equilibrium Constants

35

the

31




38
ratios. Although the water-gas shift reaction does not
produce methene, it is of pgramounglimportance.in methaﬁation
because it alters the H,/CO and Hz/coz'ratios and hence .- |
the equilibrium productioe of methane.

The equilibrium constants K are.independent of

total operatlng pressure. However, when expressed in

terms of mole fractlons, one has, for CO methanatlon,

-

the following equatlon. - v
f -
Yeu, Yu,o0 -
K = - P2k . P72 (1-23) e
co ° 3 - Ty.cCo g ‘
Yco Yu,0 : | Q
where Koo = equilibrium constant for CO methanation o
4 = mole fraction

terms of mole

Ky o™= equilibrium constant i
L .
. £ ion

N . - i
« P = total pressure. . N

Hence increasing the total pressure will increase Ky

and the equilibrium yields of methane. This pressure

effect on the equilibrium yield is /8Rall however when

‘the values of K are large. At highgr teméératu:es where

the values of K are about unity, i reas:.ng pr*sure wz.ll

sxgnificantly increase the YIEld of methane. For the_

water gas shift equillbrlqp is 1ndependent of.pressuretf .
In methanation carbon may-b orﬁed by the following

L

reactions:

e A . - T e—— e
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-2C0O —_— C + co (1L-25)

co H, — C o+ H,0 | (1-26)

4 -

Deposition of carbon may result.in a Aecrease ;n_catAlyst
activity. Whether carbon depositioen pccﬁrs or not is
mainly.goveﬂzed by the HZ/CO ratio. Increasing pressure
tends to decrease the minimum ratio required to inhibit
carbon formation. At ratios above two, temperéfures
above 600 K tend to faéour increased carbon dep051t10n.
Despite these temperature and pressure effects, carbon
deposition -is still prlmarlly related to the Hz/CO ratio.

In general higher ratios will gbevent carbon laydown.

1 5 Reactor

-

’ In the study of chemical kinetics or the evaluation
of the performahce of catalysts, it is importégt rhat'the

data collect;a refléct the true.cremical events occurring

- at the catalyst surface. As the concentration of reactants
and the temperature at the catalyst surface are practically
impossible tdrmeaSure and the usual measurements only rerlect
.tMe bulk conditions, tﬁg inierphase_and intraparticle’ transfer
of mass and heat should belfast cémpareé with the reactign .
rate on the(Furface. Thus, the design of the reactor should
aim at, the eliminarion of aﬁy concentration and temperature

gradients. In this event, ~the bulk condition can be taken

as a good measurement of the Surface conditions. Large gas
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velocities, small cata}yst particles and low reaction rates
tend to favour the eliminatio? of complications due to
mass and heat  transfer limitétions (110): )

| . Perhaps the moét important criterion in the design.
of a catalxtic reactor is the temperature effect. As reaction
rafes generally increase with temperature in an exponential

manner, attempts to account for possibleﬁtémperature gradients

can lead to large uncertainties and distortion of the ki

picture. Ideally the_catalyst bed should be isothermal.
well characterized flow pattexzn acrosé the catalyst bed Eé“
also imperative in the deduction of kinetics. Ideally.flow
patterns such as plug flow or perfectly mixeq_flow lend
themselves to easy matheﬁatical treatments (111).

| Before a reaction can prOdeed in a'heterogenous
'catalytic system, the reactants must reach the catalyst
surface from the bulk pPhase. The concentration difference
between the bulk phase and "the catalyst éurface constitutes !
the driving force for mass transfer. To minimize this'congén—
‘traﬁion gradient, one must have a higﬁ mass tr;nsfer coeffic;
ieﬁt; fhis can be achieved by increasing the flow rateafherebé
decreasing the thickness of the bhoundary layer'at the catalyst

surface. .Interphas€ mass transfer can be correlated in terms

Fa

of the j-factor (110,112).

Y

Similar reasoning also applies to the elimination
or minimization of temperature gradlents between the bulk

:phase and the catalyst surface. This magnitude depends on

e R i, e - -
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the-heat transfer coeff1C1ent between the fluid and the

catalx&t surface and hence on the‘flow rate and the heat

of reaction. The heat transfer coefficient can be obtained

from the j-factor (110,112). -
: —

For reactions on a.porous catalyst, intraparticle

trensfer through #4he pores is also important because these
o

e

pores offer resistance to mass and heat trensfer. The
effects of gradients inside the particles are usually
described-in terms of the Thiele modulus and an effectiveness
factor (llQ,llZ,fi3). Small particle diameters will minimize

-

thede gradieﬂts.
s ~ .
As a kinetic study is concerned with how the .reaction
rate s affectedfby temperature and concentretioes of the
reactants and products, an ideel reac¢tor should be one where
interphase and intrapartiéle gradients are ﬁinimai, and enly
under this condition can:ymasured data reflect accurately
. the events at the cetalfét surface. 1In addition, for ease
of analysis of data, 'the bulk phase should be of unlform
concentratlon and temperature, independent of its pOSlthn
in the reactor. This uniformity in concentration and
temperature could be achieved by exter;el means Such as
sStirring or by keepinglthe conve;sion at a low level. a pY
* low conversion, ueually BetWeen 1 lo 4%, helps to maingain‘

the temperaturbts and concentratignf across the catalyst bed

practically the same.
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In comparison with an integral reactor a differential

reactor is superior, because the various gradients cited
. F'e '

above are minimized by controlling the conversion. Low

conversion enables one to obtain the reaction rate without

resorting to integration or differentiation techniques

as required with data from an integral- reactor. Hougen
(114) has provided excellent testimony in favour'of the
differential reactor systems. However, the low level of
conversion obtained in a differential reactor requires’

precise analysis of prodgpt samples to obtain accurate

‘kinetic data. With modern analytical techniques and

instruments this poses no great problem.

