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ABSTRACT

These investigations are concerned with the hydro-
genation of some specific long chain olefins in liquid
phase over a supported Pd-Al203 catalyst at moderate

temperature and pressure conditions.

&s olefin feeds, a straight chain olefin, n~octene
and a branched chain olefin iscoctene (codimer of
isobutene) were chosen for detailed investigations.
Later, the hydrogenation of isododecene - a trimer of
isobutene was also studied to know the effect of
increasing chain-length on the reaction rate. The
hydrogenation experiments were carried out in a
1.0 x 10"3m3 stainless steel stirred autoclave with
external heating and internal cooling arrangements. A
comercial catalyst cortaining 0.5 % palladium on
alumina support was used in the powdered form (-170 +
250 mesh) which was suspended in the liquid medium
containing the olefin dissolved in n-~heptane. Hydro-
genation was then carried out, with adequate stisriay,
under pressure varying the opcrating c¢onditions in the
following ranges té study their effects on the reaction
rates

Reaction temperature: 303 - 333K

Reaction pressure: 0¢5 = 2,0 MPa

Olefin concentrations: 0el9 =1450 kmol .m_a
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Catalyst loading: 5¢56 ~ 19.50 kg.mr3

Stirring speed: 200 = 1200 r.p.m.

In the beginning the effect of the stirrer speed was
determined and then series of experiments were conducted
at the stirring rate cnsuring kinetic regime beyond the
mass transfer limitation range. The conversion with
time was followed by analysing olefin-concentrations by
bromine number. Complete analysis of the product was

done by GIC.

Using the experimental reaction rates and
theoretical correlations the Thiele parameter for the
powdered catalyst was computed and found to be about

1071, This indicated that pore diffusion limitations

with this catalyst were negligible.

The influences of above mentioned operating
conditions on the hydrogenation rate were studied fox
the threfiipl &fing separately. The reaction rate was
observed to risc initially with increasing speed of the
agitator and then levelled off at about 600 r.p.m. and
above. The effects of other variables were, therefore,

studied at the stirrer speed of 800 ol oS (8

For the three olefinic feed stocks used in these
studies the reaction rate was found to increase linecarly
with catalyst concentration. The rate of hydrogenation

also increased with increasing hydrogen pressure,though
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non-linearly. Solubility of hydrogen in the reaction
medium, which increascs with pressure, was, therefore,
considered for evaluating the rate dependence on

hydrogen availability in the bulk liquidg.

Alongwith hydro genation on this palladium
Ccatalyst some lsomerisation of the doqble bond was also
found to occur. By the time about 5 - 10 % conversion
Was attained, the distribution of olefins with terminal
and internal double bonds almost reached the equilibrium

composition.

In general, the hydrogen concentration influenced
the reaction rate more pronouncedly than . olefin. = In
respect of olefin structures, the rate was found to
decrease with branching in the molecule as well as
with increase of the chain length. With the three
olefins studied, the relative reaction rates were in

the order:
n-octene > isooctene > isododecene

The results were then evaluated. for the develop-
ment of kinetic models for the hydrogenation of these

olefins., -

From the effect of total PWESsUre, initial
olefin concentration and temperature on the initial
reaction rate, it was found that surface reaction

may be the controlling step. Hence several models
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were postulated for this controlling step and rate
expressions formulated accordingly. In the development
of these rate equations, the reverse reaction of olefin
dehydrogenation was neglected since the thermodynamic

calculations showed high equilibrium constant values.

A non-linear least square analysis was then
performed to compare the data obtained in experimental
runs upto 90 minutes with the rate equations formilated.
This covered the range of conversion upto about 94 %.
Two independent techniques namely the Grid-Search and
the Marquardt method were used for this analysis;
Computer programs were developed for use on an IEM
370/145 computer which minimized the sum of squares of

residuals of experimental and predicted reaction rates.

The rate equation which yielded no zero or
negative constants and fitted the experimental data best
was selected finally on the basis of an approximate

statistical ecriteria and analysis of residuals.

The results of the non~linear analysis led to the
selection of the fallowing model as the most satisfactory
one to represent the experimental data forall the
three olefins over the entire ranges of temperature and
concentration studied.
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where k is the specific reaction rate constant; K\ and
Ky the equilibrium adsorption constants for hydrogen
mdohﬁhlmmywuﬂdy;mﬁ(%zdeBansﬂm}mewn

and olefin concentrations in the 1iguid phese.

The average crror between therates calcul ated
from this model and those from the experimental data
were + 1.32, + 1.69 and 3.01 % for isooctenes,

n=octenes and isododeccnes respectively.

This model suggests that hydrogen in disseciated
form and the olefin molecules are non~competitively
adsorbed on the active sites of the catalyst. The
constants in this rate equation are related to tempera-
ture in a similar way as arrhenius relationship. The
energies of activation.were found to be 67.94, 69.65
and 64.42 kJ/mol for n~octene, isooctene and isododecene
respectively. Aan attempt was made to correlate the rate
of hydrogenation of these olefins with the molecul ar

configuration of olefima & eligcet 1C faotpram

The effects of diffusion in liquid filled pores
on the rates of hydrogenation were also investigated
by using-catalyst pellets instcad of powder, in a
1.0 % 10~m° stirred basket reactor. The same
palladium catalyst originally obtained as Cylindricgl
pellets of 4 mmx 4 mm size was used in these experiw-
ments. With these pellets the reaction rates were

found to be lower down to about 20 to 30 % of the rates
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observed with powdered Catalyst:; thus the effect of
pore diffusion was quite significant. The cffectiveness
factor for these catalyst pellets and effective
diffusivity of Hé were computed from the catalyst
characterisation data using a simplified theoretical
model. The catalytic effectiveness factors for the
three olefins studied were dependent on the type of

olefin and decreased in the orders:
isododecene :> isooctene >> n-octene

The effectiyt diffusivity lof H2, however, remained
almost unaffected by the structural differences of

these olefins.
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CHAPTERD w I

INTRODUCTIQON

For the proper design of a chemical reactor, It ia
desirable to study and understand the Kinetics and
mechanisms of the chemical reactions involved, the mass
transfer and related Phenomena and their combined effect
on the overall rate process. A knowledge of the kineticg
of reaction enaple effective utiligzation Of pPresent day
design and computing techniques for achleving the optimal
design and operation of a chemical reactor. The intringic
reaction rate and other infomations derived from gsuch
studies constitute the basic components for the development
Of pProcess correlations and reliable design Parameters.
Further, for precise and efficient operation of chgmical
plants, sophisticated control systems, like closed-loop
computer control, are increasingly being used in the
Present day chemical industry. To adopt such control
systems, it ig Necegsary to develop an appropriate
mathematical model of the Process? this in tum, requires

Precise kinetic data,

Catalytic hydrogenation of olefinic bonds is applied
in many commercial processes in the petroleum refining
and betro~chemical industries. A few important exampl es

are - hydrogenation of coker kerosine and gas oil, cracked



liquid streams 1ike pyrolysis gasoline, single compounds
like .engene, isooctene and Ccrotonaldehyde, and selective
hydrogenation of acetylene and butadiene in C3 and C4
olefinic stxeams(l~3). Such hydrogenation of unsaturated
compounds, in several cases, ls carried out in vapour phase

in fixed bed reactors. But in some Cases, hydrogenation ig

Preferred to be carried out In Blolidmehace.

Hydrogenation of olefinsg 1s a highly exothemic
reaction, liberating about 115-125 MJI/k mol for hyd ro gena~
tkmofemh@mdebmﬂinmudeﬂnmﬂwde.vaqmuh
Phase reaction the temperature used 1is relatively high"and
due to_that-ithe olefing and the di-olefins, which are very
reactive, tend to form polymeric compounds which may remain
deposited on the catalyst surface and thus impair catalvyst

activity and life.

Liguid~phage hydrogenation offers several advantages
in resgpect of high equilibrium potential and better
selectivity at low reaction temperatures, better'uniformity
and control of temperature in the reactor -and low enerqgy
requirements. For thege reasons hydrogenation of some
specific olefinic compounds, sel ective hydrogenation of
some mixed olefinic feed stocks and liquid streams
containing heavier olefinic compounds in particular, ig

Preferably carried out in the ligquid phage.
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on indugtrial scale, licuid-phase hyd rogenation ig
generally carried out under pressure in trickl e=bed,
expanded bed or slurry reactors. When feed Guantities
are not very large or the olefin content is not very high,
hydrogenation in glurry reactors scems to be attractive.
Such liguid phagse processes are applied commercially for
the hydrogenation of vegetable oilsg, hvd rogenation of
benzene to produce cyclo~hexane and many other .streams.
Cracked petroleum products containing olefins create
problems in gtorage” and handling due to their tendencies
of polymerization and oxidation. In many cases these
olefins are removed by acid clay or other physical treat-
ments; otherwise they are blended with fuek oll.] Hydros
genation of these cracked petroleum productsg is being
increasingly practised now for Producing higher value

liguid fuels or petrochemical feed stocks.

In catalytic hydrogenation of unsaturated compounds
in the licuid phase, however, there are some additional
compl exities than in"the analogous gas-phase processes,
which have still remained unamenable to precisge analysis
for correlating the kinetics. Thege complexities relate

to the followings:

1 Pregence of three phases (gas, liquid and golid),

which necessitates adequate consideration of

dispersion of phases, hyd rodynamics and the



material transport in the three Phage system.

5. The catalyst is generally used as fine powder and
the system has to be operated under guch turbul ence

that the catalyst granules are uniformly dispersed.

The pores of the catalyst particles are generally
filled with liguid,;wHicHh may create some limita-
tions in the diffusion of reactants and products.
The exact nature of the inward diffusion of
reactants and outward diffusion of pProducts with
different glzes of the molecules isg still no#

definable in terms of measurable Parameters.

Diversities in composition and molecular structure
of the unsaturated liquid reactants may lead to
solvation effects in the reaction medium, hydrogen

bonding and cage effects in the system.

" For hydrogenation of olefins, catalygts containing
different metals, particularly, Ni, Pt and Pd are
being generally used. There can be some differences
in the recaction paths alongwith the reaction rates,

when catalysts of different types are uscd.

The reaction between gaseous olefins and hyd rogen
have been extensively studied to explain the various
aspects of catalysis. Investigations with long chain

olefins have been indeed very few and still fewer



Investigations are known which paid adequate attention to

the following important aspectss

- hydrogenation of long-chain olefins, particularly

with branching in liquid phase in slurry reactor,

- the reaction under moderate Pressurc of H2 and in

pProper kinetic regime,
~ accurate detemination of intrinsic reaction rates

over & wide range of conversion,

- the effects of branching and chain lengths of
olefinic molecules having more than six carbon

atoms on the reaction rate.

Most of the investigations, reported in the
literature, were carried out at atmospheric pressure to
throw light on the mechanism or to detemmine the initial
reaction rates or the overall reaction rates without
taking proper care to evaluate the mass transfer effeets
under the reaction conditions agtually appliad.~ The
equilibrium constants for hydrogenation of olcfins have
high values; however, for liquid phase reaction, the
diffusion coefficient of H2 in liquid hydrocarbons is
low. The rate of hydrogen diffusion is enhanced under
Pressure. Therefore, for reasonable and acceptable

rates of reaction, this hydrogenation in the liquid
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Phase should Necessarily be carried out under moderate to

high pressures.

In view of the importance of hydrogenation of
higher olefins for more cfficient utiligation of cracked
products or unsaturated byproducts from refineries and
Petrochanical plantg, accurate infomations about the
reaction kinetics, and mass transfer efrccty im slurry
recactors, on which ‘gaps exist as mentioned abovey, a
and C

8 12
olefinic compounds in slurry reactor was taken up for

fundamental gstudy of the hyd rogenation of C

lnvestigations.

OBJECT AND SCOPE

The primaxry purpose of this work was to study the
liguid-phase hydrogenation of long chain olefins on a
supported noble metal catalyst at moderate pressures. As
olefin feed, a straight chqin olefiq, n-octene and a
branched’ chain olefin, iso-octene, - a codimer of Iso~
butene were chosen for detailed investigations. - The
hydrogenation of isododecene, a trimer of isobutene, was
al so studied. - Because of their structural differences
and possible variations in adsorption duec to the
orientation of molecules on the active sites of the
catalyst, it could be agsumed that these three olefinic

compounds would show variations in their reactivitiese.
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The study with these olefing would indicate the effects
Of branching in the olefin molecul e as well as that of
increasing chain length on the hydrogenation rates. The
experimental results could then be evaluated for establ ish-
ing the appropriate rate exPression ag well as the
mechanism and see if & unifomm rate expression can be
applicable for all these-olefins. such.a rate expression
would be useful for the design of reactors for hyd rogena-
tion of pure or mixed olefins of thiSermnge. This
investigation of reaction kinetics in such a reaction
system is necessarily preceded by an examination of the

effects of mass transfer and related aspects.

QUTILINE OF THE INVESTIGATION PROGRAMME

To accomplish the objectives setforth in this work,

the following programme was followed :—

le A literaturc survey on catalytic hydrogenation of
olefing with special reference to ligquid phase
Ooperation was carried out. The reaction mechanisms
and the types of rate equationg proposed by

various authors were emphasised in this study.

2 The intrinsic kinetie-studies were carried out
using powdered catalyst in a stirred autoclave.
The catalyst comprised of 0.5 % palladium

supported on alumina commercially available in
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the fom of cylindrical pellets. A stirred

reactor was used, because, unlike other equipment

often used to study hydrogenation reactions such

as for exampl e, the type which measures quantity
of hydrogen adsorbed, aliquots of the reacting
mixturcbcanvbo withdrawn and analvysed for olefin
éontent without upsetting the experiment. The use
éf stirred slurry reactor also ‘allows one to

anal yse theﬁéhemical kinetics readily because the
gas bubbles can bé regarded as being well mixed(4)
as well as the slurries and likewise to examine
the mass transfér characteristics between gas and
the liguid and the gatalyst particle. several
Investligators have used the stirred reactors for

studying the hydrogenation of unsaturated
(5-7) oad i

'compounds « The hydrogenation with catslyst

pellets was conducted in a rotating basket

8
recactor, similar to that described by Carberry( ).

The analytical procedures for the detemination of
unreacted olcfing were based on standard well

established methods.

The experimental data thus obtained was used to
analyse the controlling regimes and to develop

appropriate rate equation, based on Langmuir-
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Hinshelwood-Hougen-Watson (L~H=H~#W model s,
for each olefin feed. The catalyst effectiveness
factor and effective diffugivities of hydrogen in
the liguid-filled catalyst pores were also |

estimated.



LITERATURE REVIEW

2. 1 INTRCDUCTICN
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For an appraisal of the problems of hydrogenation
of olefins over supported metal catalysts, the available
published infommations are reviewed here. _In thisg
review, attention is mainly focus..ed on the hyd ro gena~
tion of olefins (a) over catalysts containing metals of
Group VIII together with Cu, Au and W , (b) the effects
of reaction parameters, (c) the effects of molecular
structure of reacting olefins on adsorption and
reaction rates on different types of catalysts: and
al so the influence of solvents, if used:; and (d) the
kinetics and mechanism of hydrogenation. For relevance
to the objective of this study, pertinent informations
about olefins hydrogenation in the liquid phase have

been summarised.

GENERAL FEATURES OF HYDROGENATION REACTIONS

Catalytic hydrogenation is by definition a bi=-
molecul ar reaction and ig highly exothermic in nature.
The extent of heat liberation depends upon the type
of bond to be hydrogenated; saturated hydrocarbons-
pParaffing and naphthenes~ consume hydrogen with
cracking or ring opening and yield 29—42Ak J/mol of

H2; saturation of aromatics liberates 58-67 kT /mol of

Hz;ﬂand the saturation of an olefinic bond yields
113-115 kI/mol of n{10),



Hydrogenation reactions are themodynamically mo re
faiourable at low temperatures and the values of equi-
librium constants are fairly high which indicate that
the reactiong can be carried out essentially to

compl etion.

Reaction §vstems

Catalytic hydrogenation of unsaturated compounds
may be carried out either in vapour phase in continuoug
fixed~bed reactors wherein the reactants and the
Products are completely in vapour phase or in liquid
Phase in which the reactants and products remain
partially or completely in liguid phase(ll_) « KO9
vapour~phase operation, generally high H2- to -oil
ratio and moderate to high temperatures are used for
maintaining the reactants and px;odqcts in the vapour
phrse. The use of very high H2-to-oil ratio requires
large reactor volumes and recircul ation of large
volumes of hydrogen which makes it rel atively
costllier;.use.of high temperatures, on the other hand,
tend to promote undesirable side reactions, such as
cracking, polymerisation etc. which accélerate

catalyst deactivation.

Generally speaking, for hydrogenation reactions,
vapour-phase operations are adopted for continuous

throughputs in large plants, particularly when high
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OoPerating temperatures are required for acceptable
rates of conversions: .liquid Phase operation, on the
other hand, although more compl ex and considerahly
less understood than the fomer; is advantageous when
the reaction rates are Faldy hlgh at rel atively low
temperatures and for sclective ﬁydr’iﬁgeﬁations GfE
specific unsaturated components, such as, acetylenes,
Propadiene and butadiecne for Production of high purity
Cye C3 and C4 olefins(z-’3). In between these two
systems ds the trickle bed system used for hyd roprocesg~
ing of heavy feedstocks wherein the reactants and
Products pPass through fixed catalyst bedsg patrtigLry &h

vapour phase and partially in ligquid Phase, for example,

in hydrodesul phurisation and hyd rocracking processes.

Liquid~phase hydrogenation has long been used for
small scale hydrogenations in the industry. Thege
reactions are gencrally carried out in slurry reactors,
the most common being the stirred autocl ave(ll) « A Few
specific examples of liquid phasec hyd rogenation employed

industrial iy ateR

£i) Selective hydrogenation of methyl and vinyl
acetylene in C3 and C4 olefing production(273)
in cooled tubul ar reactor.

(11) Hydrogenation of double bonds in crotonaldehyde

to produce butyraldehyde in stirred reactors(lz) :
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(1ii) Hydrogenation of Unsaturated fats, using finely
divided nickel catalysts'™ in large cylindrical

reactors.

(iv) Hydrogenation of coal as coal-oil slurry by the
Bergius process: high pressurc auvtocl gves are

used (H-Coal Procegs) .

(v) Fischer-Tropsch process in which CO reacts with
H2 in the presence of a catalyst suspended in 5
liquid medium to form a mixture of hydxocarbons(15)

(slurry reactor).

Recently, interest has al so been shown in other
foms of slurry reactors empl oying mixing by gas B o
circul ation of the liquid phase through an extemal
heat exchanger etc., for wider applicationg in accomp-
lishing hyd rogenations on industrial scale (11'16~2O)._
For large scale operations, guch as, hydrodegul phuriga=
tion of petrol eum f¥actiong ard hyd rocracking, trickl e-
bed feactors are widely employed : technologies are al so
being developed to use bubble column glurry reactors

and gas-liquid up-€léw £luidized bed’ reactorg!11#20)

242.2 Catalysts

Hydrogenation reactions are most efficiently
Catalysed by metals(zl). Those which have been
found to possess good hydrogenation activitieg are

the Group VIII metals: of these, Ni, Bd and Pt have
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been most extensively studied. Investigations have

al o been reported using Re, Cu, AU and W metal s.
Thesc metal catalysts have been employed in a variety
Of forms as wires, foils, granul es, powders, colloidal
suspensions, blacks, evaporated-metal films and by far
most extengively as suppo rted Ccatalysts in which
different concentrations of-metal arc digpersed on a
carrier such as aluming, sildica or carbon(22). On
industrigl sca¥egfidie to=ease-ef hahdling and jfor
maximum utilization of the Catalytically active metal,
supported metal catalysts are often Preferred and have
been used(23) « These catalysts are generally prepared
by depositing the metal as oxide, carbonate, oxal ate
etc. and reduced by hydrogen to the metallic fo rm
before use. Metal oxides have also been used as
hydrogenation Cata.lySts(le) al though less commonly than

in metallic fomm.

Minachev et al.(25) have reported the uge of
unexchanged X and ¥ gzeolites and various metal
exchanged Y zeolites for the hyd rogenation of olefins.
They found that the unexchanged gzcol ites have low
activity for hydrogenation, while the reduced cation
zeolites namely, Pt/Na¥, Pd/NaY and Ni/NaY are highly
active catalysts for olefin hyd rogenation.

Petroleum or coal derived feedstocks contain

various sulphur compounds which adsorb on the surface
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Oof the metal catalysts and render it Catalytically

in ctive. Complete rcmoval of these sulphur compound g
before hyd rogenation of the materials involve costly
Operation; so it was suggested that metal sulphidesg,
provided as such or fomed by the reaction of sul phur
compounds in the feed stocks,be uged gag catalysts(26).
Starting from coal hydrogenation, metal sul phides are
Now widely used ds catalysts for hydrogenation of &
variety of materdals, such as thosc containing acetyl inic
and olefinie bonds, aromatic and heterocyclic ring
systems, hydrogenolysis of C-g bonds (hydrodesul phuriga-
tion), also for hyd rogenation of Carboxylic acids to
alcohols and nitro-compounds to amines(27). The hydro-
genation catalysts are often al so good dehyd rogenation
catalysts, though at higher temperatures: the nobl e

metal and sulphide catalysts are also used to

catalyse the dehydrogenation and isomerisation of

hydrocarkons and the dealkyl ation of alkylaromaticgs

The sulphides with catalytic properties are those
of the first-row transition mMetals as well as the
sulphides of Mo, i, FRbi, d, Pk, agd, Zngand ©d. The

most common gul phide Catalysts arc M082 and WSZ-

Apart from sulphides and mono-metallic catalysts,
in sel ective hyd rogenation, the Use of various

combinations of transition metal s have al so been
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found to give enhanced selectivityvof hyd rogenation of

sp 2ific unsaturated COmpounds(28'29)o

In reccnt years some interest has al so0 been
shown in goluble metal complexes as hydrogenation

0)

catalysts in liguid-phase operations(3 . but they

have so far attained little industrial significance.

The literature review dndicates that for the
hydrogenation of olefins, the preferred and widely uged
catalysts are those containing Ni, B or Pt. The
selection"ef a _sultahlc metal catalyst for a particular
hyd rogenation reaction is, however, dependent upon a
mamber of factors, such as the type of the ungaturated
compounds in the feed, desired end Products, the
impurities in the feed, operating conditionsg to be
employed, type of the reactor system to be uged, thermal
ef’ects, catalyst stability and life and the overall

economics - of the process.

Supported Catalvsts

A suprorted catalyst generally consists of two
parts, (i) active metal and (ii) carrier or SEBPOXE:
in special cases promotors or inhibitors may al so be
includcd(3l). The preparation of supported catalysts
usually involves two steps, the dispersion of the
metal on the support and the formation of catalyst

into usable formg. For the dispersion of metal on

the support, processes such as impregnation,
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co-precipitation or gel fommation are used. Other
methods of preparation like wet mixing, thermal fusion,
chemical reaction and leaching haQe al so been used in
special cases. The forming step consists of converting
the catalyst into suitable usahble foms such as pellets,

extrudates, granul es, powder etc°(31)

A variety™of'supports, including such diverse
substancegi®gs_taxbor, alumina, silica, alkaline earth
carbonates and sulphates etc., have been Used to disperse

(22g31) =
metal s « Supported metal catalysts used for
hydrogenation reactionsg usually contain low amounts of
metal s in case of nohle metals, the content is less
than 1 %; special purpose catalysts containing as much

as 30 = 40 % by wt. of metal are also uged commercially(32)

According to Innes(33) the support imparts several

desirable properties to the catalyst; the important

ones ares®

(a) provide larger exposed surface of the active

metal,
(b) increase the catalyst stability,

e, modifies the ecatalytic activity, selectivity

and poison resistance,

(@) improve the accCessibility of reactants to the

active gites,
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(e) helps to digsipate heat and thus prevent local

over heating.

The relationship between the catalyst perfomance
and the support is cguite complex. The Ccarrier or
support affects the nature of the catalyst in a number
of ways(34’35). Carrier may have a role through itg
own contribution of surface area and Pore structure by
Preserving or altering the crystal size of the gctive
metal (Geometrical factors): through its contribution
to surface properties, €+ g., acidic or basic sites

(surface factors) or through an el ectronic interaction

with the metal (Electronic factors).

Dependence of activity and selectivity of a
catalyst on pore structure has been demonstrated by

i i P 6,40

several workers using different supports and reactlons(3 ,4.)

(39) observed activity

For example, Tavlor and Staffin
differences for the hydrogenatiqn Oof cyclohexene and
ethyl crotonate with various Pt=gsupported catal ysts
(Takle 2.1). The difference in activity decreased with

the increase of mean pore radius of the support.

Alongwith the geometry, the magnitude of the
available surface in 3 earrier also detemines the
activity and selectivity by setting a certain crystallite
size. For such catalysts as Ni on gilica and Wi on
silica=alumina, the contribution of a carrier in

influencing the crystallite size and the activity for
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TABLE 2.1

EFFECT OF PARTICLE SIzE ON PATE OF HYDROGENATION OVER

151 CAT;-&LYSTS *

e - Wt g

Suppo rt Mean pore Activity difference Eor

radiusg cyclohexene and ethyl
nm crotonate at peak ratio,

n?/ndn ™10 °

——— T~ g e e T T e et

I . 2
A,1203, r P! 2640
Cr203 13.6 20.0
¢ I e °
A1203, L Laed . 13.8
Zr02 28,2 e

* Ref@renhce = 30.

reactions like ethane hyd rogenol ysis and benzene hydroge-
nation has been amply demonstrated by Taylor et alf36—39).
These authors obgerved from the: results that depending
upon the choice of carriecr and the metal concentration
the crystallite giges differ and which 4n tum decreage

or increase the goctimity,

The acidity of the carrier was also found to affect
the activity of catalysts and product digtribution in a
variety of hydrocarbon conversion reactions(4l). Besides

these, the carrier al so affectsthe mode and rate of
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transport of reactant and product moleculeg through the

Porous structure of the carrier<31).

Many of the above mentioned studies which examined
the effect of carrier on the Performance of supported
catalysts were carried out in vapour phase. On the
other hand, relatively kittle effort has been made in
liquid phase catalysis to disentangle thege mul tiple
contrib~utions, both physical and chemical, of & support
to catalyst Perfomance, but in special Cases, particular
characteristics have been singled out. For ingtance,

the activity differences found in Pt-al_.0 Pt~zirconia

B
and Pt-Cr203 when uged for hydrogenation of cyclohexene and
ethyl crotonate have been related to the mean pPore

)
2 (see.Table 2.1)s Corkel a-

radiug of these supports
tions between activity and metal surface areas of Pt and

Pd catalysts were, however, not evident(42).

KINETICS OF HYDRCGENATION OF OLEFINS IN VAPOUR PHASE

Extensive infommations are available on the
catalytic hydrogenation of lower olefins over metal
catalysts. Many of the investigations were conducted to
evaluate the activity of catalysts, reaction rates and
mechanism, and the effect of operating parameters such
as temperatures and partial pressures on the sel ecti-
vity and vyield. The studies were, however, mostly

concerned with 2-4 carbon-~atoms olefing.
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For a general appreciation of the kinetics of the

hyd rogchatlon of olefins in vapour phase a brief review

of the pertinent experimental investigations is presented

here. In thig context, mention is also being made of
the studieg which reported the effects of mol ecul ar
structure of the olefins on the activity DParameters in

hyd rogenation.

Hyd rogenation of ethvylene

The hydrogenation of ethylene in vapour phase has
been extensively studied over a wide variety of metal
Catal¥ysts.  Table 2.2 summarizes the reported data of
the overall kineticsg and effects of temperature and
Pressure. In most of these studies only initial
reaction rates were evaluated. These data indicate
that although there is considerabl e variation in the
values of the reaction orders with Teaedte to H2 and
C2H4, in general, the order with regpect to hydrogen ig
abPproximately unity and that for C2H4 is either zéro or
slightly mwegative. This shows that the adsorption of
ethylene would be much stronger relative to hydrogen.
Further, the variation of the activation enecrgy found
with different catalysts is rather smalds this ig
especlally true for silica=~supported metal catalysts,
where E was found to be 35.2 kJmol I, Such observa-

58)

tions led Beck( and schmit and VanReij en(43) to

suggest that the variation in specific activity for
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TABLE 2.2

[t U S S ——

KTNETICS alD ACTIVATION ENERGIES FOR ETHYLENE
HYD RCGENATICN

3V
Rate = k Pp, Roj,

Catalyst Cox g Y % iﬁmp° ¥ Ea e ! Ref.
g ! } (kJ-mol ) ]

Fe/sio2 0.91 —-0.04 303 32.2(72 tempo)(a) 43
Fe Film Qs7 ~0.6 305 30+5(305-353) 44
Co/'si0, 0455 ~0.19 213 35.2(? temp.) 43
Ni Film 1 0 41%" 427 (299,488 45
Ni wire i 0 429 58.6(333~373) 46
Ni Powder 1 1, 372-438 7?2 47
Ni/sio, 0.67 -0.08 233+ 35.2(? temp.) 43
Ni/al,oy 1 L 343  48.6(303-353) 48
Ni/silica-

2t 1.09 O 21 401 5042 (363=~408) 49
Cu/si0, 0.69 0.06 353 35.2(2? temp.) 43
Cu Powder 1 0 373 45.2(423-473) 50
Ru/A12C5 % =) Sag2 319 36.4(305~353) 2
Ru/sio2 0.95 ~0359 197 38A 22"t erge) 43
Rh/A1203 1 0 352 50.2(343-373) 52
Rh/sio2 0.85 ~0.74 197 __BS¥2(? temnp.) 43
pd/sio2 0.66 ~0.03 243 35.2(7 tamp.) 43
;a/éazo3 il 0 255 47.7(323-350) 52
Re/5102 0.9 ~046 377  33.5(298-423) 53
OS/A1203 ‘! 0 323 35.6(290-320) 51

HOrLES: oetsmr
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TAHLE 2.2 contde cov.en

In/siO2 - - - 35.21% temp.) 52
IDAA1203 1.6 =044 333  B7,8(353-383) 54
Pt Foil L3 ~0.8 2 41.8(273-423) 55
Pt/A1203 i P8 ~0.5 273=291 41.4(273~-323) 56
Pt/A1203 1.0 ~0.3 278 62.8(273=313) 5
Pt/si02 0«77 0s 25 233 35.2(2 temp.) 43
Pt/sio2 1.0 =042 333  87.9(333-393) 58
Ni Film 1 0 2 44.8(193-423) 58
Ni Film 1 0 ? 33.5(273-369) 59
Ni Film 0.5 0 =173  29.3(173~393) 60
Pt/ Ca rbon - L 278-308 35.6(278-308) 61

Notest a~ these fligures represent the temperature, K.

different metals must be attributed to the differences in
the temperature independent term A (pre-exponential factor),
in the arrhenius equation. according to Van Reijen, the

general rate ecuation,

¢ (Pcz e ) P
- — A U=c H

ae 2

By & :
( H2 ) eXp(-E/RT) 0000(201)

may be simplified by assuming x = 1, and v = 0 and the
values of a may thus be computed.

2+3.2 Hyd rogenation of Propvlene

Compared with the extensive studies of the kinetics_

of ethylene hydrogenation, the kinetics of the hyd rogena-
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tion of propylene have received much less attention.
Table 2.3 summarigesg the kinetics and activation energies

for vapour phase hydrogenation of C3I~I6 obtained by various

ankthotrs.

Bond and Turkevich(62) hydrogenated propyl ene over
Pl atinum=—punice catalysts in vapour phase and Nnear
atmospheric pressure at 291 K, the rate was observed to

be given by

- P -0.5 P 005
rate X k ( C3 H6 ) ( H2 ) e 00 0e (2. 2)

while the energy of activation was found to be %2679 kI,
mol-l., In another study of hydrogenation of propyl ene
over Pd—&.lzo3 catalyst under similar conditions,

Kayser et al.(63) found the activation energy as 48.9 kJ.
mol—l. More recently Mann and Lien(39) reported that
the hydrogenation of Propylene on pumice-gupported Ni,
Fe, Cg7 Pt;-Bd, Rh, If RiLand Os catal yats at

298—523 Krand dnitial C_H, and H pressures of 4 K Pa

33 2
and 4=26.6 k Pg the kinetic rate 1aw was,

x N
rate= kP P H @« @0 000 (2.3)
By e i

where the value of x was unity or slightly less and that
Of vy was zero or slightly negative; the values of the
activation energles for the above catalysts were found
to be 54.4, 41.9, 33.9, 67.0, 46.0, 54.4, 62.8, 27.2

and 31.0 kJ.mol™% respectively. Based upon the initigl
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TARLE 2.3

R

KINETICS aND ACTIVATION ENERGIES FOR PROPYLENE HYDROGENATI_QK‘_\Z

Rate = k PHz chHe
Catalyst ))E_ e )X( v ))E ?%“p mi(( i o § Ref.
Y Y. X X (kJ .mol )*" X
Ni Wire - - = 25.1(333-383) 2 65
Pt/Punice 3 PR ™5 291 26.3(255-403) 62
Pd/;-\1203 - - - 48.9(? temp.) 63
Pt/Carbon = L 278-308 - 61
Ni/Pumice 30 0 313-373 54.4 (353) 64
Fe/Pumice 0.65 0 323-383 41.9 (353) 64
Co/Pumice 0.95 0 325-398 33:9 %57 64
Pt/Pumice 0.80 0 362-402 67.0 (353) 64
Bd/Pumice 0. 80 0 393-434 46.0 (353) 64
Rh/Pumice 6.%5"% ~0.08 B13=373 54.4 (353) 64
Ir/Pumice 140 -0.05 333-388 62.8 (353) 64
Ru1/Pumice 0:75 =0.05 323=403 27.2 (353) 64
Os/Pumice 1.6 0 383-461 31.0 (353) 64

Notegs:s
a = These figures represent the temperature in K.
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rate of hydrogenation per unit weight of catalyst the
activities were found to be in the sequence of
BMPIr>> P >R FNLY Fe>Co O

However, no attempt was made to allow fOor possible
variations in the metal loadings and surface areas and

hence the validity of the above seguence may be

doubtful.
The reaction.of C3H6 with D2 over geveral catalysts
and the reaction of C2H4 with D2(52'62) showed close

similarities suggesting that the general fedtures of the
mechanism are the same for both the reactions. However,
there were some important differences in the detail of

the two reactions, particularly over Pd and Ir. On Pd,olefin
exchange occurs more readily with C,H_ than with C H..

n 8 2 4

This may be due to easier desorption of C3H6 Or Possible
due 1o a different type of mechanism contributing to

olefin exchange.