From the data acquired-in a differential reactor,
. N\ -
the rate of reaction can be determined easily from the

effluent composition and flow rate according to the _ i

following equation (115):

ax X Q
r = lim ' —— = — (1-27)
X=0 4 (W/Q) W

No differentiation of tHe data nor integration of an
agsumed rate equation are needed to obtain the reaction
rate. Once the rate is obtained,‘gmpirical o£ ‘. et
thgbretically-derived rate equations can be tested.

Differeptial reactors have been.widely used for

various kinetic studies, including sulphur dioxide

- ~
1
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oxidation (116}, ethylene hydrdégnation (117), hydrogen
oxidation (118), and carbon monoxide oxidation (119). It

has also proved to be a favourite tool for studying

methanation kinetics (4,18,56,57,103,107,120-125).

-

1.6 Analysi$ of Data

2

In the investigation of a reaction, one often

fits the data to possible kinetic equations which are

-

either empirical or theoretically-derived based on a set *
. "' A -

of assumptions. These equations are often invaluable in

R o .
the subsequent design and operation of large scale

reactors. They are also important in/ contributing
qualitative inéight into a possible reaction méchanism,
and can suggést new expefiments to elucidate further
understandings-based on predictions of the equations. Inuﬁ-
spite of the use of powerful tools such as iﬁfrared
spectroéeopy, isotopic trager s%udies, etc;,'most =
heterogeneoqs reaétions still eiude.a complete understanding .

on the molecular level. On a less sophisticated level,

e — ., .. ilay
one can turn to an approximate approach which often invokes
o .

" certain assumptidﬁs, established or basgd'on experimental
eVidence, regarding the pdssib%e surface species and the
slowest reaction $¥ep.,, This metholl will resuit in, a rate
equation  which is to be tested against "the data collectéd.

- ' The rate equation often used, in heterégeneous

~catalyst studies can generally be classified into two

BN
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categories. The first one is the power rate law which

can be regarded as based on the Freudlich isotHerm ,

(112,115):
& ‘ |
r = kP .Pg . ' ., (1-28)
where k = constant = ; ~
PA’PB = partial pressures of A and B, respectivéiw
a,b = ekponents .

-

The rate is exp;es;ed in teéms of the partial press.res‘of
the reactants raiséd to the appropfiate power. De ; e‘
its empi;ical nature, the use of the power rate law is
very common in the- investigation of kine%i&s. H@wever, \‘
as pointed out by Weller (f26), power rate law should only

be used as a guide for desién purpose in rea;‘plgnt

operation within the range of operatibn conditions‘under

which the rate equation is obtained. One should exercise

caution when employing the power rate law for the

investigation of reaction mmechanism. While it does give Y

some definite gqualitative information, its mechanistic

- - . . « " &~ ] s . )
interpretation.is limited. However, it is quite a

convenient tool }n the preliminary investigation‘oﬁ a‘
reaction, and-ceriainly has its place in reaction kinetic
studies.

The éecond kiné of raté(equatidn commonly used is

*

the Langmuir-Hinshelwood equation (112,113):
’ ¥

-

. - ¢
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# PA PB )
r = - (1-29) A
' [_ ("1 + KAPA + KgPp y 1
where k = rate constant
. K = adsorption constant <
a -

It is usually derived from a postulated reaction path

with certain assumptions such as a rate determining step.

-~

Although not without its share of criticism (126), the
Langmuir-Hinshelwood equation has the merlt of conveying
@ more realistic description of a catalytic reaction than

the power rate law.' In particular: a properly selected .

»
k}

equation furnishes very useful information regarding the

[

effegts of reactant partial pressures, total pressure and.
temperature. More significantly, one can attach a LA

meaningful mechanistic interpretation to the model.

-

B
Between the Langmuir-Hinshelwood equation and the power

rate law, the former is preferable because greater
3 -

understanding and control of reactiontponditionq are

4\

provided by the more flexible mod€l. ;n‘éddition, the power

fhteqlaws méy.not have the proper'matheﬁatical form for
describing the kinetic data collected under vastly
differenf conditions. . T E

In the analysis of data from heterogeneous systems,
the use of'kinetic expressions more complicated than 43 |

B

Langmuir-ﬁansﬁelwood type equations are seldom warranted.

. : R



While the data should be analysed and reéresen;;avby as

sophisticated and theéreticai a model as possible, it is

not necessary to go to thé extreme to account for every

catalytic effec£ on"the metal surface with involved . N

mathematics when these effects and forces arétnét vet

comﬁlq{ely understood.l This is espeéially true when

kinetic data oftén'have substantial experiméntal errors. )
. b

' On the other hand, within the objective of addquate data

representation: the kinetic model selécted should be

concise and ha;e the minimum number of pafameterg. It has

.been pointed out that- ;H§}\ﬁproved flt invelving complicated

Langmdir- HLHQ“EILOOd type equations arises from the greater

flexibility of the equatlons with- the abundance of

parameters. . Despite the fact that the assumptzons used

in deriving the Langmuir-Hinshelwood equatlons are not

strictly correct, they are often employed in kinetic studies

bec;pse they convey ‘qualitative understanding as well és

a concise and realistic picture-of the reaction mechanism

(127).

.

'In arriving at the best kinetic model, one often
-

goes through: the follow;ng procedures:
(1) identification of model o
(2) estimation of model parameters. .