Hyd rogenation "of n=butenes

Rel atively few reports on the catalysed reactions
of n-butenes with H2 were available upto the early 1960s.
Those studies which had been performed were mainly over
Ni catalyst. The major problem was the difficul ty of
chemical analysis of the reaction products. However,

with the advent of gas chromatography as a general

analytical technique, the analysis of the reaction
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Products has become 5 rel atively simple task and

accc dingly over the 1last 15 years the hydrogenation of
C4—ol efing has received considerable gttantion. The
results of some important investigations on the kinetics
of hydrogenagtion of butenes in vapour phase are summari zed

il’l Table 20 4.

One of the earliest studies of n-butene hydrogen a~
tion was reported by Twigg(66) who observed that for the
reaction of 1~-butene with H2 over a nickel wire at
temperatures in the range of 248399 K, both hydrogena-
tion and doubl e=bond migration occured. Hyd rogenation
and doubl e~bond migration followed the sane kinetic rate

L =ity namely,

Rate;: k P P owaecoo(2.4)

The activation energies were 105 _kJ.mol“1 for hyd rogena-

tion 83 24%7 kJ.mol-'l for doubl e~bond migration.

67)

Subsequently,. Taylor and Diebler( studied the

reactions of all three n-butenes with H. and D2 over a

2
nickel wire Catalyst. = Rates of hydrogenation were in
the order, butene-1. > cis<butene-2 = trans-butene-2;
at 248 K cig-trans isomerisation was about 4~5 times
faster than hydrogenation. The kinetics of hyd rogen a--
tion and double-bond migration were $imat ar and
dependent upon both the total pressure and the Hz/but—l-

ene ratio: when PH and Pl was legs than 0.133 k Pa,

> B
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the rate expression was of the Lormy

0.5 0.5

Rate = k PH Pl-—B ..o-o-(2¢5)

But with 1large excess of H2, the rate was independent of
H, pPressure and proportional to the but-l-ene partial

Pressure.

The reactionsiof n-butenes with H2 and with D

2
catalysed by supported nohle metals of Group VIII have
been extengively studled(52'6 71). Foap the variation

of product compositions with the extent of hyd rogenation

for typical reactions in vapour phase over Ra-al 0, (69)'
at 310 K, 13.33 k Pa total pressure and initiagl butene

TofH ra_ltio Of 1.0 oFer Ru-—A1203(68) at 306 K and

2
16k Pa total pressure and over Rh—Al2O3 (70)

and 6-20 k Pa pressure with butene to H2 ratlio of 4-2,

it was obserxrved that as the reaction Proceeded, the

at| 298 K

butenes attalned their themodynanic ecuilibrium
proportionss although in the early stages of reaction
the cis/trans ratio was in excess of that expected from

the themodynamic eguilibrium..  In contrast to Ra and
{52) {71)
i

(68)

Rh catalystsy r€fsultg obtained with Pt and =T

catalysts showed only little disomerisation. Osmium

exhibited a behaviour intemediate between ruth®nium
(69)

and platinum. PFurthemore, Bond and Winterbottom
observed broad simil arities in the reactions of n-kutenesg

with H2 and with D2 over noble metal catalysts with the

resgotionsg of C.H, and C.H with H

ith D,.
274 36 g, SEe e
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These broad simil arities between the reactions of
c2H4, C3H6 and n~butenes over noble metal s may be taken
as an indication that the primary features of the

mechanlgms of hydrogenation of the three olefing may be

Hydrogenation of higher aliphatic olefing

Compared with the extensive studies of the kinetics

of hydrogenation of 62—0 olefins, the reaction between

4
higher aliphatic olefins and }5 in vapour phase has
recelved little attention. A kinetic study of hydrogena-
tion of iscoctene was first reported by Beckmann, Rufahl

and Hougen(72)

in the year 1943. They conducted the
investigation in vapour phase over supported nickel
catalyst in 3 fixed-bed reactor at temperatures

between 448-548 K and 0.5 M Pa pressure. The hydrogen
to “sooctene ratio in the feed was varied from 0.5 to
2.0 'and the space velocity was varied from 0.0076 -
0«143 k mol.s~1(mf3 cat.). They exanined_a number ‘@f
kinetic"e€xXPressiiofig td=£it the datgi=From;this ghal¥sis
they observed that the surface reaction between

molecul axrly adsoxrbed hydrogen and adsorbed isooctene
was rate controlling and that eguil ibrium was maintained
between the gas phase and the adsorbed components.
Tschemitz, Bomtein, Beckmann and Hougen(73) extended

this work of hydrogenation of mixed isooctenes on

supported nickel catalyst in the temperature range of
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JARLE 2.4
KHEHQS&@AETWMEWEMM@ESF@lmﬂmﬁlﬂmmﬁmwxy

A2

A X
Rate = k PH2 P*B

———— At o et Yo a8 S—

-

i2N

Catalyst Olefin x v Temp. ] La -1 Ref,
() (KT .mol ™)
Ni wire l-butene 848 05" "7 TGS (3kglrm)© 66
Ni wire l=butene Qe GuS 2 8.4 (333-408) 66
Ni wire 2-kutene = - - 13.8(333=408) 65
Ni wire Cis-l-butep&’; = - - 1446 (348-403) 66
Ni wire Trans—l=butene - = - 14.6 (348=403) 66
Ni wire Isobutene - — = 13.8(333-383) 65
Pt/Pumice l1-butene ~0 0.4 373 12.1(286-419) 21
Pt/Pumice Isobutene Ded g SNG7E 7.9(357-403) 2%
Ru/A1203 l-butene Rl i s 60s7(285-318) 68
- Cis-2-butene 1.0 0.0 333 6047 (302--339) 68
05/A1233 1-butene 1.0 -0e0 351.5 35.6(335-395) 68
Rh/A1203 l-butene 1ls0 ~0.05 339 20.9(329-378) 70
Rh/510, 1~butene 1.9 ~0792 327 38.5(255-291) 70
Ir/AlZO3 l-butene 10 OJO=l278 - 54
Cis-2-butene 1.0 0.0 23 -
II/A1203 l-butene Pl .2 353 39.8(355-423) 71
l-butene 1al = =g LI ghS 52.3 (Temp 2)
r@/¢a203 l-butene Cad i B0 28 52.3% (Temp ?) 69
Cis-2-butene 0.5 0.0 273 55.4P (Temp 2)
te2wlutene OeBam .0 273 69.03(Temp ?)
53. 1° (Temp- ?)
Pt/AL,0;,  l-butene il 0.0 334 L 54
Cis-2-butene " 1.0 0.0 333 21.3(340-358)

Note: a - dQlefin/hydrogen ratio = 1.0; b ~ Qdlefin/hydrogen =033 ;
¢ -~ These figures represent temperature in K.
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473-598 K at pressures of 0.1-0.35 M Pa. As in the

pre ious work(71) they cvaluagted the results for the
best rate equation, _based on Langmuir-Hinghelwood
mechanism by linear-least sguare method and suggested
that the surface reacticn between adscrbed hydrogen and
lisooctene was the rate controlling step. The devistions
of experimental values of reasction. rate from those

computed using the besgt fitting rate model was, however,

high about + 8.5 %.

Effect of olefin structure on hydrogenation reaction

In g number of investigations, attempt was made to
measure the relative rates of hydrogenation of different

(65,74) L =

olefins and their temperature dependence
has generally been established that over nickel and

Pl atinum catalysts the rates decrease with increasing
sukstitution of alkyl groups around the double bond of
the olefing? studies on this using other metal catalysts
are only few. Thus for exanple, the following
comparakl e times of hal f-reaction have been quoted(75)
for the hydrogenation of olefing over a Ni-charcoal
catal yate C2H4, 480 5 5 C3H6, 6240 S ; l=butene, 13500 s
and isobutene, 66000 s. The relative reactivities of
ol efins were estimated by reacting model mixtures of
two olefing with insufficient I-I2 and estimating the
hydrogenation products: Tahle 2.5 shows some of

these results (75) .
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THE RELATTVE REACTIVITIES OF OLEFINS IN HYD ROGENATION
OVER._ . Pt=CaTalYST *

Reacting mixture ! % A X % B

A % 5 X reacted i reacted
Propylene butene~2 90 20
Butene-1 butene-2 79 21
Isobutene trimethyl - 99 44

ethylene

* reference - 75.

The results obtained for lower olefins containing
upto 4 carbon agtoms (Table%2.2~2.5) show that the
diffeiences between the increase in the rates of hyd rogen a-
tion with increasing temperature and hence the apparent
activation. energies decrecase with increasing al kyl
substitution(65'76). Although, widely varying activation
energies were reported for cthylene hyd rogenation,
consistently low values have been observed for hyd rogen a—
tion of n~butenes. A nomal compensation effect is
aPParently operative over nickel wire(49) at 333 K, where
the hydrogenation rates for 02H4, C3H6 and 2-C4H8 were

nearly the same; in these systemgs the change in activa-

tion energy was nearly the same as the change in the heat
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of hydrogenation. Similar results were also observed with
supported Pt Catalysts(49), although strictly comparshle

values are not avail ahle.

This decrease in the activation energy with
increasing substitution of methyl groups in an olefin
molecule is not ceasily explrained, Eond(23) indicated
that the following two effects may be operating

simul taneously:

L) the heat of adsorption of the olefin decreases

with increasing subs titution, and

{1 1% with increasing substitution there may bhe a
progressively greater number of sites on which H2
may adsorb without competing with olefin., For
these reasons the true activation energy may be
changing, but the steric and themochemical factors
are not readilvy detemminahle.

LIQUID-PHASE FYDROGENATICHN OF OLEFINS OV ER ) PPORTED

METAL CATALYSTS

The B quid“phsEee hyd rogenation system with a
microporous catalyst is much more complex in comparison
with that of the vapour-phase reaction and requires
additional consideration of mass transfer between the
three phases (gas, licuid and solid) involved in the
system(77). Diffusion limitations may exist in the

gas, liquid and solid phases and at their interfaces:

in addition, there is a kinetic resistance and an
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intraparticle diffusion resistance inside the catalyst
por:s. In the hydrogenation reactions, particularly of
large and complex unsaturated molecules, both mass

transfer and catalyst structure have considerabl e

influence upon the reaction rate and the selectivity(78"81).
The chemical nature of the liquid and the stmcture o.F
unsaturated compounid alse have considerakble influence

on the diffusion limitations, the reaction velacity and

the mechanism of Catalytic hydrogenation in solutions (80,82) 3

Liquid. phase hydrogenation over a Selid catalyst
may be considered to occur through the sequence of

Several steps (81) -

(1) absorption of hydrogen into the surface film of

the licquid, which is in contact with gas phasea

(ii) transfer of hydrogen through the bulk lighid to

that fflm_at“he catalyst surface.

(1ii) molecul ar diffusion of hydrogen through the l-aminar

giquid ~Eidm "at the catalyst surface,

(iv) intemal diffusion of hydrogen and reactant

through the eatalvst pores filled with 1iquid,

(v) adsorption of reacting Components on the

Catalyst surface,

(vi) reaction between adsorbed components or adsorbed
Component and component in the bulk phase,

(vii) desorption of the product from the catalyst surfacey
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(viii) diffusion of the product through the catalyst
pores filled with licuid to the catalvtic

surface,

(1ix) diffusion of the products through the 1aminar
tdguid £lm at tha Catalyst surface into the

ulk ligquid phase.

Depending upon the hydrodynamics inside the
reactor and state of thecatalyst, one or more &f the
above steps may control the overall reaction. For a
quantitative investigation of the effect of the compos i~
tion of the reaction mixture on the rate of hyd rogen ation
of unsaturated compounds in the liquid phase on solid
Catalysts, it is necessary to define the experimental
conditions adequately so that the collected data enahble
determination of this effect. Kinetic studies of
catalytic reactions have, therefore, to be carried out
under.conditions in which the restrictions due to mass
transfér on the chemical rate processes are eliminated.
Hence, each study of this type must be preceded by
finding the so-Called kinetic regime, whieh is a state
in which the reaction rate is determined solely by the
surface adsorption, desorption and surface reaction
(steps v, vi and vii). In the studies reported earlier
on the clefin hydrogenation, these requirements were
not always met, but in recent works considerable

attention has been given to these a,spects(83-87)n
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ihe criteris indicating that a state has been
reached in which the effect of extemal mass transport,
on the rescticn rate is ruled out consists in the
independence of the reaction rate of the intcnsity of
mixing(sg) + By a suitable choice of the amount of
Catalyst, it is possiblelin vigorously shaken(8l’89)
stirred (90) gEcpys to réach this regien even for
rapidly reacting substances. Several imvestlgators
followed. this .approach of establishing the intensity of
agitation to ensure the attainment of kinetic regime in
liquid phase catalytic hyd rogenation and then studied
the effects of kinetic parameters. Under such' conditions,

the reaction rate was found to increase linearly with

catalyst concentration in many cases.,

Freilldin gnd Polkovnikov(9 1.92) investigated the
hyd . ogenation of cyclopentadiene on pl atinum bl ack and
Raney nickel in alcohol and cyclohexane solvents
respectively. They first established that the intensity
of agltation was such that the reaction was in kinetic
regime; under this condition, the hydrogenation rate
was found to be proportional to the amount of pl atinum
(24.4 to 99.8 mg) and Raney nickel (0«12 - 1.26 ) e

3
Muskat and Knapp(9 ) also found that the hyd regen a~

tion rate of phenyl butadiene stereo isomers under
intense agitation was proportional to the amount of

Adams pl atinum.
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Heck and Smith(94) studied the hydrogenation of
acetylene over Raney nickel in a 75 mm i.d., 3.6 m long
jacketed dlass bubble column slurry reactor operated at
310-330 K and atmospheric pressure. Water was used as
solvent and the HZ/CZPE ratio was varied between 1:1
and 4:1. Only two reaction products ethane and ethyl ene
were detected. ~The con€entration of ethylene and ethang
in the product stream increased with increasing tempera.
ture, while the selectivity remained Cssentially ceonstant
over the temperature range studied. Acetylene conversion
increased with increasing catalyst loading upto 1.0 kg/m?
the mole fraction of both ethylene and ethane in the
broduct increased with increasing catalyst concent ratieon.
The conversion of ethylene increased markedly with

increasing H2/C ratio  ins ¥he feed.

2%

Gomonov et al.(95)

in their investigations of
the liquid phese hydrogenation of vinyl acetylene on
Pd_8102 catalyst found that the intensity of agitation
had no effect on the selectivity of hydrogenation of
vinyl acetylene in the range of 200 to 500 vibrations/
mine

(96)

Davis, Thompson and Grandall Sarpried out the
first systematic study of the effect of the amount of
catalyst on the rate of heterogeneous processes whose
rate is influenced by diffusion of the reactants. In

studying the effect of the amount of platinum oxide on
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the hydrogenation rate of trimethyl ethylene, 2-pentene
and isopropyl ethylenc in a mixture of 95% ethanol and
5% methanol, the hydrogenation rates of these compounds
were found to be different when a small amount B
catalyst was used. As the amount of catalyst was
increased, the relative differences in the mate
diminished and the rate of hydrogenation of all these
compounds approached a limiting value. Therexplained
their results by the assumption that the hyd rogen in
passing from the gasegus phase to the catalyst surface
must overcome the resistancg of two stationary films at
the phase interfaces of gas-liquid and lTiquid-soiid.

The rate of hydrogenation was expressed as follows:
e ®
Lo k (Cliq = Ccat ) / (Rl + R2 /m ) ses oo (2.6)

X .
2 & 2 = ) < a
where Cliq and CCat are the hydrogen concentrationsat
gas-licuid interface and catalyst surface respeclivelt;,

R1 and R2 are the resistances at the gas-liquid & liguid~

solid interfaces and m is the amount of gatilist. BN
*®

low and"constant ratc of agitation, when CCat 0K CliCI 3
Equation 2.6 can be written in the fomm,
.-—j;~ = A + B/m q-.no-o(2l7)

; 1
Thus for m —s o , the rate of reaction r e o ol R
value of 1/, obtained by extrapolation, corresponds
to the maximum hydrogenation rate at a specified rate

of agitation. This maximum hydrogenation rate was found
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to be approximately equal to the initial rate of
hydrogen dissolution, the latter, in tum, being
proportional to the surface of the gas-liquid interface
as detemined by the intensity of agltation. Thas wheén
sufficient amount of catalyst is present, the rate of
hydrogenation is detexmined by the xate of dissolution of
hydrogen in the ligquid phase,

Koelbel and Maening(97)

reported & laboratery
investigation 'en licuid phasc hydrcgenation of ethylenec
using Raney mickel catalyst 6f about 0.0005 cm.sSize,
susmanded™dn,paraffin odl in a 3.8 am i.d. babblé .colurm.
The runs were conducted at atmospheric pressure at
supéerficial gas velocity in the range of 0.01-0.06 /s,
temperatures of 303-333 K and catalyst leadlings) of
2¢8'~ 10 kg/m3. The feed gas composition was also
varied; the HZ/CZH4 molar ratios were Q.765, l.0 and
1.3%, Thgy did not andlyse the pésults for Mmags
transfer effectsy from-the data of conversions and srate,
they, however, postul ated tha£ thea®lsqibilon dt

ethyl ene was rate controlling and that hydrogen
adsorbed strongly on the active sites. Iit"1s possikle
that under the experimental conditions, there were
restriction®s for the tranapert of 02H4 to the catalyst

surfacce.

(98)

Shemwood and Farkas reanalysed the experimental

data of liquid-phase hydrogenation of ethylene obtained
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by Koclbel and Maening(97)

and confimed that mass transfer
did not affect the reaction, In the kinetic regime, the
adsorption of ethylene on the catalyst sites was rate
controlling and that hydrogen adsorbed more strongly.