These two procedures are highly interaective.. For a given

. " L .
model one may obtain- negative values for some parameters,

b 3
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€.g9. rate constants, which are phy51cally 1mpossmble,
thus casting doubt on the valldlty of the proposed model.
Model ldentlflcatlon involves some types of discrimination
techniques while parameter estimation usually involves
regression analysis. These statigtical methods have been
described ln the llterature (128- 130), and the pertinent
‘procedures. are discussed in appendlx B. "

) To test a klnetic equation the data are fitted to
this equation andmevalﬁateg by §9me criteria such as.
minimum sum, of squares betyeen the predicted and observed

rates. The criteria for model rejection may be based on:

(1} lack of fit as evidenced by an excessively large

. - ]
residual sum of squares .

- {(2) unacceptable characteristics of the estimated
parameters, such as negatlve rate-eenstant.
Negatlve adsorptmon constants should not necessarily be
rejected since they may result from enhanced adsorption

(131). Very often more than one efuation is found to be

an adequﬁte mathematical representatioh of the data.

Since no investigation can be exhaustive in examining all
p@ssitle reactions, at this stage one can only say that

the equation or eguatipns is an adéquate representation

of the data over the experlmental conditions lnvestlgated

but by no means is the mechanism identified of proved.

P

A good fit is a necessary. but not SUfflClent condltlon‘

for prov;ng any mechanism.

o

@



The estimation of thé best parameter values for
‘a given model is essentially achieved by minimizing some
appropriate measure of errors, usually the difference
. between the observed and predicted rates.  In the least-
' squares approach, the sum of squares of the errors is

..minimized. ‘Since Langmuir-Hinshelwood equations are

i

highly non-linear, linear regression should nét be used.
Non-linear regression techniques involving-search in the
parameter domain to minimize the errors was used in this

b

study.

Me
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! Chapter 2
4

LY

CHARACTERIZATION OF CATALYST

2.1 Introduction

. The rate and selectivity of.a hetérogenous
reaction depend on the catalyst and the reactants'used.
Sﬁnge the activity of a_éatalyst in a reaction is intimategy
related to its properties, knowledge of these properties
is important.

The catalyst‘employed in this work was a commercial
sample of Raney nickel (W.R. Gféce Co.). This catalysg‘.
was in the form of powder of a mean diameter of 0.04 mm.

The characteristics of Raney nickelvhave been detailed
elsewhere (132-140). éssentially it is obtained by leaching
out the aluminum in a nidkelﬁéluminum alloy. - Thus, the‘ I
constituents of Raney nickél are nickel, residual alloy due

to incomplete léaching, alumina trihydrate, and sodium as

NaAloz.- Détails of the chemical compositions can be found

[

in refefences (152-135).

The Raney nickel sample contained 90% and 3-4%
b;iweight of nickei and aluminum;ﬂrespecﬁively,'thg remaining
constituents beiqg‘mainly aiumina tfidhydrate. The catalystg\>
Qas stored.under distilled water, S%mples were weighed by

difference in a sample tube after in-situ removal of water by

r
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\k evacud®ion at room temperature. The following sections
summarize the 1nvestlgatlons performed in the characterlza-
tion of the catalyst.

2.2 Adsorption Studies

2.2.theneral
Since adsorption constitutes'an important part in
any heterogenous reactlon, adsorptlon studles were performed
to obtaln information such as surface area, pore radius,
metal site density, etc. A glass vacuum system was .used
-to measure adsorption isotherms by standard volumetric
techniques (115). a Pyrex sample'cell fitted with two
stopcocks permléted flow1ng of hydrOgen over the sample
durmng hydrogen treatment‘ The catalyst was pretreated w1th
hydrogen under the same condltlons as were used for the .
| catalyst before kinetic experlments, usually 12 ,- 14 hoursh
S at 623 K. It was then evacuated at the same temperature for
one hour and cooled to room temperature. Hydrogen treatment

was done to ensure absence of any nickel oxrde since the

"“\h\\‘;L\\‘cataﬂyst might bé oxidized during 1ong storage. | - .

2,2.2 q%;rogen Adsorption

. A fitrogen adsorpticn isotherm was determined at
77 K over a range of relative pressures from 0.05 to 1 as
shown in figure 2-1. Tne isotherm ontained was of type IV,
ﬁery sim%%ar to that of‘sample COM I employed by Freel gt;éjp
(133,135), except that the pore volume was somewhat lower,

~

possibly due to,the high temperature treatment (132).
- S RN
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The surface area was determined by using the

linearized form of the BET equation (141):

X ' 1 x(c-1)

| _— = +  —— (2-1)
V(l-x) v c v G
- - +
where x = relative pressure
- »V = volume adsorbed
Vm = volume corresponding to a monolayer
¢ = constant //{

the relative pressure range of 0.05 to Q.35 were
-plotted as shown in flgughjz -2. In the calculatlon it’ lS
assumed that each molecule of phgszually adsorbed nltrogen
- occupies 0.163 nm2 , based on th assumption that the adsorbed
layer has the same denszty as the lquld phase. As the |
' intercept which gives a value of l/Vmc is vefy close to
zero and diﬁficultito read accurateiy, the data'were plotted
in the following way: |

) | . N ’( :

1 . i 1 T (1-1;) .
= " —— + —_— (2-2)
- V(1-x) v v cx

L m

The result is shown in figure 2-3. The .intercept gives

dlrectly the value of lfV . " From either plot, ‘the monolayer
'_ vblume was estlmated to be 8.9 cm3 (STP) per gram of
catalyst. e . .-
a +  The surface area of the catalyst is related to

L. -
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the monolayer volume by: . \\e

- S = 4.37 vm' (2-3)

Y

where S is the total surface area in mz-per_gram of cetalyst.
Using the value of V obtained above, the tetal surface area
- was found to be 38.9 m /g, approximately half of the expected
value of 80 m /g. The low surface area could be due to the
high temperafhre used for‘hydtogen treatmegt and evacue}ion.
Nicolau (lBZY';eported that the totaI:surface.area decreased
from 80.1 ‘g for evacuation at 3?9 K to 22.2Km2/g when
evacuatedAat 865 K.

The total_emountqof nitrogen adsorbed at saturation
fat relative pressure of 1;0)'§nd_the average pore radius

are related by the following equation (115):

T

r : 0.71 Vs/Vm (254)
A
" where T = average pore radius in~nm
VS = amount of nitrogen adsorbed at saturation in cm3

-

The equation assumes that the pores ‘are cyllndrlcgl and
.uhlfo;m.u .Using a value of 63.5 cm® for V. from the isotherm,
the average pore rad%us was estimated to be 5.07 nm.

- An alternative way of‘obtaining the totai’surface
area is the use of the universal t-plot of De Boer (142) .
'In this method as long as multilayers are formed freely,

the. amount of gas adsorbeg_ls proportional to the thiékness "

( ) of the adsorbed iayer. The thickhess can be related

.f'
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g

to the relative pressure by the standard or universal
isotherm (143). Thus,thfough this correlation oné can .
plot the volume of adsorbed nitrogen versus the thickness.
The surface area is givenéﬁy the’sloperpf the V-t plot.
Since zero adsorption corresponds to zero thickness, the
straight portion of the curve should pass through the
origin. At higher gelatlve pressuggs, dev1at10n from
linearity occurs due to caplllary condensation and fllling.

-k . .
The surface area is given by:

S = 1.540 V/t (2-5)
where V = volume adSorbed in cm3
t = thickness of adsorbed layer in nm

The value obtained by this method is 37.9'm2/g which agrees
well with the surface area obtained by the BET method. L
Cgblllary condensation occurs approxlmately at the same N
relative pressure as the hystere515 exhlblted by the nitrogen

isotherm (i.e. at a relative pressure of about, 0.8 or adsorbed

‘layer, of thickhess 1 nm). Figure 2-4 shoys the V-t plot.

??!

2.2.3 Pore Size\gistribﬁtion

- The nltrogen 1sotherm.also yields 1nformat10n
regarding the pore s;ze distrlbutlon of the catalyst (144,145).

The calculatlon assumes thit durlng desorption the radius of

. the pore.and the rerative pressure are related_by the Relvin

equation for cylindrical pores (112):

r = 07405/log(l/x) ' ,' (2-6)

-
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Ry

where r

- radius of pore in nm

X = relative pressure

while the Cohen equation:

—-\> r.«= 0.2025/1log(1/x) « (2=7)

applies to the adsorption’procéss when capillary condensation -
takes place.» The method developed b; Anderson (146,147) was

applied to a cylindrical pore model using the adsorbed layer "

thickness data of De Boer (143). The frequency distribution
for pore radlﬁs of the catalyét sample appears in figure 2-5.

—

Thewzesults from adsorption and desorption data are in good
o .-

agreement with maxima at pore radius of about 4 nm.

.The calculations also yielded cumulatite estimates
. of the surface area and amount adsorbed ag saturation
(figure 2-6), and th$se compare favourably with the values -
previously determined using -the other methods.

. ' ER b ' .
Table 2-1 summarizes the results obtained from the

nitrogen adsorption isotherm for the Raney nickel{sample.

v 2.2.4 Chémisorption

The nitfogen isotherm give; the total surface area
which inciﬁdes the metal surface area. To obtain the 1att§r
the téchniqqg of chemisorption is usqd; Ideally a gas
which selectively cheﬁisorﬁg on the metal only should be
used. 'Fof this purpose hydrogen and carboﬁ monoxide are.
commonly used (4,120,121,135,148-151). However, to correct

for the amount of adsorbate which may be weakly adsorbed,

e
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Table 2-1

Summary of Catalyst Properties determined

from N, Adsorption Isotherm

r

Method

Surface aArea Pore Volume 'Average' Pore
3 . .
(mz/g) (em?) Radius (nm)
Saturation - ~ 63.5 -
B.E.T, 38.88 - - r _
. L '
L}
Equation 2-4 / » - 5.1
De Boer 37.90 C- . -
. Pore Distribution .
Adsorption: 52.94 66.4° 4.0
Desorption 42.90 ‘_6‘2.7 | \ 4.0

o



the two-isotherms approach is used. After the first
isotherm is'obtained,-the caialfst is evacuated for a brief
period to fempve the weakly adsorbed adsorbate. Then, a
seconé adsorption isotherh is determined. The difference
in ambunt adsorbed is due to the strongly chemisorbed

gas (135). »”

. Hydrogen generallf adéorbs on nicke; dissociatively
with one hydrogen atom adsorbed per surface metal atom‘(75).
From the amount adsorbed at saturation on the.nickel surface
area can be'calcﬁlated by using an appropriate value for the.
area assoclated with a single metal atom on the surface.| The
averaée area for a surface nickel atom'is 0.0677 nm2 (143).

For carbon monoxide as an adsorbate 'the situation
is complicated by the fipf-that th? adsorption mode on nickél
-is not clear. -Beth lineg; and bridge-form adsorptions are
known to occur, the latter taking up two nickel amoms per
adsorbed Co moléculg.- Thus” one would exﬁect thg ratio of
adsorbed CO tc‘>“H2 t;jgie between one and two.