The surface reaction occurred rapidly and the equilibrium

strongly favoured the fommation of ethanc.

(84)

Kawakami, Ohgi and. Kusungkil reported the
investigations of hydrogenation of ethylene-and
propylene in thc presence of a 5 % Pt/carbon catalyst
(particle diameter, 0.0006 cm; particle Jd&ns 164 1 g/cm3;
porosity, 0.5) suspended in water catalyst loadings

O«1 to 065 kg/m3 at 278-308 K and atm. pressure. They
used a mechanically stirred glass reactor, 75 mm in I.D.
180 mm high, with four baffle plates. The rates of
hydrogenation of the individual olefins in the region of
excess hydrogen were found to be controlled by the gas-
liquid and licuid-particle mass transfer of olefin. In
the region of excess olefin the extemal mass transfer
and the pore diffusieon resistances gfshydzagen @dald not
be ignored. An intrinsic kinctic expression was derived
assuming the adsofption of molecular hydrogen as the
rate detemining steps For fitting the collected data
the following Langmuir-Hinehelwood type rate equations
ware -gelecteads

For the hydrogenation of ethylencs:

k & M Cgy,

B = oao-o.(2o8)

g RS-
Ty
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For the hydrogenation of propylencs

t ¢
‘k & ’YLCSHZ
r = ...I...C....(z.g)
1 + K'C_
SCLH,

where, a, = specific extemal arca of catalyst; k, k' =

rcaction ratc constants for cthylcne and propylene;

K, K' = adsorption ednstants. for ¢thylene and propylencs
CSH2' CSC2H4 and CSC3H6 = concentration of hydrogen,
ethylene and propylenc on Catalyst surface. With a
mixturc of C2H4 and. C3H6' for compctitive hydrogenations
of ¢thylenc and propylene, the sclectivity in the region
of exeess hydrogen was determined solely by the ratio

of the mass transfer ratc of propylene Co=that &G
cthylencs For the expression of the intrinsic reaction
rate in Tthe reglon of excess olefin, a model was
proposed assuming two kinds of sites, consisting of the
active sites avallable for the adsorption of ethylene
alone and those available for the competitive adsorption

of both®ol efins,

Bond' and Rank (°%) Stuated The 1iquid phasé hydro-
genation of pentene-~l over supported PBd, Rh, Ru, Pt and
Ir catalysts at arcukd 293 K using MeOH, i-PrOH, glacial
acetic acid, benzene and n-octane as solvents; the
metal concentration on catalyst was 5 % w/w in each
case and charcoal, A1203, CaCO3 and MgCO3 were used
as supports. The hydrogenation was carried ocut in

10 ml glass ampules kept at constant temperature in a
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shaking machine. The results showed that Pd and Ru
catalysts, in addition to hydrogenation, also catalysed
the isomerisation of pentene-l, while Pt and Ir showed
very little isomcrisation activity. The isomerisation

activity was in the scecuence:
P2 RS R BBt os I

The relative rate of pentene dsomerisation wém
insensitive to agitation conditions over a widé range
of vibrating speeds (2-7 vibrations/scc) and is-not
greatty - influenced by the nature of the solvent nor
the catalyst support used. Prom the independence of
isomerisation reaction of the agitation conditions, it

appears that mass transfer effects were insignificant,

Kawakami and Kgsunoki(100) reported the results
of .@ study of liguid-phase consecutive hydrogenation of
phenyl-acetylenc to ethyl benzene in the presence of a
Oe5 % Pt—-AlZO3 catalyst (3.17 mm x 3.17 mm gylindrical
pelletgd ate™293 ", and atm. pressure. The initial
concentration of phenyl-acetylene in ethanol solvent
was varied.in the range of 0+0164 < 0.0758 k mol/m? and
the H2 partial pressureg, using N2 35 ihefsy™in range
of 152 -~ 101 k Pa. Expspiments were performed in a
stirred reactor fitted with basket impellers in which
the catalyst pcllets werc held as well as in a stirred
slurry reactor in which the fincly powdered pellets

(average diameter 0003 cm) were suspended. The



intrinsic equations werc derived empirically from the
rate measurements with the powdecred catalyst, The

following equations werc scl ected to represent the datas

For hydrogenation of phenylacetyl ene to styrene:

n
Y RO LR
L (1 + %C_ )11 +K Gt ¢ Y
f2a) 17D o

For hydrogenation of styrcene to cthyl benzenes

x & ¢
2 S

(1 +XCp ) (1 + K, H; + 9 CI;CI; )

where r and r, are the rates of hydrogenation of phenvl
acetylenc and styrene respeetivel v; CP = goncengration
of phenyl acetylenc; CPO = initial concentration of
phenyl acetyl enc; CH = concentration of hydrogen: CS -
concentration of styrenc. The numerical values of the
parameters were evaluated using non-linear least square
technigue and .found to be k1 = 7.94(11'4/molo'4, cn?-
cat.secly Ky = 1.19(1l°4/molo'4;cn?-cat.sec), Y

K, = 1126.0%1/mo1) %4, 'xy = 1487.0 (1/mo1) 004, A = 17,7

1 2

(1/mol), m = n = 0.4, Under the intrinsic kinetic
limitation, the yicld of styrene was independent of
both the initial concentration of phenyl acetyl ene and
the hydrogen concentration. With the catalyst pellets

the hydrogenation rates and the yields were significantly

influenced by the intraparticle diffusion.
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Kw@@quﬁtmdmmmmmx studied the liquid
pha: e hydrogenation of styrene on 0.5 % Pt-A1203 catalyst
(cylindrical pellets of 3.17 mm x 3.17 mm and powdered
pallets of mean diamcter 0.003 om at 268 to 293 K and
atmosphcric pressure in a stirred slurry and basket
reactors. Hydrogen partial pressurc was varied between
10 - 101 K Pa. A&bsence of gas—licquid, liquid-particle
mass transfeér resistances and the pore diffusion
resistance was first established using available
correlations. They observed a zero order dependcnee of
hydrogenation with respect to styrene and proposed the
following kinetic model based on Langmii r~Hinshelwood

mechanisms
* R 2
L *
r o= kKC. / (1 4k C%) L’ (45

whgre r = rgte "8F ‘mdfaction, d; = hydrogen concentration
in liquid phasc. Thc constants k and K., féllowed
Arrhenius behavicur, the cnergy of activation was found
to be §6.83 kJemol . They also suggestéd that the
dissociated hydrogen and styrene molecul s arc non—
competitively adsorbed on the active sites of the
catalyst. With pellets, the rate of hyd rogenation was

found to be influenced by pore diffusion of hyd rogen.

An carly investigation of liquid phase hydro-
genation was that of Babecok, Majdell and Hbugen(lol)
who studied hydrogenation of o ~methyl styrene in a

stainless steel, 1l.25 m long and 38.1 mm T.D.
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different%al flow trickle-bed reactor. They used several
cat 'lysts-palladium, platinum, rhodium, ruthnium and
nickel supported on alumina in the form of oyl ind rigal
paliets of 3«17 mm x 3417 mm size. The experiments were
done at temperatures 297.3 ~ 330.2 K and O0nl - 1.2 M Pa
pressures. From the kinetic data, they concluded that
with palladium cat@lyst at pressures above 0.3 MPa the
apparent rate controlling step was surface reaction
between dissociated hydrogen and ~ -methyl styrene
adsorbed in different types of active Sites. Using the
least square technique, the following rate equatiomnr was

proposed which gave an average deviation of 3 Yo

& ] 2
=k K. Raglbe i/ (1 +./iZH R (2 F R o, . M 2,10)

where, ‘r=2 rdte gf reactiodn; Ky Ko =" adsomptich

consStants for hydrogen and (-methyl styrene; P =
hyd.ogen pressure; ks =-reactign rete ganstant; e =
mole fraction of o -methyl styrene in 1licuid phase.
At low-pressures below 0.3 MPa the kinetics were found
to be somewhat different - the reactants competed for
the simil ar active sites, With platinum catalyst, the
rate controlling step was surface reaction between
dissociated hydrogen and  -methyl styrene on similar
active sites; the reaction rate could be best

mpresented by Eguaticn Z.11.

kg Ky K, B x
r = c.o-o-..-oco(Z.ll)

(1 +/Kp + K03
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Rhodium and nickel catalysed the polymerization of

A -methyl styrene together with slow hydrogenation.
Ruthenium had negligible activity for catalysing the
hydrogenation under moderate conditions employed in
these studies.

(86)

Later, Satterfield, Ma and| Shexwood reported
another study, on the hydrogenation of o(-methyl styrene
in liquid phaese over & Q.5 % Pd-A1203 catalyst
(cylindrical “pellets of 3.17 mm ¥ 3417 mm, and. powdered
pellets of average diameter of 0.005 cm) in & stirred
batch reactor at temperatures in the range of 343-388 K
and atmospheric pressure. By suitahle calculations and
experimental observations they showed that for the
catalyst powder, mass transfer resistances to the ocut-
side of the-cafdlyst particlie ‘ghd the pofe dififusion
resistance inside the catalyst pores were negligibl e,
Indl contrast %o other lmuthors, they found that £he rea@tion
was ﬁixst order with respect to both hydrogen <and

X -methyl styrene. The activation energy of the
reaction was found to be 31.8 kJ/- mol at temperatures
of 343373 K=, Foythe hydrogenation Withsellets the
tortuosity factor of the palladium catalyst was found
to be 3.9 and the catalytic effectiveness factor
varied in the range of O._O7 - 0.13.

Recently, Clarke, Lloydlangston and Thomas (85)

reported a detailed study of the hydrogenation of

A =methyl styrene on supported copper magnesia-
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silica catalyst (size 10™ cm) in a stirred slurry
reactor operated at 373-423 K and 0.1 ~ 0.3 MPa pressure,
Under efficient agitation (Impeller Reynolds number of
about 2.5 x 10 at 383 K and 4.0 x 10% at 403 k) and
catalyst loadings of less than 2 kg.m-3, the conversion
was found to be chemically controlled. From the data of
experiments at 423 _K, they observed that the agitation
was insufficient to sustain a chemically controlled
reaction. At hicher catalyst loadings or with less
efficient agitation, the reaction rate was limited by
the fransfer of hydrogen through the ligquid. They,
however, did not study the kinetics of the reaction in

detail.

Cyclohexene and substituted cyclohexenes were taken
by many workexrs as the suitable liquid olefins for hydro-
genution in liquid phasec.

2 Top)

Smith and Meriwether hydrogenated cyclohexene
and cyclohexadiene 1,3 and 1,4 on Adams "catalyst in
glacial acetic acid at around ambient temperature and
an initial pmessure of 0.4 MPa. Within.the narrow
limits of variables studied, it was established that
the hydrogenation was kinetically controlled. The
reaction rate increased in direct proportion to the
amount of catalyst. The rate was found to be of first

order with respect to H, pressure and zero order with

2

respect to unsaturated compound. The reaction rate



48

increased with increase of temperature; energies of 3
dctivation were found to be 10.04 kJ.mol~% for cyclo-
hexenc, 18.83 kJ.mol ™+ for cyclohexadiene~1,4. During

the reaction, the control of temperature was unsatisfactory
and some temperaturc rise was observed in each ran; the
accuracy of the results was, thegefore, unsatisfactory.

Price and Schiewetz(103)

obtained similar'results
in the hydrogenation of cyclohexene at 279 - 298 K and
hydrogen. pressures of 0«53 =0.84 kPa in presence of 5%
g A 2 A1203 catalysﬁ of 300 mesh size. The experiments
were conducted semi-batch-wise in a stirred gl ass .reactor
in which hydrogen was continuously kubhled through the
solution of cyeclohexene in cyclohexane; the catalyst was
kept suspended in the liquid. When the rate of stirring
was_ 1000 rpm, the reaction was independent of cyclohexene
concentration and was proportional to the hydrogen
pressure. With small amounts of catalyst ( upto 1 g) the
reaction rate was proportional to the amount of catalyst.
When larger guantities of catalyst were used the reaction
rate reached a limiting value and then remained constant.
It is known that in the presence of large amounts of
catalyst the reactioll"mag be limited by the transport

of hydrogen thmough the gas-~ligquid interface, bhut

these authors offered another expl anation for their
results; they said that at high catalyst concentrations,
a part of the catalyst settles down and does not play

any appreciable role in the overall processe.
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Farcas and Sherwood(98)

studied the hydrogenation
of cyclohexene at 312.6 to 330«1 K and atm., pressure in
afaqueous suspension of 04003 cm particles of palladium
hlack catalyst; they also investigated thc hydrogenation
of o -methyl styrenc to cumcne at 107 -111 kPa total
pressure and 301 =339 K tempera@ture using 0.0055 cm
particles of paldadium“Bfack. In Both ¢gf #hese studies
glass bubbl@.column of 2,5 cm 1.d. wis usediandythey
found that the mags transSfer to tHéwgatalyst paktieles

was rate controlling.

Liquid-phase hydrogenation of cyclohexcne on_a
supported platinum catalyst at ambient conditions was

studied by Dmitrienko et al.(104).

They used a stirred
slurry reactor.’ The reaction rate followed a za3ro.orxder
dependence on cyclohexenc concentration only upto 50 %
conversion and then gradually shifted towards first

oxdegr at highktr conversionses

St Bl S, a1 505

Foud 1 ed*the hydrogenatiqn of
cyclohexeng, acetone and their mixtures in mixed n-hexane
and methyl ‘@&lcghol as" golyents en-Pd ‘and Pt blacks at
203, 303 and 313K @ndsadgnospherigsprefsul®., In the
hydrogenation of a mixturc of cyclohexene and acetone

on Pt in mixed solvent, cyclohexene was found to
hydrogenate first followed by the hydrmogenation of
acetone. The rates of reaction were affected by

solvent composition (iec. hexane, methyl-alcohol ratio):

a solvent wntaining 73 vol % hexane in MeOH gave
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minimum rate of cyeclohexenc hydrogenation. on the other
hana, the hydrogenation rate of cyclohexene on Rd did not
depend upon the composition of solvent uscd. There was
practically no hydrogenation of acetone on the B catalyst.

Hussey et alF106) reported the' results of a study

on the ligquid-phase hydrogenation’ of 18 cycloalkgnes in
admixture with cyclohexane as' solvent using 0e52-0.97 %
Pt on alumina at near atmospheric pressure dnd 298 K.
The regetions were found to be of 1st order in hyd rogen
partial pressure and also with respect to catalyst
concentration and zero order in cycloalkenes No isow-
merisation was observed to accompany the hydrogenation
reaction; the rate of hydrogenation increased linearly
with increasing Pt content of the catalysts The kinetic

data were explained by a modified Horiuity-Pol anyi

meck mnismse
755/ 7
® e
H2+2 2000 a0 013 a)
n
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where E denotes the alkene and * denotes the active sites.,
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In another study Hussey and Nowack(lo7) repo rted
the hydrogenation of cyclopentene, cyclohexene, cyclo-
hepteqe and oyclqoctene in siolutions of cycl ohexene on
0e57 = 0s74 % Pd--A12O3 (150=200 mesh) at 298 K in
agitated glass reactor. In this also they observed the
rate to be proportional to the amount.of catalyst.

They correlated the initdial rates of hydrogenation using
a power law equation; the reaction rate was found to be
fractional order with respect to both olefin and hydrogen.
This fractional order dependence of the rates upon the
cycloalkene concentration was explained by them in temms
of reversible chemisorption of cycloalkene while the
fractional order dependence upon hydrogen pressure was
viewed to reflect an intrinsic zero order dependence
upon which is superimposed a first orxder pore diffusional
pro~ess invelving hydrogen. The modified Horiuti-
Polanyi mechanism in which hydrogen and alkenc¢ were noh-
competitively adsorbced on active sites, as proposed by

them earlier, was further supported by these results,

For cyclohexene hydrogenation in the liquid phase,
various bi~metallic as well as sulphided catalysts
have also been studied Ly Seveérdl authors. These
investigations appear to have been mainly concerned
with catalyst activities and the general kinetics-
such as reaction rmtes B8nd reaction order, without
specifying whether the méss tronsfer was satlisfactory

or not. These infomations are,therefore, of limited va ue.
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Bond and w@bstar(28) in a~SerieS of puhklicaticns
reported the a_ctivit:f:eszcr)ngny‘* bi-metallic catalyst such
as, Ru-Pt, Ru-Pd, Ir-Pt, Rh-Pd, Ni-Pt, Ni-Pd, Co-Pt,
Pe-Pt, Ru~Rh and Pt-PRd, for the hydrogenation, though
mainly of nitrobenzene in methyl butanol, but also of
cyclohexcene and pentene~1.  The results arc shown in
Table 2,6. These bi-metallic catalysts=showed a 3-5
times enhancement of the rate of hydrogenation obtained
with mene-mctallic catalysts. Higher catalytic "activity
of bi-metallic catalysts in hyd rogenation of unsaturated
compounds. have been reported also by several other

authors(108~109).