Hydrogen was passed through the sample of catalyst

at 623 K overnight, aftef‘ hich it was evacuated for three

hours and cooled to roor temperature. The first hydrogen

adsorption isotherm was obtained at 77 K and pressures up
. v - .

to 60" kPa. The time required for equilibration at any one

pressure was about 30 - 45 minutes. The sample was then

evacuated at 195 K for one hour before readsorption was

performed to obgaih the segondﬁisotherm at 77'K. Similar

F s
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L g

procedug?g’ﬁare also used for carbon monoxide. The isotherms

obtaine are shown in figures 2-7 and 2-8.

Thé'amouqt of - hydrogen strongly chemisorbed was
3.2 cm® (STP) per gram catalyst, while for carbon monoxide
4.3:cm3. ‘This corresponds to about 50% of the chemisorbed
CO molecules bb;ng adsorbed on :ﬁefhetal surface in the
bridge form.. F#om the amount of hydfogen chemisorbed .and

‘assuming an area of 0.0677 nm2 per surface pdickel atom, the

nickel surface area was estimated to be 11.%4 m2 per gram
»

catalyst, corresponding to a surface concentration of

C1.72 x 1020 nickel atoms per gram catadyst.

Chemisorption data can also be used to calculate

”

the average crystallite .size of nickel in the catalyst.
Assuming cubic crystallites of length 1 with five exposed -

surfaces, it can be shown that the following. equation holds:
*

1 = 5w/sd {2-8)

where = length -

1

’ . .
S = surface area of metal atoms per gram of catalyst
d

density of the metal ' -
w = weight fraction of metal in éaﬁalyst |

The density of nickel is 8.9 g/cm3, and the concentration

of nickel in tgrykaney nickel is 90% by weight. The estimated

average crystallite length was found to be 43.4 nm,rcorrespohd-

r

ing'to a dispersion of 1.86%.

Though' the low temperature chemisorption gives a
. . . ) , ,\ -

)
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measure of the active surface area of the nickel, more

relevant is the chemisorption of the reactants at temp-

era:u;és comparable to the actual reaction temperatures.

To see if the chemlsorptlve behavior of the chtalyst

is different at reaction temperatures, several sets of )
‘experiments were performed to determine the extent of
adsorptionrin the temperature range 463 - 523 K, For
hydrogen and carbon dioxide chemisorptions under these
conditions, the time for'equilibration was lb;- 20 minutes. .
With carbon monoxide as the adsorbate, slow adsorption still
persisted after 30 minutes; the data points’were takeg_io

. minutes after the catalyst was exposed to new CO pressures.
The isotherms obtained are shown in figures 2-9 to 2-11.

[}

For hydroéen.adsorption the amount adsorbed .
decreased with temperature. For a temperature increase
of,60 K, the decrease was onlf some 0.6 cm3 . Analysing
.the lsotherms by the .Langmuir equation, the amount
corresponding to a monolayer was found to be 5.4 cm3 " This
value is-greater than the.3.5 cm /g obtained. in the low
~temperature (77 K) adsorptlon, and is a measure of the
total avallable adsorption sites in one gram of,catalyst.
‘The amount adsorbed at 77 K represents the number of strong

adsorptlon sites only, due to the heterogeneous. nature'bf

the catalyst surface. Surface heterogenelty was demonstrated .

1d Roginll (1§£l23hﬁ§>howed ‘that weak sztes are the

L - LY . ’ -
e - . . . ) P
: . . .

. ﬁ\f : \ ) .
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last te adsorb'and the first to desorb tne adsorbate.

For earbon-monoxide adsorption the effect of temp-
erature was similar with a slight decrease (0.5 to 0.7 cms)
in amount adsorbed as the temperature was raised from 463 to
523 K. However, the amount adsotbed was a much stronger
function of pressure. At pressures !bove.lé kPa, the amount
increased linearly with pressure, and over a range of 53 kPa,
the increase in adsorbed o was 3.25 cm’. The isotherms
apparently did not level out. Since CO is known to decompose
on nickel surfaces at high temperatures yielding oxygen and
carbon species which diffuse into. the matrix of the metal,
one may not have an equilibration situation. Diffusion of
carbon into metal‘matrinﬁhas been reported iq;the decomposi-
tion of CO on nickel (29,153).

In contrast to hydrogen and carbon monoxide adsorptions,
the amount of carbon dioxiée chemisorbed at the corresponding
temperatures and pressures was much less. .The isotherms
resemble those of CO in that at pressures above 20 kPa the
amount adsorbed lncreased almost llnearly with pressure.
Falconer (105) has reported that'there is little CO2 adsorp-
tion at room temperature on nickel, while at higher temperaétres,-

the amount increases significantly, and concluded that CO

i

2
adsorptlon is activated. The maximum amount adsorbed was found

to occur at about 438 K. Slnce the amount adsorbed decreases

.with temperature startlng at 1east at 463 K in the present

-
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Figure 2-10 Carbon Monoxide Adsorption at High
Temperatures B
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‘bearings on the activity and electivity of the catalyst.

71

~N : i J
isotherms, these results’;;;;;\QEQP Falconer's finding.

Brennan et al. (102) has reported that the chemiso:ppion of

CO2 on nickel f;lms is sm#l), and a 'saturated' surface can

still chemisorb an amount of hydrogen equivalent to one quarter
of-the_caéacity of a clean éurface. ’

The chemisorption of the readctant gases on Raney nickel
at high temperatures revealed‘that'tﬁe gases behave differently.
While CO is readily adsorbed and exhibits strong pressuré
dependence, 002 is chemisorbed only to a small extent. The
small chemisorption of CO2 compared ﬁo CO will have strong

»




Chapter 3 \_

EXPERIMENTAL

3.1 Materials

- A commercial Raney nickel (courtesy of W.R. Grace
Co.) consisting of 90% nickel was u;ed. It was stored
under distilled water and samples were taken when needed.
It was in fine particle form with average size of 0.04 T
in diameter. This catalyst- has been described in the
ﬁrevious chapter.

The carrier gas for the gas chromatograph system
was high purity helium from theiﬁatheson Co., and the
hydrogen, ultra high purity‘grade (99.999% - Matheson Co.)}
was used without puriﬁicaticn. The carbon monoxide, ultra
high purity grade froﬁ Matheson, yas passed through-a-char—
coal trap to remové caqunyl befote being used The carbon
diqxide, CcP grade from Canadian Liquid Co., was also passed
through an activated charccal trap.

- Methane (Matheson, ultra high purity grade) was

used withoqt purification, and heliuﬁ‘ ultra hlgh purity \x;

grade (Matheson Co.), wéds used as diluent in the kinetic

study.

..

3.2 F1cw System \ :

The apparatus for the kinetic experiments was a°

continuons flow system, consisting of the feed sjrste;n} the

reactor and the effluent system. A schematic d;agram of

‘ -72\
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this flow syetem is shown in figure 3-1.
The feed system served to mix the reactant gases

1

in desired proportlons and to provide a constant flow of ‘ S;\
" this mixed feed gas to the reactor. A Matheson mass flow- -

- M !
meter -(Multiflow Controller Model 8249) with four splenoid s

valves was used. Three of these valves had a range of

0 - 500 cm3/min. and were used for -hydrogen, carbon(:ioxide

and helium diluent streams. Carbon monoxide was connected

to the 0 - 200 cm3/min} range solenoid valée.

| The flow of the individual reactant gas could be

adjusted conveniently by turning the corresponding knob to

+the appropriate'setting as percentage of the maximum flow

as indicated on the digital displey. The flow of each gas

stream was held constant, lndependent of the flow of the

Y other /gas and pressure. ¢ -

Prlor-éo the procurement of the Matheson mass) flow-¥

meter, the feed gases were mixed by passing them through
two capillary flowmeters. Wlth this deV1ce the flow rates
affected each other and depended on the reactor pressure.

To obtaln the requlred §’§d composition, it was necessary.

' +

to analyse the cas composrt;on continuously and to make .
approprlateadjustmentsln the_jndividual feed rate, a tlme;>
consuming procedure. Wzth the Matheson flowmeter,_however,

feed gas of desired composmtlon could be attained directly

Srnce the Lndlvrdual reactant gas flows were lndependent of .

each other, the desired flow rate and composition could usually.

. 4
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)

be qbtained after 2 - 3 small ngustmentg of the flowmeter.
Before being led into the reactor, the feed gas passed
through the preheating zone comp;ising one meter of 0.64 cm OD
tubing. This éortion of the tubing.was wrapped with heating
tapes and the temperature was controlled by a variable t;ans—
former. To ensureﬁhéitei heat transfer and mixing, t e'iniélal
portion of the preheating zone was filled with glassjgeads.

" *The effiién; from the reacEB?‘Egssed into an ice trap;
consisting of 1.2 ﬁlof 0.64 cm OD copper tubing connected to
the,top of an 2.54 cm diameter steel tube about 20 cm long. The
gas then left from the side of this steel tube. Water E;llected
in the tube was drawn from the bottom of the trap. The whole

- ) )

water trap system was surrounded with crushed ice contained in f

a 16 dm° stainless steel bucket.

The gas from the ice trap flowed to the effluent system
which reqgulated the pressure in'the-reactor,_measured the flow

rate and analysed the composition of the effluent i*ream; Down-. |

L e P U,

stream (0.6 m) of the ice trap was a variable back#prﬁgsure ‘
regulator'(FairChild.Hille:; Stratoa'Industrial_?roducts, U.S.A.)
which was capable of gdntrolling the rééctor pféssure'in the
range 0 - 207 kPa'(gaugef.,‘The effluent was combined in & glass
tee} one arm éf which led to the gis chromatography sampling

valve,.and the other to a three-way glass stop-éock which eould

divert the effluent to two soap-film flowmeters. One had a

~ volume of 50 cm® and was made from a calibrated burette. For
) 3

higher floﬁ rates, a soap-film flowmeter of range 0 -‘zob <m
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was used. It was constructed from a glass tube of 2.54 cm in
diameter and.calibrated in intervals of 50 cm>. The effluent
from tﬁe flpvmeters was led via a vent line to the fumehood
where it was burned off in a Bunsen b&rper._ The temperature
"of the effluent was measured by a mercury thermometer near the
flowmeters. - '

" The pressure of the reactor was measured by two
calibrated pressure gauges (Winter's Thermogauges, Toronto)

- . ‘
located 46 cm upstream of the reactor and 30 cm downstream

from the ice trap respectigely. Both gauges had a range of:
-0 - 207 kPa (gauge) A by-pass of the reactor was alse
\\prpv1ded for. : S ’.
To test the effect of water on the reaction rate,
o deaerated distilled water was introduced using !‘t_j_—
| speed transmissiop pump (Hargard Apparatus Cg.,- ass.) which
had-lz‘discrete'speed settings and coulé accommodate syringes
of 2 to -50 cm3 capac1ty. One 50 cm3 syringe was used with
the lcwest three settlngs of the pump. latter was
callbrated, dlstllled water;pumplng:::i;ngt atmospheﬁ}c
-—' ‘ pressi:lre'. .ﬁwater was :.ntroduced in' the preheating zZone °
15 em upstream of the reactor. It was:EVaporated and carrﬁed
by the feed gas into the reactor. By introducing the water .
frop below te the horizonta&:?ection of the preheatiﬁﬁnzone}f
\ .a_steady vapprizat&on rete.could;be pbtained_and sudden’
'surges in.preesure weri\pot'zbserved. |