ZAELE 2.6

ACTIVITY BN HANCE4ENT IN LIQUID-PHASE HYD RCGENATIQON

X Tempe ra-y Pt B X Enhan X Optimamy)

gatulgst Ytuxe (XY X cement ):com X Iic:zgere-
X X X (Rala~ X S9tEon X
X 1 X tive to) (atom% X
St at X o , N &) £ B X
Pt - Ru =gl Cyclohexenc 3 40 28
, + |
P . H 303 Banzenc 5 65 28
B e Ip 303 C¥clohexcne 3-4 10=~25 28
Pt - Bd 303 Pentene-l Y 83 70 28
Bl Fd 433 Benzene 2 10 108
Rh -. Pd 293 Heptene-1 L5 10-20 109
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Recently Sokolova, Popova and So]colskii (109)
investigated different compositions of Pd-Rh bi~metallic
catalysts for the hydrogenation of cyclohexene and
heptene-~1 at 293 K in watcr and in agueous solutions of
ethyl alcohol in @ themmostated shaking reactorm The
most active catalyst fomulation consisted of 5 % loading
of 10.5 ?om% of Rh in Pd-Fh on alumina, The cyclohexene
hydrogenation réte was obscrved to be a linear function
of the concentration of weakly adsorbed hydrogen. The
general level: of activity was, however, modcst(Table 2.6).

Voo rhoeve and Stu:'gver(llo)

studied hyd mgenation
of 2yclohexene over non-supported and alumina supported
Ni- W-S catalysts at 473-673 K and 4.85 MPa pressure
using a Hy / cyclohexcne ratio of 35; CS,, 1~10 %, was
added to the feed to maintain sulphur concentration in
the atalyste They fourd that the hydrogenation was
first order in cyclohexenc, showing that the reaction
rate was strongly dependent on the adsorption of cyeclo-
hexene."="The ArrbepiuS=plot was nonsdkTneard henge whe
activation encrgies changed with temperature (esqgs.,553 K,
L17 kJ.mol"j'; 3e3i"K, 1 79 kJ.molkl). The activation
cnergies were the same for supported and unsupported

catalysts although reaction rate was much higher (by

& factor of 180) on the supported catalysts,

Gonzo and Boudart(lll) studied the liquid phase

hydrogenation of cyclohexene on six different palladium
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catalysts at 264 to 308 K and H2 pressurcs of 4 to 89 kPa:
cyclohexene concentrations were varied from 015 ta g.0 M.
Ih:mﬁﬂyﬁﬁsmmmﬁmdonsﬂimimﬁiﬂwﬁm1mm'me

following composition:

2,84% Pd- Sioz{ 4.88% Pd—A12037 375 Pd-81027 0e57% Pd-

Sioz; 1le39% Pd—SiO2; 1.45% Pd-Sioz. The average palladium
rarticle size of the catalyst was varied from+1 to 8 nm.
Under the above operating conditions, the turmover
frequency was found to be independent of the partitle
size, the nature of the support and the nature of the
Solvent (methanol, n-heptanc, ethyl acetate and cyclo-
hexane) used for catalyst suspension. The order of
reaction was 0.5 with respect to hydrogen and zero with

respect to cyclohexenc concentration.

Recently, Madon, Q’connell and Boudarl:(87)
investigated the liquidephasc hydrogenation of cyclo-
hexene on supported platinum catalysts at constant
hydrogen pressure, nomally atmospheric, between 275 and
316 K. The reaction was studied in & pyrex gradientl ess
slurry recacto #ofiimg cm3 total capacity.' .They
confimed their carlier finding that the overall rate
of hydrogenation was neither dependent on the nature
of the support nor on the particle size of the metal
and was also independent of the nature of the solvent
1f the concentration of hydrogen was expressed in

tems of its scolubility. It was concluded that
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hydrogen was adsorbed on the catalyst in dissociated
form and the hydrocarbon species almost completely
covered the metal surface. Apparent first order
kinetics with respect to hydrogen and zero order with
respect to cyclohexene wis obscrved.

Earlier Dmitrienks et al.<104)

obtained lower rate
of cyclohexene hydrogenation under similar opereting
conditions. This may be either due to the piEestncy of
polsons in the liquid reagents or their data may have
been influenced by diffusion; they, however, have not

mentioned of any tests made to check for mass transfer

effeCts.

More recently the kidnetics of qyclohexene hyd ro~
genation in liquid phase on 0.5 % Pt—A1203 catalyst
(of 0002 cm size) at 293 K and atm., pressure was
studied by Kawakami, ¥Yamamoto and Kusunoki(llz) « From
the results of semibatch hydrogenation 4n a slurry
reactor they concluded that the surface reactiocn
between the dissociatt;d hydrogen ‘and cyeclchexene
molecule adsorbed non=competitively on the catalytic
sites was rate controllings. Fitting the experimental
data by non-linear least squares method, the following

rate expression was selected as optimals

B B Gy S s tes s dnd E AT

(1 + /Ky CHDRICIRS -0
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where r = reacticn rate; k = reaction rote constants

KH’
hexene; C

Kc = adsorption constants for hyd rogen and cyclo-
o CC = concentration of hydrogen and oyclo-
hexene in liquid phase. on conducting the hydrogenation
in stirred basket reactor using cylindrical catalyst
pallets of 3.56 mm X 3z 28 Th sizch the. rote of reaction
was found to be influenced by internal difffysion. The
effective diffusions of hydrogen and cycl ochexene were
also computcd;, from the effective diffusivities the
tortuosity factors were caleulated and found uh be 3, 4
and 2.5 respectively,

(TES)

Cornubert and Thomas investigated the effect
of the amount, Raney nickel Cata%yst on the hydrmgenation
rate of 3,5 dimethyl cyclohexcne-2 at 1ow iftensfiity of
agitation (240 swings per minute), They found that at
low range of catalyst loadings the hydrogenation rate
increased ‘@t a higher rate than proportional:increase of
nickel concentration. For instance, an increase in the
amount of catalyst from le0 to 20.g caused the average
reaction rate to jump from 3 to 167 ml/min, i.c. by a
factor of 56. As the amount of catalyst was further
increased, such incrcase of the reaction rote was
retarded.

Earlier Pall and Schwarz(ll4)

alsc observed
simil ar phenomena in the liquid phasec hydrogenation of

acetylene and other unsaturated compounds.
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Sokeolskii and Easman(lls) studied the hydrogenation
of hexene-1l in the liquid phase at near ambient
conGitions using Rancy nickel catalyst. The results
indicated that when small amount of catalyst was usecd,
the reaction is controlled by pore diffusion or chemical
reaction; with large quantitics of gata@lyst and intense
agitation, the transport of hydrogen through the gas-

liquid interfécc was thc rate determining step,

Watt and Walling(116) investigated the hyd ro gena-
tion of hexene<l in a magnetically stirred reactor at
low temperdtures of 275-303 K using Adams platinum,
Raney nickel, rhodium and palladium catalysts. | In
cxperiments with small amounts of Adams pbatinum, the
rate; first increased to a Sharp maxima and then decreascd
continually. PFor larger amounts of Adams platinum the
maximum brodenced so that, in the limit, the kinctic
curve followed a zero-order rate equation. In contrast,
for all other catelysts used the rate vatried lincarly
with catalyst amount in the region of low catalyst
concentration and attaincd a limiting value for large
amounts of catalysty the rcaction was of zero order with
respect to olefin and first order Werat. hydrogen.

Thelr findings of low activation energies (4-9 kJ/mol)
and dependence of the reaction rate on the intensity
of agitation indicates that in these studics the
diffusion of hydrogen to thc catalyst surface was the

restricghing factox.
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(3173

Smith and Burwell reported a study of hydroge-

nation of hexene-l over Pto2 catalyst suspended in
glacial acetic acid at room temperature. Thoy used
glass bubklec column rcoctor of l.1 sg. cm. Cross section.
Very little isomerisation was observed to accompeny the
hydrogenation. The mechenism of reaction closecly
resembl ed the vapour-phasc reaction. They, however,

did not evaluate the mass transfer effects on the

reac tforl=rabes

\C/Ierveny' et al.(118)

reported the hydrogenation of
mixed 1= and 2-hexenes over noble metal catalysts -at
temperatures in the range of 286 to 313 K and hydrogen
pressures of 101.3 = 202 KPa using ethanocl as solvente.
For hydrogenation at ncar atmespheric pressure they
used a 125 ml glass reactor in which mixing was done
by shaking at a frequency of 1000 vibrations per
mimute. The hydrogenation at clevated pressures were
carried out in a " 100 ml autoclave placed in a shaker

operating at 100 =780 vibrations/min. The following

supported catglysts were useds

5 % Pd-Sio surface area 294 mz/g; 4 % Pd=C,

2'
surface area 1234 mz/g; 4% R‘huSioz, surface area

222 m2/g and 14% Pt.S5i0,, surface area 221 m2/g.

2
The selectivity of hydrogenation was found to
depend mainly on the nature of the active metal

component; it decreased in the order Pt > Rh>»>Pd and
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did not change with temperature or catalyst poison.
Isomcrisation accompanicd the hydrogenation reaction
and both the reacticons probably took place on similar
active sites; their cxtents wore probably deteminced by
the strength of bonds between the olefin and the active
centers of the catalyst. The experimental results werce
explained in tems of & semi~hydrogenated adsorbed

intermcdiate prpduct,

In an eardyr study of hydrogenation of heptencesi
on Raney nickel catalyst without a sclvent, Heilmann
and Gaudormaries(llg) observed a linear dependence of
maction rete onethe catalyst loading. They, however,
did not study the kinetics in detail.

Gartsman et alf12o)

rcpo;ted a study of liquid
phase hydrogenation of heptence-1 over Raney nickel
catalyst in fixed bed and fluidized-bed rcactors
opeRaTyl at. 206 K anq hydrogen pressurcs of 0.21 to
0+23 MPa, For fixed-bed opcration, catalyst particles
of 146 - 3.4 m diameter were usced: the liguid and gas
vcelocitics were varied in the range of 040012 ~0.02 n/s
and 04022 =~ 04121 m/s ‘respectival y. They found that
the obscrved rcaction rate was dependent on the hyd ro-
dynamic conditions within the reactor. The results
showed that at low liquid velocities (0.0012-0.0045 m/s)
the transfer of reactants to the catalyst surface

controlled the reaction. For higher liquid velocities
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(3 BO8 = Jud n/8}, the rotas of extermal and intemal

mass transfcr processces became commensu rate,

For the hydrogenation in flgidiged-bed recactor
they used catalyst particles of 0¢10 ~0+¢19 mm diamecters
the liquid and gas vealocities were varied in the ranges
of 040061 - 0.022m/s and 0.017 - D« 08 m/s respectively.
The obscrved peaction mte was found to depend upon the
linear gas and Iiguid velocities, the sige of the
catalyst particle and fluidigzation conditionss

An intcresting patent by Mertzweiller and

Tenney(121)

d%cﬂbm;umlwqmgmmUonofommmhl

over alumina supported metal—sulphide catalysts

activated by treatment with tricthylaluminium in n-heptanc.
They claimed that the activated catalysts so prepared

are more stable, more active and less susceptille to
poisoning than conventional sul phide catalysts. The
authors. suggested that Et3A1 reacts with thc métal
Sulphide and thc}alunina;support and after heat treatment
very small metal -hyd ride~sul phide crystallites, C.g.
(A1203) ~O~&l Et-S-Ni-H, arc formed which arc catalytica.

1iy very active.

Koppova ct alﬁllz) investigated the hydrogenae
tion of isomeric octynes ( acectylinic bond) dissolved
in n-heptane on supported nickel kiesel guhr catalyst

at 303 K. The catalysts were poisoned by sulphur
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compounds adsorbed from solutions in n-heptanc; hydro-
genation rates decreasced as the amounts of adse rbed
sulphur incrcascd, but the sclectivity was not affected.
Independent of sulphiding, thc rates of hydrogenation
decreased In the oxder 1= 3 3 Z 4= > 2~

octync.

Consccutive liquid-phase hydrogenation of l-octyne
to octanc on palladium oxide catalyst suspended in B, =
nC4 alcohols and nC6 - nC8 alkanes as soelvent at one
atm. pressure and 303 K, was reported by Caga et al(123)°
They used @ 80 ml round-bottom flask fitted with a
variakle shaker at 1600 vibrations per minute and 5 %
vol. solvent. They studied the cffects of catalyst
concentration and type of solvent on the hydrogeénation
agtivity of the catalyst. Reduction of\thc palladium
oxide in situ showed better activity in alcoholic
solvents than in the n-alkanes and @ non-linecar varia-
tion of ratc with-'eatalyst weight was obferved. When
the catalyst was pre-reduced.dn the solvent before
alkene addition, the rate'varied linearly with
catalyst weight and thc catalyst gave a better activity

in n-~hexane. They, however, did not investigate the

kinetice and mechanism of the reaction.
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SUMMARY OF LITERATURE SURVEY

The published infomations relevant to the
kinetics of catalytic hydrogenation of olefins in vapour
and liquid phases have been Presanted in the foregoingA
pages. From these infommations, the following observa.

tions can be made:

£1) Catalytic hydrogenation is a well studied branch
of heterogeneocus catalysis, though mostly with
simple systems, Many 'of the investigations were
concemed with the mechanism of activation of the
reactants, specially of hydrogen( and the overall
reaction rates, mainly in vapour-phase, Studies
in the liquid-phase, particularly on intringic
kingtics of hydrogénation of ol efins and di-
olefins, have been rather few and these have
been generally concemed with the effects of
reaction parameters like catalyst congcentration,
type of solvent, temperature and pressure at/or

slightly higher than atmospheric pressure.

(1i) These hydrogenation reactions can be considered
to occur through a series of physical and
chemical steps involving diffusion of reactants
from the ulk to the catalyst surface and inside
the catalyst pores, the reaction at the active

sites and then diffusion of reaction products
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back into the hulk liquid or gas phase. The
slowest of these steps is rate contmlling. By
varying the temperature, pressure, intensity and
method of mixing, the reactor type and also the
guantity, dispermity and aetivity of the catalyst,
it is possible tosshift the wmeaction from the
diffusional controlled into the kinetic controlled
and vice-versa, The kinetic behavicur of a
particular reaction is different in:the two'itypes
of Controlling regimes.

In liquid phase hydrogenation reactions
on solid catalysts, the situation becomes more
complicated due to the presence of three phases
(gae, lieguid jand salid) dnd liquid @iluefts. In
addition to these the diffuslon coefficients of
H, in the liguid phase are about 3-5 orders of
magnitude lower than those in the gas phase.
Very little quantitative infomation is available
alpout diffusfen coefficients _eof H, dn" hidher
olefins having 6 and more carbon atoms. - In most
of the"kinetic studies, the physiecal effects
were either omitted or not properly taken care
of. FRurther,the pores of the catalyst remain
filled with the ligquid. Now this ligquid inside
the pores influences the diffusion of reactants

and products and thus the overall reaction rates,

have been the subject of many studies. In many
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cases, however,'the vhenomenon has been +reated
only empirically.

In majority of these studies, the reaction was
carried out at atmospheric pressure and in many
of them only initial reaction rates have been
reportad. Practicaiiy, Veyy little data on
kinetics and mass transfer arc available in the
high pressure region, where the solubility of H2
is enhanced.

It has been well established that mechanistically,
the hydrogenation reactions are c omplex in nature
and involve multisteps. In the carlier studies,
the kinetics of these reactions was elucidated

in terms of simple power 1aw equations, which do
not pefle@t on the mechanism of these reactions.
In 1later stqdies, however, rate equations based
on Langmir-Hinshelwood and Rideal mechanisms
were often proposed and in a few cases- the
reaction sequence was cxplained in terms of a
scrmi=hydrogenated state, first proposed by

Houriti and Polanyi.

The hydrogenation of olefins has mostly been
studied over transition metals of Group VIII.
These can be broadly considered into two groups.
Metals in the first group, Fe, Ni, Pd in additihon
to hydrogenation, are also active in isomeriza-

tion and olefin exchange, while the metals in
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the second)Pt and Ir, are active mainly for
hydrogenation. Ri, Fh and ©Os occupy an interw-

mediate position.

The activation mechanism for the reactants, the

unsaturated compound and especially H,, has been

2
studied in sufficient detail for many cases of
hydrogenation of lower acetylcnes and olefins
such as CZHZ' Czﬁg' etces . For hiigher olefins
very little infomation is availalkle in this

Ared,

For lower olefins containing upto 4 carbon atoms,
the rate of hydrogenation was found to depend
upon the catalyst characteristics,operating
conditions and the olefin substrate. In generdal,
with Ni and Pt catalysts, the rates decrease with
increasing substitution of alkyl groups in the
vicinity of the double¢ bond and also with
increasing chain length, but for'other catalysts
the results are not emtensive., With transition
metal catalysts the activation energy for the
hydrogenation of n~butenes are reported to be

lower than those for ethyl ene.

The hydrogenation of a mumber of unsaturated
compounds, for example, acetylene, ecthylene,
propylene, n-butenes, hexene , heptene, styrene,

A =methyl styrene and cycloalkenes in liquid
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phase have been reported in the literature. These
investigations led to different kinetic rate
expressions depending upon the type of olefinic
compound being hyd rogenated, type of catalyst

and operating conditions; the typc of r8te equation
obtained in a.few of these cagses are given in

Table 287.  .The type of solvent used also affected
the rcaction ‘rates in some cases. The offect &E
Substituents and chain length on the hyd rogenation
of higher olefins having 6 or more carbon atoms,

however, have not been studied in detail.