. - . ) o '
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3.3 The Reactor

Reactions were carried out in a single pass, fixed

-

bed differential reactor. The reactor consisted of a 0.95
cm stainless steel tube surround:d‘by a 10.16 cm diameter
aluminum cylindrical block. The  length of the_alumdnum
block was 17.78 cm. Six holes were drilled in the top of
the block, symﬁEérically located midway'between the reactor
tube‘and the outside of the block. These holes accommodated-
250 watt Hotwatt cartridge.heaters (15.24 cm x 0195'cm),-

‘ ) ~
which were connected in parallel to-a fe erature controller

. (Elec@ronio‘Control System).' The aluminum block was enclosed
by 2 cm.of -fibre glass insulation. Figure 3-2 shows the-
details of the reactor._ T N

The temperature in the reactoﬁ was measured by a
1.59 mm Ceramo stalnless steel-clad’ chromel-alumel thermécouple
It was located .in the reactor at the ‘top of the catalyst bed,

mand was soldered into a 2 54 cm x 0 95 cm steel cyl:.nder

which was kept in p051t10n w1th a 0.95 cm Swagelok flttlng

The catalyst<<§: supported in the reactor by a

stalnleSS steel mesh ze which was spot—welded to a "hair-

. pln shaped deV1ce of steel wire long enough to extend from
A,

the bottom of the reactor tube to the tip of the thermocouple.

The tlght:§ss of the gauze agalnst the 1n51de wall of the

reactor tupe was suff1c1ent to hold in. p051t10n the’ catalyst

_bed wh}ch rested on a layer of glass wool (1 6 mm whe wet)

.

on top ofy the gaqu' Tﬁét“halr-pln" kept the gahze in a

P s . f . . “

.._(_ S r._\' . --.'
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o When the temperature reached about 369 K, it would suddenly

79 . .

horizontal position and permitted its easy removal from the
bottom of the reactor tube. The amount of catalyst used was
ahout 0.3 gram, providing an estimated bed length of about

1 cm. The stainless steel gauze was so positioned that the : \

tip of the thermocouple was imbedded in the catalyst bed.

.
i A ot B ] e An bt |+ omn R AR e 1
. .

_;3.4.0perating Procedure

.A known amount of Raney nickel was introduced into

1

the reactor from the top. Weighing of the catalyst was

done by transferring an appropriate amount of catalyst

under water into a weighing tube, connecting the tube to
" a vacuum system and evacuating overnight at room
temperature. The tube with the dry catalyst was weighed.
bistilled water was introduced into the' tube ‘and the catalyst.
'was transferred wet into the reactor. The weighing tube was

’ adain-evacuated‘and weighed., The difference in.weight was

the amount of dry catalyst . placed in the reactor.

After the thermocouple was put"in piace and the ice

'trap connected a 4low stream of hydrogen'(lo cm /min ) was :
passed through the.reactor to remove most of the water. " The

temperature of the heating block was raised slowly to 623 K. e |

drop 2 - 3: degrees and then continued to increase again. This

-

: phenomenon results from the rapid vaporizaticn of water and

indicates that the tip of the thermccouple was indeed imbedded
in the catalyst bed. When the temperature reached about 393 K,

the flow rate of hydrogen was-increasedrto 60 cm /min. The

-.._
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temperature would usually reach 623 Kfin about 2.5 hours.

~ Then the s§stem was left overnight.

To begin a kinetic experiment, the reactor temperature
N
and pressure were both set to the desired values with the-
hydrogen flowing. Then carbon monoxide or carbon dioxide

was introduced slo;iy. As methanation reactions are highly

exothermic, the catalyst temperature 1ncreased upon intreduc-~

tion of either CO or CO2 Precaution was taken to ensure that

there was no large and sudden rise in temperature. Flow rates

" of the reactant gases were then adjusted until feed gas o

-

desired composition was obtained This was achieved by analys-

ing the effluent and making corresponding adjustments in the

indiv1dual flow rate. Usually only 2 - 3 adjustments were

necessary to achieve the desired composit;on. For a given feed .

comp051tion the flow rate was set so that the conversion was s f

below 4%.- I

As the reaction rate is sensit ve to temperature,
the 1atter was constantly monitored- usu Ily temperature was

'constant Wlthln 0. 2 degree. The product gas' as analysed

_about 30 minutes after the stabilization of emperature.

. _‘:.

'Usually two ;amples of effluent gas were taken. The effluent

flow rate was then measured using one ‘of the two soap—film

flowmeters. The temperatures of the reaction and the effluent

‘gas as‘Well as the pressures as- indicated by the two pressure-

gauges were recorded.' Then a new experimental condition was

chosen and the feed rate and composztion changed accordingly.

x3

g
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q§ually the temperature was kept constant and only the composi-
tion varied for a given set of experimental runs, because the
response to feed composition is much faster than to temperature.
For CO hydrogenation the rate increases with HZ/CO
ratio and the reaction temperature sometimes jumped by 4 to
5 degrees when the-feed composition was changed to higher H

2
or lower CO partial pressures. This transient rise in temperaf.

+

ture was monltored carefully to avoid overheat;ng and runaway
temperature. Overheatlng was more llkely to occur at higher

temperatures such as at 513 K:

1

The composition'of the feed was calculated from the

v

composmtlon of the effluent by means of a carbon balance.

The compositmon used for correlatlon of kinetic data was

_the average of both feed and effluent compositions. The

pressure drop gcross the catalxs”ged was small, usually

less than 1 kPa, and the average of the two pressures recorded
was used in calculatlng,the‘partlal pressures of the reactants.
The reaction rate was based on the feed rate which wag calculated
from the convers;on and the effluent flow.