A study of the kinetics of liquid phase
hyd rogenation of olefins having more than 6 carbon
atoms at high pressures may be important to
understand the effects of branching and chain
length in olefin mol ecule, mechanism and mass

transfer effects in these reactions,
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EXPERIMENTAL

3.1 APEARATUS

The experimental apparatug used in thig study of C8
and 012 olefins hydrogenation is shown schematically in
Figure 3= 1. The key consisted of a well stirred cylindrical
stainl ess steel reactor of one litre-capacity fitted with
a gas inlet nogzle, a themowell (2 pressure gauge) and a
sampl ing tube for withdrawal of licuid samples.' It is
heated from outside by close fitting electrical oven and
al soi dentadn asstainlesgs gteal cooling coil ingide. a
safety valve is provided on the top flange. In the
experiments with powdered catalyst, the agitation of the
reactor contents was done by a 6~hbladed pitched turbine
typer stainless steel impeller attached to the sh8ft entler—
ing vertically through the stuffing box assembly on the
top flange. For hydrogenation with Pellets a gtainless
steel impeller'was used which contained four bagkets
equally—-spaced around the shaft, in which the catalyst
pellets were placed; the design was gimilar to that used
by Carberry(g). The stuffing-box was provided with
teflon packings and an outside Jackefi for circulation of
cooling water: this water circulation Prevented over-
heating of stuffing box packings. The agitator shaft
rotated smoothly due to the lubricating qualities of

teflon packings; it was driven by a 1/10 hp A.C. motor
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through a V=belt and pulley arrangement. The rotational
speed of the agitator could be varied by changing the
diameter of the pulley. Hydrogen was fed into the reactor
from a cylinder and the reactor pressure was maintained

by two-stage pressure regulator fitted in the line.

PROCEDURE

For the kinetie gtudies, measured amounts of n~heptane

and ol efin feed were taken in the reactor and weighed
amount of reduced.powdered catalyst (=170 mesh + 270 mesh)
wasg dipped into the liguid avoiding contact with"ain. H2
was then pasgsed through the reactor to flush out aiy: the
inlet valve was then closed and heating commenced. . The
stirrer was switched on to keep the catalyst powder in
suspension. When the reguired temperature was neached,
hydrogen was introduced rapidly into the reactor to a
Predetermined pressuré which was maintained throughout
the reaction period by feeding hydrogen. The tempera--
ture of the reaction mixture was maintained by controlled
heating.outgide and / or by passing cold water through the
cooling coils. The reaction was conducted under near
isothemal eonditions ( g 1 °C). Although hydrogenation
of olefins is a*highly exothemic reaction, the rate of
heat transfer through the metal wall of the reactor

and through the circulating water inside cooling coil

was high enough to maintain the temperature under

near isothemnal conditions. The pressure in each run
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was kept constant ( * 0.2 atm) by continuously feeding
the hydrogen. Each run lasted for 1.5 to 2 hours:
during this time six to seven liquid samples ( 4 - 5 ml )
were withd rawn at regular intervalg and analysed for
bromine number to monitor the ol efin concentrations.

Some of the licuid samples were al so analvsed to
detemine the presence of olefin isomers by gas chromato-

graphy.

In the experiments using catalyst 'pelletd the
baskets fitted to the stirrer were compl etel y packed
with the catalyst pellets, amounting to about 4 - 5 gms.
The rest of the procedure was the same ag described
above. The activity of the catalyst was found to be
maintained satisfactorily over periods of 3-4 weeks:
this was checked periodically by a standard run. The
range of the operating variables covered in this invegti-~

gatioh is shown dn Tahle 3.1.

PREFPARATION OF OLEFIN FEEDS AND THETR COMPOSITION

The olefins used in these gtudies were lsooctenes,
branched dodecenes (dimers and trimers of isobutene)
and n—octenes. The isooctene was prepared by the
dimerisation reaction of isobutene using 65 % sulphuric

acld as catalyst(lo). The olefin mixture thus produced
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HE 3.1

PANGE OF OPERATING VA RIABLES

. ———nys.

Temperature, K 303 = 333
Hydrogen presgsure LD = 2.0 MPa
Solvent n~heptane -
Liguid volume, 1’(13 0.45 x 10-'3
Initial concentration of olefin,

K mol/m° 3
- Isoocteneg 04192 =1.4232
- Isododecenes 0.255 =~1+43251
~ D~octeneg 01863 =1.520
Catalyst loading, kg/m3:
~ Powder » 5456 = 19.50
~ Pellets 8.90 = 11.0
Stirring specd, rpm:
~ for runs with pellet catalyst B0 Qw1 204

- for muns with powder catalyst 460 - 800
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was purified first by treating with dilute alkali
solution and subsequently washing with digtilled water
for making it completely free from traces of acid and
alkali. The washed olefinsg were then steam distilled
and the first distillate fraction comprising nearly
50 % of the charge, was then fractionated in a 20~ pl ate
gl agss distill ation column opcrated at high reflux (1:15)
to obtain a product containing only the igéb-~octenes. a
fraction #Hah.3in 2,4,4-trimethyl pentene~1 was al§o
Prepared by distilling these iso—octenes in a 150=plate

spinning-band distillation column.

Trimers of isobutene were recovered by further
dstillatigh.of Tha oligomer residue left after removal
of the igooctenes. n-octenes were prepared by wapour-
Phase dehydration of n-octanol over Al 03 catalyst in a
fixed bed glass reactor 26 mm I.D. operated at 650-675 K
and atmospheric pressurc: the liguid hourly space
velocity of alcohol féed was in the range of 1.5 -~ 2.0 hrrl.
The dehydration Broducds, on standing, separeted into
two layers= the upper organic and the lower agqueous
layer. The organic laycr was scparated in a separating
funnel and distillcd im.a packed glass col@mn at a
reflux raotio of 1:15. The compositions of these three
olefin feedstocks were determined by gas chromatography:

they are given in Table 3.2.
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TABLE 3.2

COMPOSITION AND PHYSICAL CHARACTERISTICS OF OLEFIN FEEDS

e MIXED ISOOCTENES (FEED 1)
Biling range; K 374 - 388
Bromine number 139.8

Compogition, sWti%

Lower bodiling fraction Oel
2;4,4-trimethyl pentene-1 47.3 X
2:4,4~trimethyl pentene-2 1943 i e
L3ﬁ%tﬂmmmw.pdmamf1§ 9.7
243, 4-trimethyl pentene-1 X
2¢3+4-trimethyl pentene-2 X
e X 23.4

3,4,4-trimethyl pentene-2 X
Others:dimethyl hexenes,alcohol etc. 0.3

Total s 100.00

II.  MIXED ISOOCTENES (FEED 2):

Boiling range, K 374 =~ _377.5
Bromine number 141.4
Composition, wt.%
Lower boiling 0.1
2,4,4 trimethyl pentene-1 83..2
2,4,4 trimethyl pentene-2 16.4
3:,4,4 trimethyl pentene-2 tracesg

2,3,4 trimethyl pentene=2 traces



Rl

IVe.

75

2,3,4 trimethyl pentene-1 X
e
2¢3,3 trimethyl pentene-1 Y

Tokal 2

MIXED ISOOCTENES (FEED 3)

Boiling range, K
Bromine number

Composition, wt.%

Lower boiling

24 4~trimethyl pentene=1
2,4, 4~trimethyl pentene-2
2,4,4-trimethyl pen tene-1
2,3,3-trimethyl pentene-1
243 :4~trimethyl pentene~-1

2:3,4-trimethyl pentene-2

> > > >< > >

3,4,4-trimethyl pentene-2
Others dimethyl hexenes, alcohols

etc.

Total

MIXED n-—OCTENES

Boiling wange, K
Bromine number

Composition, wt.%

Lower bOiling

octene=1

0.3

100.00

T . T r—

374 - 380
142.8

74.9
16.3

0.4

e

100.00

304 - 398

140.5

317
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Trans-~octene~4 6.9
Cisfoctenef4 23

Cis—ogtene—3 X

X A
Trang-octene-3 Y
Cis~octene-2 2347
Trang-octene—2 i6.5
ooyl [ 100.00
Ve MIXED ISQDODECENES
Boilding range, K 450 =~ 453
Bromine number 93.24
Composition, wt.%
4~-nmethylene 2,2,6,6 tetra-
8.
methyl heptane Aoy
2,2,4,6,6-pentamethyl heptene-3 29.8

204+4,6,6-pentamethyl heptene-1 § 5

& e 41 4, 6 ? 6—pel’ltamethyl heptel’le— P X

Higher boil ing traces

Totials: 10000

3.4 ACTIVATION OF CATALYST

The catalyst used in this study was a commercial
catalyst containing 0.5 % palladium supported on

alumina; it was in the form of cylindrical pellets of
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0e44 X 044 cm gize. The physical characteristics of
catalyst pellets are shown in Table 3.3. The major

Part of the experimental work was carried out with
Powdered catalysts for this the pellets were finely
ground and the particles of =170 + 270 mesh sige were
sieved for use. Before usc in the hydrogenation
reaction, the catalyst was dried and reduced by hyd ro gen.
For reduction, the catalyst powder was kePpt in a glass
tube of 2.5 cmdiameter, fitted with a sintered gl ass
plate and placed.vertically in an electrically heated
furmnace. . The glass tube was flushed by passing a
nitrogen  stream:; the catalyst was then dried by heating
at 423 K for 4 hours, the flow of nitrogen still
continued. The catalyst was then reduced with H2
flowing at high velocity (1.5 x 1O3m3/hr,(’m3-cat.) )
for 8 hours at 620-~625 K. after cooling in hydrogen
atilosphere, the reduced catalvst was kept immersed in

dried n=heptane completely avoiding contact with air.
CHEMICALS

n-heptane free from unsaturates (Br2 blo MK 0.1)
was used as solvent. The hydrogen was of 99.9 %
purity obtained from commercial sources. all the
chemical s were dried before use over freékﬂy

regenerated 3A type molecular sleves.
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PHYSICALngHARACTERISTICS OF THE CATALYST PELLETS

Average pellet gigze:

diameter, cm 0.44
height; cm 0.44
Surface area, n@/g 188
Pore volume, cm3/g 0.38
Average. pore radius, a° ;O
Bulk density, g/cm3 1. 633
Porosity 0.60
Depth of Palladium layer, cm 0.04 (approx.)

3.6 ANALYTICAL PROCEDURES:

The bromine nqmber of the olefines was determined
by the standard UOP-304-59 method; the details are

described elsewhere(ll).

For identification of the isomers of warious
olefins, samples were analysed by gas chromatography
using flame ionigation detector. For this, a stainless
steel capillary column of 20 meter length packed with
squal ane '30' was used: the temperature of the column

was raised during the analysis from room temperature
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to 263 K at a programmed rate of 1 K/min; the flow of

the H2 was Kept constant at 105 c.c./min.

REPRODUCIBILITY ON HYDROGENATION RUNS:

Reproducibility of the experimental results was
checked by conducting three experiments at a fixed set

of conditions indicated in Table 3.4.

The results shown in Takle 3.5 imndicate good

reproducibility . for kinetic studies.

The maeimun value of (Y; - ¥) /s in these runs

wag=ig the cafe of A3 and this was' 1.093 2%

For testing of the reproducibility of experimental
runs t-test was applied. If the conditiQn ( Yi o 3/52&
t  (tabul ated value), i.e. t-expt. <: titablal at a
given confidence level is satisfied, the results are
reproducible. t-test tables . for degree of freedom
Ne1 ( = 2) at 95 % confidence level, giveg t = 4.303.
This shows that the experimental values of 't' is
smaller than the tabul ated values of '' table: thus
the results may be considered reproducible and satisfac-

tory.

CALCULATION OF REACTION RATES:

To obtain the rates of reaction precisely the
data was fitted by least square technigque, for each

set of conditions to an equation of the fomm -
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TEST FOR REPRODUCIBILITY OF EXPERIMEZNTAL RUNS:
OPERATING CONDITIONS FOR RUNg

Temperature, K S
Initial volume of reactants, m3 R e 10_3
Bromine number of feed 12.97

Initial concentration of_ isooctenes,

k mol/m> 0. 5572
Pressure, MPa -
Catalyst concentration, kgl 7 % 10"3
Duration of run, minutes 90

TEST FOR REPRODUCIBILITY OF EXPERIMENTS STATISTICAL
EVALUATION OF RESULTS

Run No. BmNo. of reaction Ol efin, concent ra-
mixture at 90 minutes, tion (a§ 90 min),
(¥y) kX mol/m°, (Xi)
Al 9.0594 0.3892
A2 y 9.1641 043937
A3 8. 8609 _ 03 8g8

Table 3.5 Con-td..o.-.
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Table 3¢5 contdee.aas s
Average value of Brp No., ¥ = 9.291
Maximum deviation—absolute = O 165
-Percentage = 1. 83
/
= 2
2 o - e
Standard deviation, s = ( -1 ) 0.154
\,_/ Ne1

Maximum experimental value

of 't! =[(Yi g )/s]

1l

1.0932

At 95 % confidence level, for two degrees of “freedom,

t (eabnlaked) = 4.303%

2 3

C.= a+ bt + ct® + &t (3.1

B
Analytical differentiaztion of this equation gave
directly the rate of reaction at a given time. The
values of the initial reaction rateg, I+ were al so
obtained from the above equation by calculating the
réte at initial olefin concentration (i.e. at t = 0 Ta
The experimental deta for each run along with the

reaction rates, calculated uging BEquation 3.1 are

given in appendix 1.



CBAETBE 4

RESULTS AND DISCUSSIQN

4. 1 PHYSTICO-CHEMICAL DATA

The liguid-phasc hydrogenation reactions of
olefins in the thre¢-phase system can be considered to

occur through the following sequence of steps:

Hydrogen is transferred from the gas phase to
the bulk liquid phase; both hydrogen and clefin are
transferred from the liquid to the surface of catalyst
particles and then thc hydrogenation reaction occurs
after adsorption of reactant., Finally, the products
are desorbed and transferred to the bulk liquid phasee
The rate of transfer of hydrogen from the gas phase‘to
the catalyst surface, through the liguid is dependent
upon the diffusivity and thce solubility of hydrogen in
the liquid medium and the hydrodynamics inside the
reactor. For analysis of the experimental data in such
a system, thc diffusivity and solubility of hydrogen in
the reacting liquid phase under the experimental

conditions employed is necessary to be determined.

In this experimental study, n-~hcptanc
constituted the bulk of the liquid medium, the olefin
congent was less than 30 % by weight. Hence, the
diffusivity of hydrogen in the liquid phase can be

app roximated to be the same as the diffusivity of
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hydrogen in pure n-~heptane. Since the vi§COsity of the
solution in the renge of temperature (303-333 K)
employed was low (about 0427 =~ 0.34 cp), the diffusion
coefficients of hydrogen and the olefins, used as

reactants, in n-heptane were estimated using the

following correl ation suggested by Wilke and Chang(124),
5 e - . .6
( DA+ /T) =7.4 x 10 3 aa) © - /ﬁbo eo amve (a1}

The values of diffusivities, obtained rare summarized
in Tahle 441 The molar volume of the olefins, B e
used in these 'calcul ations was estimated by the method
of Le Bag as described by Reid and SherWOod(125); the
values of viscosity of n-heptane were taken from the

literature(126).

The data on solubility of hydrogen in n~heptane

is reported by Lachowiez et al(127)

;. bhiese” a fhors
have experimentally detemuined the solubility of
hydrogen in n<heptane and nwoctane at 298-423 K under
high%pressuteupte, _30.3 MPa. " They alsd compared
their refulis atStmpapher®PHressuge WIth thoSe

(128) A found=that the wvalues

obtained by @Gookwet al.
of the Henry's law.constant were in_ excellent

agreement and this can be applied in this range of
pressure. The solubility of hydrogen in n-heptane,

under the experimental conditions used in this study,

are given in Table 4.2. Other physical and concerned
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TAELE 4.1

DIFFUSION CQEFFICIENTS OF H2 AND OLEFINS IN neHEPTANE

X
Tempe rature I 309 K 213 ¥ 333 K
Holuts 5 =
YDiffusion Coefficient cm”/sec x 10
Hyd ro gen 12. 46 14437 18: 25
OCt(’)DG—l 2- 77 3. 18 4. 06
2,4,4~t rimethyl = 2.77 3.18 4,06
pentene~1
Is OdOdecene 2. 15 2. 4:7 5! - 15

TABLE 4,2

SOLUEBILITY OF HYDROGEN IN n-HEPTANE

— b A s

Pressure, 5 10 Bt 20
atim

b e

p - 2
Temperature,K Scbubid Yty of hydrogen,kmol.m.3x 10

——— s ra— oy c—

B03 2.892 e300 7712 10e122
e B 34020 5.543 8. 060 10.579
333 3.270 6020 8.736 11.466

properties of n-heptane, olefins and paraffins were

taken from the literature(125,126,129)
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4e 2 THERMODYNAMICS OF THE REACTION

Hydrogenation of olefin is ahighly exothermic
reaction liberating large amounts of heat; the hyd ro-
genation of n-octenc, isococtene and iscododecene can

be represented by the following equations:s

L I + I_I - —C H ® ® 9 & aa L ]
n=Cofie * Hoi— " al1is (B

O P
&H298K = 1256 kIS gmol

s Mt + o il
i-C Hz,;._~ 1C8H18

B 16

o 118 2 kJ l seo voe (4-3)
R, Rl e . / gno
Lo o H T H, — 1O
H 12 0 e 1=k oo

o LI R N (4‘.4)
D = 133.5 kJ/gmol

H298K

L o
The andard E1 a s
The standard heats of reaction QH298K w

estimated from the heat of fomation data given in

are

Table 4.3« The equilibrium constants for these
reactions were also estimated using free energy data
and are s summariged in Takle-4.4: the values of the
equil ibrium constants of hydrogenation of the three
olefins are of tile ¢grcipr SF lO12 to 1Lo15 in the
temperature range of 298-~400 K; such high values
indicate that these recactions are essentially
irreversible and the reverse reaction of dehyd roge-
nation of alkanes can be neglected. In an earlier

study of the vapour phase hydrogenation of isococtene
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FJABLE 4.3

THERIODY NAMIC PROPERTIES OF PARAFFINS AND QLEFINS

et o O - —— i

Compound XHeat of  XFree X Entropy

X formation Yecnergy of § &0

%( H%)298K§fong?non J cal /mal K

Z G
iRy,

§Kcal/mol § '“98K§
o LT e S ;- X Keal /mol X e
2,42,4~trimethyl pcntane -53.,57 . 2 101. 15
242,3=trimethyl pentane -~52.61 4409 l0l.62
2,3,3-trimethyl pentanc ~51.73 4.52 203414
2,3,4~trimethyl pentane ~51.97 4452 102431
ISOdOdeCane - "‘79037* 11. 98 1480 79 o
2,3,3=-trimethyl pcntene-~l S Ty 23.49 103.03
2,3 ,4=trimethyl pentene-1 ~-23474 23+ 50 102.02
2,4,4=~trimethyl pentene-1 ~25.34 22+20 101.04
2+4,4-trimethyl pentene-2 ~26485 2074 100. 87
3,4,4-trimethyl pentenc-2 ~25.89 d1l. 56 101.34
cis—octent~?2 ~21.49 * 23827 10w 38 *
trans~octene-2 22,42 * 22463 109.39 *
trans-—octenc-3 22442 * 22.63 109.40 *
cis-octene~4 ~21.43 * 23433 110.37 *
trans-~octene-4 ~21.49 * 28.56 109.40 *
isododecene ~50626 * 32.95 147400 *

- -~ -

* Notess Calculated using group contribution method.



87

TABLE 444

EQUILIBRIUM CONSTANTS FOR HYDROGENATION OF QLEFINS

I -~ -

Temperature, K 298 400
Reaction dLefin Equilibrium constant, K
- e o 13 8
4.2 2,4,4-t rimethvl D« 30 % 3«62 x 1O
pentene=1
18 9
4.3 Octene~1 26 4857 20 363 x 1o
, 13 )
ded isododecene 4,00x 10 "

Hougen ct al. (130) also showed that upto a temperature

of about 573 K the reverse reaction is negligible.

4.3 . H{DROGENATION WITH POWDERED CATALYST

4.3.1 Mass txansfer effects:

As mentioned earlicr, this reaction system for
hydrogenation of olefins compriscs of three phases.
gas, liquid and solid. Compared with the description
of a two phasc reaction system using a microporous
catalyst, the description of a three-phase reaction
system needs the added consideration of mass
transfer between the gas and liquid phases and
through their interface. The rate of transfer of
a reactant (hydrogen in this case) from the gas

phase to the hulk liquid is govemed by the
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product of gas absorption coefficient and gas-liquid
interfacial ares, Kglagl' To reach the exterior
surface of a catalyst particle, the reactants
dissolved in the licuid phasc must overcome the
fluid-particle mass transfer resistance arising €rom
the liquid bourdary layer surrounding the catalyst
particle. The usejof well stirréd-system implies
that conveetive mixing of kulk liquid phase is quite
vigorous and no concentration gradient exists. in that
phases Finally, within a porous catalyst particle
there is-a kinetic' resistance and intraparticle
diffusjonal resistance and the two extemal diffusion
steps act in series with the diffusion and reaction
within the catalyst; the rates of the three steps
must be equal under steady~state conditions. These
extermal and intraparticle diffusional resistances
cannot be ignored, and a knowledge of intrinsic
kinetic rate expression, free of any mass transport
inhibition, is required for the reactor design. - In
the development of a rate ocxpression from 1aboratory
experimental data, it is important to quantitatively
deteminc the rate controlling step {8)"and to find
the reaction conditions-necessary to eliminate the
physical transport constraints ( both external and
intraparticle) on the rate of reaction and thus
provide a measure of the uninhibited rate for the

chemical reaction. Retemination of these wnditions
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ensuring absence of mass transfer resistances usually
involve a combination of experimental tests and calcul a—

tions using proper corrclations. Satterfield(131)

and
Smith(132) have proposed the following model (Egn.4.5)
for stirred-slurry reactors bascd on the concept of
first-~order resistances in serics i.c. those associated
with, (1) mass transfer from the-gas-liquid interface
to the bulk liquid phase, (2) mass transfer from the
bulk liguid to £hé cxtesmal) suTfage of ithe cagllyst
particle, and (3) surface reaction on the porous

catalyst particles,

1 1 p.a 1 B L
o o R s i, ae (42 B
0 6ic k m

*
o Kgl agl CH,g G ,.Kls s

In the abscnce of prior knowledge of the reaction order,
it would not be possikle to use this equation for
estimating the three coefficients Kgl' Kls and ks'
although thce equation is still conceptually uscful.
Bven for first-order kinetics, it is only possihlie to
dete;r_mine the masg Lyensfer coef ficiants, Kgl’ #r the
gas=liguid imfcpteeec, but not the cogEficiént, Kge
for the mass transTes fiom) the bl Rk=Ticquid to the
¢catalyst suxface and the surface reaction rate
Gonstant, ks' separately as they are combined together
in the slope of a plot of f}./ro Vs 1/me An additional
problem 1s to cstimate the effectiveness factor TL to

obtain the trmue surface reaction rate constant ]{S.Thus,
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to estakhlish the regimes of control in the hvd rogena.
tion of olefins, more general considerations were
required to be invoked. For this, as earlier stated,
two types of approaches (a) experimental approach and,
w)CMcM@uyeamummhwemuﬁﬂowﬁ. In the analysis
described in this section, a pseudo-steady state has
been assumed; the initial reaction rdtces have been

used since mass transport limitations are expected to

be maximam under the initial conditiochn,

Experimental evaluation of mass transfer constraints

Effect of agitation

A very direct test of the importance of gas-—
liquid tronsport can be made by running several
experiments at different agitation rates with all
other variables held constant. If the observed
reaction rate varies with the agitation, this constitu-
tes a strong cvidence that gas-liquid mass transfer
coftigls, or atleast influences, the reactioh wate. If
no effeqt lsrobsenyed, the résistance™toy®e 1 jguir
mass transfer is - probahly insignificant in comparison

with other pessikle resistances,

Figuares 4.1, 4.2 and 4.3 show such a series of
experiments for hydrogenation of isooctene, n-octenec
and isododecene respectively; these experiments were
conducted with powdered cétalyst Bt 313 K ang 5 &t

( =~ 0.5 MPa) pressure; the agitator speed was varied
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in the range of 200 -1200 rpm. At similar roates of
agitations, n-octenes showed higher rate of hydrogena-
tion than isooctenes and isododgcenes. Hence, a few
rans for the hydrogenation of n-octenes were also
conducted at 333 X varying the agitator speed to check
the mass transfer effeccts at higher temperatures. At
low agitation speéds, the stirring speed had a
pronounced effect on the observed rates of hyd rogena-
tion. Cleardyy the rote of hyd rogen@tion of dsooctenes
at 200 rpm was significantly less than at, say 600 rpm
( Pegyy LD:tM5y%demMy&mtth3ﬂmm%ein
the value of gas-liquid mass transfer cocfficient,
Kgl' with increasing agitation. In other words, low
speed of agitation was insufficient to produce the
proper chemical rate, either because the catalyst was
not unifomly suspended or becausc of a large
resistance acrpss the gas - liquid interface due to
incompl ete devalopment of interfacial ared at low
agitation speeds. At stirring speeds . of about 600 rpm
and above, the observed reaction ratc was no longer

sensitivaitosagitatieng

With n-octenes, the influence of agitation on
the rate of reaction was morec pronounced than with
isooctenes; the trend, however, remained simil ar,
At stirring speeds of akove 700 rpm (Fig. 4.2) the

rate of disappearance of n-octene remained almost
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constant. At 333 K, the cffect of agitator specd on
the ratce of hydrogenation of n—octene was morc
bronounced;on incrcasing the stirring rate from 460 rpm
to 800 rpm, the rote increcsed by about 10%. When the
agitation was further increased from 800 to 1200 rpm,
the increasc of reaction rate was only gbout 1.2 %
showing a negligihlec &ffeet of gis=liquid mass

transfer in: this mixing range.

I caselOf isododecenes, the influence Qif
agitatien on thc reaction rate was verg small; the
reaction rate increased from 4.52 x 10"3 at 200 rpm

3 kmol.(kg;cat_l)hrrl at 480 rpm and

to 7.59 x 10~
then leveled off. From the above experimental

observations, it was concluded that to avoid a
Strong influence of gas-liquid mass transfer in

this system, cxperiments should be conducted at

Stirring spceds in excess of about 700 IDiMe

Bffect of catalyst concentration

Therc 1s ng diteet way -of ensuring the
absence of influence of liguid/sclid mass transfer
resistance, but an approximéte indication of the
effect can be had by (1) examining the variations
in reaction rate as a function of catalyst loading,
and (2) by assuming first-order kinetics, plotting
1/16 Vs 1/m, in accordance with Equation 4e 5, and

detemining the slope of the resul ting straight line,
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The results obtained by observing the ratces of
hydrogenation of isococtenes, n-octenes and isobutene
trimers (isododecencs) as a function of catalyst mass
in the slurry are presentced in figures 4.4, 4.5 apd
4.6 respectively. These experiments were carried out
at a temperaturc of 313 K, 0.5 MPa pressure and 800 oy
the amount of catalyst was varied in the range of
9.5 x e kg to 8.66 x 107 kgs  The total volume of
liguid was Q.45 x 10.-3 m3 in each case. With iso-
octeneg, ‘the rate of hydrogenation inecrcased from

1

Do B275 kmolsgé.hrr B e 10_3 kg cagalyst to

Ol 2 Emod -0 T G ek 7.81 x Mo kg catalyst, while

in case of isododecenes (Fig. 4+6) the reaction rate

| 1

increased from 0.07 kmol.mf3.hrr ta O glag kmol.m~%hrr

with corresponding increase in the amount of catalyst
from 3.97 X iI.O"3 g 866 x 10“3 kge For n-octenes
the rate of hydrogenation showed a similar trend and

owncd@0d Byom o, 168 kolemn S i b €5 S8 ol el - <hr

3

i

athcatalysp.loadings of “2,52. x 10"3 kg AR 74,1848 10

kg regpectivoly (Rl qure-—aps),

For £hegfinrec ol efinlit feed gEeLksirused in
the present studies, the rates of hydrogenation
increased almost lincarly aas the catalyst loading
was increased. A similar behaviour of proportional
change in hyd rogenation rate with the amount of

catalyst was also observed by many workers while
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bydrogenating unsaturated compounds under conditions
in the kinetic region(91~93' 102'113'119). Such
linear relationship is expcected when the rate of the

reaction is chemically controllcd.

To further test the influence of extemal mass
transfer on the ratgs=iof hvd rogenation, these data
on the vagiation of reaction rates with the amounts
of catdlyst were analysed by replotting as 1/, Vs
1/m. Such plots are shown in Figares 4,7, «4+8: and
4¢9. .These plots were based on Equation 4.5. “&s
expected, the curves are straight lines with inter

fepe 51/ Kgl and,

o el
gl "H g

Fp dp {
sl Ope = s -

£ - W
| K ks
6 c’;’ 3 L o )

It can Dbe seen from Equation 4.5 that the intercept
is exactly egual to the rate that would exist if the
reaction werc controlled by gas-liquid mass transfcr.
To be certain that gas~liquid mass transfer is not
contralling, the actual experimental value of g T8
should be much larger than the intexcepg. Then from

C . and slepe, the combined

I'l' g

a knowledge of f%: dP'
effect of surface reaction and liquid-solid mass
transfcr was obtained by cstimating a composite
constant k' = (:L/KlS + L(ks): this value was

compared with the liquid-solid mass transfer

coefficient, Kls’ estimated by the correlation of
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Brain and Hales(133). In the analysis described

below the intercept and slope of /1, Vs 1/m plots

were estimated by linear least squarc method.

Figure 4.7 1s @ plot based on Equation 4.5 for
isooctence hydrogenation. It is clear that the inter
cept of the straight line in this plot is small
compared to the valuc of L/rb for the run with the
lowest. catalyst loading; the actual values arc
0s 26672 m3.hr.kmol~1 for tHe=intefmept and’ 7.844 m3.
hr. kmol ™+ for the experiment. This fiqure shows
that the gas-liquid resistance for this run was only
about 3.4 % of the total resistance; evidently the
transfer of hydrogen from the gas to the bulk liguid
did not control the reaction rate. For the run
with the highest catalyst loading (the data point
farthgst BN &he Left side in Big) 4.7, tho
intercept is about 7.48 % of the actual value of. the
ordinate; 3.56252 m«hrykaol 75 versus 0. 26672 T
hr;kmol—l. Therefore, for isococtefics, @ agitation
of 800 rpm, with catalyst loadings in the range of
2. 88 x 10.~3 - 7.81 x 10—3 kg (6.4-17.35 kg/m;) used
in these experiments, the gas-liguid mass transfer

was negligihle.

Figure 4.8, which is a similar plot for the
hydrogenation of isododecencs at 800 rpm and 313 K,
shows even a lesscr effect of gas-liquid mass

transfer on the overall recaction rate; the value of
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the intercept is 0.105667 which is about 0.73 % of
the ordinate (1.4285 m3.hr3kmol_l) for the experiment
at lowest catalyst loading (catalyst 3,97 x 10"3 k9
and about 1.5 % of the run with highest catalyst

lodding (catalvst, 8.66 x 10"3 Xgr ordinatae,

670465 m>«hr.Kmol™1y.

A similar plot! for-the hyd rogenation of
n-octene (Fige 4.9) at 800 rpm, 313 K and Q.5 MPa
pressure gave an intercept of 0.20 m3.hr.kmol_l,
showing negligible cffect of gas-liquid mass trensfer
on the-overall reaction rate, This was only about
3.0 % and 8.20 % for thc runs at lowest (2.52 x 10~3kg)
and highest catalyst loadings (7,18 x 10~ kg)

respectivel v

Theoretical Bvaluation of Inter and Intra Particle

Mass Transfer Resistances

In'oxder to;detemine if Yiguidesclid mass
transport, and the pore diffusion are significantly
afifeatingdthe feaction, it is oftefl useful He
perfom simpl e calculations as discusseds by

Satterfielkd (131) o

Solid-liquid mass transports

As indicated earlier, the values of liquid-

solid mass transfer coefficients, K_'Ls’ were
estimated using the following correlation suggested

by Brain and Hales (133),
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«+ (4.6)

| S (gdﬁ(fa"aﬂ
(52F %< 40 + 1.21

|
7 I
a L

RN |

The values of the composite constant, k' (defined
earlier) were obtained from the slopes of l/rO versus
/m plots at 313 K and a stirrer Speed of 800 rpm.
The values of KlS and K. thus obtained are summarized
in Tahle 4.5. » The relative order of magnitudes of
Kjg and K| indicate that, k' was sufficiently lower
than K.LS° This provides acceptahle indication that

liguid-solid mass transfer did not" @ffect the

reaction.,
Pore diffusion:

Recent studies by Rurusawa and Smith(134) have
shown that pore diffusional effects in slurry
reactors can be serious when particle sizes greater
than about 0.02 cm are used but it is negligikle for
smaller particle sizes. In the present case, the
dverage particle sigze was of the order of 0«0075 cm.
The Thiele modulus, :J for the maxirmum observed
reaction rrate "at 333 K was caleulated fok this
size, using the method described by Satterfield
et al. (7) and are summarized in Tahle 4.6, The
values of 1; at 313 K and 0.5 MPa pressure are
also shown in Takhle 4.6. The corresponding values
of effectiveness factors, MN_were estimated using

the published ¢» Vs 'V{) charts(132) and found to be
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IABLE 4,5
COMPUTED VAIUES OF Ky, AND kAT 313 K aND 800 ToDe Mo
: i I ]
ol efin % Tiw I W /R + 1 )
X cn/hr X
i A X i,
isooctene 32789 . Gyt by
n-~octene 330.0 26.85
isododecene Fe0e 0 702
TABLE 4.6

VALUES QF THIELE MCDULUS_ FOR POWDERED CATALYST

B i o Y —

Qlefin

Thiele Modulus, # x 102

3] T £33 K
isooctene 0.16 0o 17
ne—octene Qa2.8 £.30
isododecene 0.07 O« 10

. A N B . P, e s —

approximately unity. Values of # indicate that the
pore diffusion with this powdered catalyst can be
assumed to be negligible., A sample calculation for

Thiele modulus from these data is shown in Appendix A,
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4e3.1.3., Sheck of controlling regimes based on Arrhenius plots

The most conclusive criteria for discriminating
the controlling regime is perhaps the magnitude of
the activation energy. The Arrhenius plots of r, at
a given catalyst loading are shown in Figures 4.10
to 4.12; these linear plots show that in the range
of temperaturestudded, Cthere=was noushift in the
controlling mechanism from kinetic to mass transfer
control. The activation energies were estimated
from these plots and found to be in the range of
55 .60 kJdmal T, . Since the pore diffusion effects
were eliminated, the value of activation enerdy of
about 55 kJ.mol™ T represents the activation energy

for the intrinsic reaction.