When no methane was present in the feed, the conver-'

sion was calculated from the mole fraction of methane in the

,product._ When the effect of methane was invest;gaged, conver-

sron could no longer be obtalned from the methane in the effluent.

-
'

Instead a control experlment was used in wh;ch hellum replaced

methane ‘in the feed gas. Conversion could be obtained from

i

———————
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a change in HZ/CO or H2/002 ratios in the effliluent as

pompared to the values obtained in the control experiment.
.When theé effect of water was investigated, its

partial pressures were calculated from the feed of water

from the multi-speed pump and the flow of the effluent,

‘as well as the average pressure of the reactor

As a new catalyst would deactlvate srgnlflcantly

durlng the first hours of reactlon, data collection was
not. attempted until the cataIyst was conditioned by running
the reaction, usually at 117 kPa with stoichiometric ratios
of H2/C0 or HZ/CO feed gas, for two days at 623 K. 6vef¥~_‘
nlght the catalyst was kept in hydrogen (60 cm /mln Y, at
the temperature of the prev1ous experiment. " The first data
point of the day was usually collected about 2 hours after
experlmental condltions had stablllzed

- The water’ condensed in the lce-trap was purged by
openlng the valve at the bottom of the trap, usually 1n the

morning. It was found that except. for runs when water was:

'Lntroduced as feed, the amount of water collected was small,

about 0.5 to 1 cm /day.

ir

3.5 Integgarticle Mass and Heat Transfer i

Before reaction can take place, the reactants must

"reach the catalyst surface. . The transfer of reactants from. .

the bulk £luid to the outer surface of the catalyst particles
requires a driving forge, the concentratlon difference.*

Whether ‘this dlfference in concentration between the bulk
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‘ phase and the particle surface is significant or negligible
Qﬁepends ou the ve;ocit§ pattern of the rluid near the surface,
;;d on the intrinsic rate of reaction at the surface. Thus,
the concentration gradient depends on the mass transfer .
coefficient and the rate constant of the reaction. SimilarXy
there is.a temperature gradient between the bulk phase and
the catalyst surface and its maguitude depends.on the heat
transfer'coefficient, the reaction rate and'the'heat of
reaction. ' -

When a,fiuid passes over a catalyst particle, a
thin beundary layer develops on the solid surface, in which
most of the resistance to heat and mass transfer resldes.
. The fluid velocity is zero at the solid surface, but away '
‘from the surface, the velocity approaches the bulk velocity.
Theltransport mechanism across this boundary 1a¥er may -vary
from being essentially molecular diffusion near the 561;d
"surface to turbulent miking in the bulk phase. Mass and |
heat transfer rates across this boundary 1ayer can bhe expressed

in terms of tqansport coeff1c1ents.

+ N ’

.gm = kg a (Po - ?s)_ - (3-1).
Ny = h a (T -T). o (3-2)
. N ra v} -
No= mass transfer rate
N = heat transfer-rate,
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ﬁg, h' = mass and heat transfer coefficients <
a = e;:a aveilable for transfer .
Po' Ps = partial pressure of componeht in bulk'éhase
*  and at the surface * o »
T , TS‘ = Feﬁperature‘in Sulk phase.and at the surface

The values of-these.coefficients depeeﬁion the hydrodynamics
of .the fluid flow as well‘as‘the intrinsic properties of the
gases involved. - These'transpo:t coefficients are -reported

_as a function of Reynolds number which reflects the preveil-
ing hydrodynamfcs, and the Schmidt 6f¥§randt1 nuﬁberé‘whibh

are meesures ‘of the 1ntr1n51c proéertles of the fluids 1nvolved
Chilton and Colburn (154) suggested using the j-factor plots.

These plots. have been widely used by De Acetis and Thodos

(155) ¢ : .
- : . km e a3 _
: i, = £ (Re} = (sc) . (3-3) .
m G | -
- - h ; o
jp = £ (Re) = ter) 2/3 (3-4)
S c.G :
- ’ P
where jm = Jj-factof for mass transfer
jh = j-factor for heat transfer
Re = Reynolds_number T
‘ Pr = “Prandtl number **
'S¢ = Schmidt number ;
G = mass flow rate ;
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It should be noted that heaf transfer differs from mass
transfer in that heat loss by radiation .could be significant
and has not been acéounted for by the above co;relatisn.
However, radiation effécts are negligible below 673 K for
flxed bed of particles or pellets not greater than 6 35 mm
in dlameter (156) . |

The Reynolds number is defined according to the

following eguation:

d G
. P . :
Re = — _ (3-5)
S ' F - .
where dp = particle diameter -
G = mass flow rate .
) = viscosity

From the Reynolds number the j-factors can be easily obtained.
Since the j-factors contain Schmidt and Prandtl numbers, the

latter two have to be calculated. By definition they are:

S5¢ = L - (3-6)
pD
AT ¥ S | ‘
- ‘Pr‘=.. 0(3-7)
where fD = aensity
D = diffueizity .
‘c_ = heat capacity
P B - &
- k = thermal conductivity

Knowing the Schmidt and Prandtl numbers as well as the values
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of the j-factors corresponding to the calculated Reynolds

number will yielﬁ values for km and h. These coefficients

were used to caleulate the rate of reaction which could be

'sustained under a negligible driving force of concentration

and temperature difference between the catalyst surface and
the buik gas bhaee. Concentration and temperature differences
or‘%.l'kPa and 0.2 K can be regarded as negligible ilsf).
Using equation (3-1) and a value of 500‘squere cm per gram -~
for "a“; the maximum allowable rate supp