Based on the okservations presented in the
foregoing pages (at 700 rpm and above), kinetic
control can safely be assumed to prevail in the
syStem for the.hydrogenation of isooctene, 'iso-~
dodecene "and n-—octene. In an eariier‘study(13) on
the liquid phase hydrogenation of isooctene using
the same palladium catalyst and apparatus,the
author had observed that both extermal and pore

diffusional resistances were negligihle even at

agitator speeds of 480 xpme.
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KINETIC STUDIES

Effect of process variables

After Cstablishing that, with the powde red
Catalyst, at impeller speeds of 700 rpm and above,
the resistance to mass transfer was negligible, sceries
of hydrogenation using the threec olefins as fecods,
Cexperiments were carried out at 800 rpms. In these
experiments, (a) the initial concentration of olefin
lrfathel Piduid phase, (b) reaction tempe rature, and
() the hydrogen pressure were varied. The results
obtained were evaluated in terms of reaction ratcss
the observations and results of these experiments arc

described below for each ol @Fin Separately.

Bydrogenation of isooctenes

Effect of initial lsooctenes concentrations

The effect of initial isooctenes concentrationA
on the rate of}reaction was studicd over the tempera~
ture range '303-333 XK and hydrogen pressurc of 0.5 MPa
and an agitator spced of 800 rpm. Figure 4.13 shows
typical results obtaincd and represents the 8ffech
of initial isooctene conecntrations en the initial
reaction rate at temperaturcs of 303, F19 and 333 %0,
The initial rate of hydrogenation was found to level
Off at isooctene concentration[ng kmol/i° and
above. The incrcase of rate thercafter was
negligible; this showed an almost zero oxder

behaviour with respect to isococtene concentration,
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At very low 1lsooctene concentrations S kmol.m.-s);
however, the trend was towards first omder, With |
increase of temperature the reaction rate rose substEn.
tially, showing a temperature dependence; for example, |
at the initial isooctene concentration of 0.5572 kmol.m~3—,

= kmol-. (kg-cat) _1.hr'-'1

the rate increased from 0.6293 x 10~
at 303 K to about 1.6 x 10T Mmol v (Kedat) " thr ! at

313 K.

Effect of hydrogen pressure

The influence of hydrogen pressure on the initial
rate of hydrmogenation of isococtenes at 303, 313 and
333 K is shown in Figure 4.14. It was found that the
rate of hydrogenation increased rapidly with increase
of hydrogen pressure upto 0.5 MPa and then very slowly;
the rate of increasec was more pronounced at higher
temperatures. At 303 K, for example, the initial rate

-1 2

increased from 0.542 x 10”7 kmol. (kg=cat) “Thr ! at a

pressuge of" 0. 5MPa to Bl Pa74 x 10"1kmo1. (kgc--c:at)"l

hr":L

at- 20 MPa.

Since the hydrogen concentration in the liguid
phase is almost.proportional to the total hydrogen
pressure in the system (Takle 4.2), the influence of
hydrogen concentration in the liquid phase on the

rate of hydrogenation followed a similar trend as

with total pressure (Figure 4.15). For eavluating
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and correlating the rates, this hyd rogen concentration

in the liqid phase was considered.

The apparent order of reaction with respect to
hydrogen and isooctene were computed by fitting the
initial reaction rates and corresponding olefin and
hydrogen concentrations into a power law rate equation
graphically and dre given‘in Tahle 447. The data show
that the rate was more influenced by hydmwgen concentra-
tion than olefin concentration. The apparent order,
with respect to both hydrmogen and olefin, sidghtly

increased with increase in temperature.

During hydrogenation of olefins, isomerisation
through shifting of the double bond has also been
reported to occur by some investigator:s(.13 651%3’?59,) of course,
depends upon the type and properties of the catalyst
used. The possibility of occuirrence of isomerisation
was also examined in this case. In some cxpe rimentsy
carried out at 333 K, the liquid samples withdrawn at
intervals were analysed by gl¢ for the ratic of
trimethyl pentene-l to other isomers of isgoctene, M .
Figure 4.16 shows. thc variation of this& ratio with
reaction time at 383/K jand 0«5 MPal pressure for
feeds contalning two different concentrations of
2,4,4-1MP-1. It can be seen that when the ratio M of
2,4,4-T1P~1 to 2-MMP's was slicghtly higher, it

decreased rapidly to a value which remained constant
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TABLE 4.7

APPARENT QORDER QOF REACTTON COMPU TED FROM INITIAL RATES

al efin Order of reaction
eed
= We Lot Hz We Tvte olefin

Ianin J03 K 328 X J53° E 303 K S5 K 338 &

e v ron e

— — -

Isooctene Do 403  w@e 205 P 0. 276 G 50 0059 0e 100

n-—octene €168 (o215  0.334%9 90086 0.091 D076

Isododecene Qe"i21 #»'0s@23 (K326 (ONe54 0.055 Oe 062

upto about complete conversion ( =290%). This ratip M

appeared to be the equilibrium ratio at this tempera-

ture,

These observations are based on the analysis
data. The differences in the initial isomer composi-~
tions were small and one may consider these to be
within experimental.errors. If the dglc analyses data
are taken e be Righlv.accuratespiEiien it @an Pe
inferred thag &h§ olefins get isomegisedsfapidly in
the beginning To theid eguilibgiul retioc. This
could occur on the feeble acidic sites of the alumina

suppo rt.
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4¢4¢ 1.2 Hydrogenation of n—octenes

BEffect of initial n-—octenes concentration

The dependence of the initial hydrogenation
rates on initial concentration of n~octenes at 313 K
and 0.5 MPa pressure is shown in Fgore 4.17. It could
be seen that the variation of the initial reaction
rate with olefin concentrations and temperature showed
a simil ar trend as in the case of isooctene; the
absolute rates were, however, substantially higheor.
The apparent oxler of reaction with respect to
n-octenes concentration at 303, 313 and 333 K was
determined from the initial reaction rates and found

to be 0.03G, 0091 and 0.076 respectivelyr(Tahle 4.7).

Effect of hydrogen pressurxe

Figures 4.18 and 4.19 show the effect of hydrogen
pressurc and the hyvdrmogen concentration in the liquid
phase on the dnitial rate of hydrogenation of n-octenes
at 313 K and Q.5 MPa pressure. The data indicated
that the effect of hydrogen concentration was more
pronounced at’ higher temperature (333 K). . It was
further observed (pigures 4717 and 4,19) that the
reaction rate was more dependent on the hydrogen
concentration than on the olefin concentration. The
apparent oxder of reaction with respect to hydrogen

also supports this observation (Table 4.7).
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The variation of unreacted n-octenes composition
with residence time at 303 K and 0.5 MPa pressure is
showq in Figure 4.20; the corresponding total conversion
of n-octenes versus residence time is also shown on
this nlot. It can be seen that the distribution of
isomers of n-octene attained almost equilibrium distri-
bution after about 10 % conversion level. A&t 333K
this equilibrium was cstablished more rapidly (Figure

4e21) .

Hydmgenation of isododecenes

ey o ——

Effect of initial isododecene concentrations

The variation of initial rate of hyd rogenation
with initial isododecene concentration at 303, 313 and
333 K and 0.5 MPa pressure is shown in Frenre |4, 22.

The initial rate increased rapidly when the isodode-
cene concentration was increased about 0.3 kmolem >

and then remained almost constant while the fmitigl
isododecene concentration was increased 5-fold to
akmtld]mdﬂ#. This showed & zero orxder dependence
of the rate on olefin concentration above Do kmol.m_3.
The overall reaction .rates at the-three témperatu res
and the pressure range applied in this study were
lower than that obtained for isooctenes and n~octenes

under similar operating conditions.
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Effect of hydrogen pressure:

Flgure 4423 shows the effect of variation of
total hydrogenation pressure on the initial rate QF
reaction at the olefin concentration (0.373 Xmol.m > )
in the feed. Hydrogen pressurce seemed to affect the
reaction ratc of this longer chain olcfin relatively
more than in the cases of the C8-ol efins, though the
overall rates wWere lower., At 303 and 313 K, the rate
first increased with incrcase of pressure and then
almost levelted off at hydrogen pressures of above
1.0 'MPaj; on the other hand, at 333 K, the rate
increased rapidly upto about 1.0 MPa, but beyond that
also showed an cver increasing trend detemined upto

2.0 MPa.

The variation of the initial rates of hydrogena-
tion with the corresponding hydrogen concentrations in

the liquid phase are shown in Figure 4.24.

de 4o 2 ANALYSTS. OF KINETIC DATA

4e4.2.1 Power law model

At first the variation of the hydrogenation
rates with concentrations of olefin and dissolved
hydrogen over the entire range of conversion was

evaluated in termms of the power law model:

eees00 (4‘.7)

s ho) q
i R G CB

a
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Equation 4e7 was processed after fitting the rate data
using non~linear least square technique. The estimated
values of the parameters k, p and g alongwith the
average absolute error and sum of squares of residual s,
Sf are given in Table 4.8. It can be seen that the
values of p and g are not constant over the entire
temperature range. & elose look at the wvalues of‘Sf
and the average absolute error in Table 4.8 shows that
the kinetic data fits the power law model in the low
temperature range. For iscoctenes and isododecenes a
large deviation is observed at 333 X, while for
n-octenes large deviations are observed even at 313 K.
This power law equation, therefore, did not appear to

be very satisfactory over the entire range of tempera~

ture and for all the three olefins.
Mechanistic Models

although the power law rate equation fitted most
of the kinetic data, it can be used only for general ised
relationship. It, however, does not give much infomma-~
tion akout the mechanism of the reaction. Several
rate equgtions were, therefore, derived based on
Langmulr-Hinshelwood and Rideal mechanisms and

examined for precise matching with the kinetic data.

As al ready mentioned, the diffusional steps
were not rate controlling under the operating

conditions employed, Hence the adsorption of reactants,
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TABLE 4.8

PARAMETERS FOR POWER-LAW MODEL (k,p,q) WITH r IN

e e e SRS “’X"" e

isococtenes

isododecenes

n_octenes

S33

13
3

343
313
£33

343
513

3543

kmol . kgcat™ L,

L

i
X X ;
X X K

0+ 2125 De0625

0.2312 0.1000
0.3125 0.1188

01812 0.0438
042000 040687
0.2687 001312

Ome3'257' 0. 1125
02312 0.1063

003125 Qe 1750

hf'l

TON —

i o e

ey, ! o

s e g e

k x 1O2¥ AV ge % X
X abs .

crror X

| 1=~ - &
13880 I1.@3
3.810 3:.88
16. 530 18
D« 896 04
1.988 093
2,078 LR
3 el B 63
6.700 6.09
B1L80 ~3p 872

0.3793

0« 2994
0.6738

0« 8840
g 1361

0e 8136

0e 1206
Oe 2265

Oe 1596

X
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the surface reaction and the adsorption of products
were considered for the development of kinetic rel atione-

ship.

A preliminary screening of these rate Controlling
steps was done using the effects of temperature, total
Pressure and initial olefin concentration on the initial
rates of hydrogenations these were discussed earlier in
section 4s4.1 and shown in Figs. e 13-14, 4,17-19, and
4e22~24+ These plots were compared with the standard
plots given by Yang and Hbugen(14o). From this compara-

tive 'study the following conclusions were drawn:.

Qe The reaction rate was not proportional to
hydrogen pressure, hence, the adso rption of

hydrogen was not rate controllinge

o The linitial rate of hydrogenation was not propor-
tional to the first or higher power of inditial
olefin concentration; this indicated that the
mhoqum<ﬁ<ﬂeﬁnwaspmmaﬂynm:ﬂm rate

controlling stepe

Ce The possibility of desorption of product being
rate controlling can be ruled ocut because the
reaction was not independent of olefin o ncentra-
tion and of hydrogen pressure at various tempe ra~
turese.

Therefore, it appeared that the surface reaction

may be rate c0ntrolling<14o).



134

On the basis of surface reaction as the controll-
ing step several models were postulated and the
kinetic rate exprecsions were developed for them. The
method developing the rate equations as described by

Yang and Hougen {340)

was followed for this study. For
developing the rate expressions, following assumptions

were mades

(1) Therp rganic suhstanca, |1, & olefin, is adsorbed
without dissociation and that hydrogen ¢an be
adsorbed with or without disgocidiongibr Giat it

may react directly from the gaseous phase.

(ii) The reverse reaction of dehydrogenation of
paraffinic product was neglected, since from
themodynamic calcul ations, described earlier, it
did not appear to be significant at all in the
operating range covered. The success of the final

correlation al so substantiated this.

Further, in addition to these equations based on
assumption of competitive adsorption of the reaction
components on the catalyst surface, equations based on
the concept of non-competitive adsorption of the

reactants were also derived and examined.

Derivation of kinetic models

The overall reaction of hydrogenation of the

olefins can be expressed by the following Equation:
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A + B‘--*———-—- C 000 e (408)

Hyd rogen Olefin Products

The deductions of various rate equations for this
reaction based on the surface reaction as contrmlling

step are described below:

MODEL ~1

R e

A and B are associativelv adsorbed on adj acent
sites and react to fom a molecule of product: paraffin
which is adsorbed on the samc sites originally eoccupied
by hydrogen and olefin. Equation 4.7 can be divided
into following clementary stepss
Flrst step: adsorption of hydrogen on the catalyst

Srfaca,

A + M T K| Abg KA = cAS /cA}CS vese (4.9 @)

Second step: adsorption of olefin on the catalyst

surface,

Third skept surface reaction between adsorbed & and B

k
z\‘S-I-ES .____3__\ CS+S @ ®o0n0aese (4‘.9 c)
-

k-3

Fourth step: desorption of products,

> _ %y hssein W5 K= C.Cq i .

c o-.--(4.9 d)

S

When the surface reaction (third step) is rate controll-

ing then the rate of reaction is given by
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aG g o k3 C$ CBS ceenses (4410)
The reverse reaction of dehydrogenation of saturates
has been nedl ectcd.
The concentration of total number of active sites, CT’
is given by

wl = i : ol [I
(.IT CASTC$+L’S+CCS ..n.co(:oll)

Substituting the valucs of CAS' CBg and CGJS 1n terms

of the equilibrium constants, KA’ KB and KC in Egquation

4.11, and eliminating CAS and CBS from Equation 4s 10,

we ‘get

LY S A B
o ®0enaees (4.12)

Kgllic) X 2 e c
- : 5
CB + KCCC )

I =

(1+KACA+I\B

Substituting k for k3C§,, and neglecting the adsorption

of products, C, we get model Equation 1.

=
k KA x{B CE‘; CB

Ir = ' ) 1000000~o*(4_.13
(1 + KACA + KBCB)

MODEL ~2

In this mod&l & is dissociatively adsorbed; B
is adsorbed associatively and surface reaction
between adsorbed A and adsorbed B is rate controlling,

The sequence of the elementary steps then becomes:
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First step:s adso rption of hydrogen

2

& 4+ 2B 245: K, = C C2
W—— ° A“ AS/ CAS e oeeoans (4.13 a)

Second stept adsorption of olefins

B e S '\"—"__; BS 2 KB CK‘;/CBCS Q.'I.IO(4.13 b)

Third step: surface reactien

s

k3
BS + 2a5 e 2 .28 sassedee (e 13 )
= w»
K
-3
Fourth steps
2 Gt 5. ¢ Kil - & G'Q € g o o nn s d
s i c GS/ Cs (4.1374)

Total concentration of active sites is given by

= + C -+ e 2000 o0 [y
CT CAS BS + CS CCS (4e 14)

When the surface reaction, step 3, is rate controlling,

the rate of reaction is given by

r = k3 G C ®¢ 6000w (4o15)

El iminating, CK‘S and CE from EJuations 4.14 and 4. 15
and substituting the value of CS in tems ef adsorption

equilibrium constants, Koe K5 and neglecting the

adsorption of products, we get,

kK Ky Xp Cy Cp

cla PR 7 .
3
it +/EZACA + K G
3

where k = k,C,




MQDEL -3

e v—

A 1s alsorbed associatively; B not adsorbed but
reacts from solution; surface reaction is rate controll-
itige TF dri tha elementary steps of model-1, the second
step namely, the adsorption of olefin, is neglected
keeping all other steps the same, then following the
simil ar procedure, the resultant Ecuation ig,

T O T

L os o . o o 0L, 17

(1+KACA)

MODEShed

In this A is adsorbed dissociatively; B - is not
adsorbed and surface reaction is rate SoRtrol §ing., In
mechanism—-2, if the adsorption of olefin is neglected,
then following a similar procedure, the model Equation

4418 is obtained,

kKA CA CB

= | 2

csccseseass (4.18)

MODEL 5 & 6

A i1s adsorbed on sites Sl; B is adsorbed
associatively on sites S, non-competitively. The

sequence of elementary steps then is,

First step: adsorption of hydrogen on sites\sl

r— 4 =
a o Sl S A‘Si 7 KA C@ﬁl / CA CASl 00000(4.19 a)
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Second step: adsorption of olefin on sites 52

—h d =
B + 32 PR Ez ’ KB C.Esz / CBcsz .-.nao-.(4019 b)

Third step: surface reaction between adsorbed A and
adsorbed B,

AS + % P— N $ +S .50-0000(4-'.19 C)

Fourth step: desorption of products

CBp P W™ 2 y K O AC o ool s o Nl

Bregt— o B & "=8 / Ccsz s

The total concentration of sitecs Sl and 52 is given by
CTl == le + Csl a6 &8 cap (40 20)
CT2 = sz o+ CCS2 + Csz @eoeenscoves (4121)

When surface reaction 'i. €, step 3, s ¥8te cgniyplling

the rate of reaction is glven by

r_ = il

Ch C,. @0 ocesseseccses (4022)

and g2 |

a5, ‘_)82 fregm equetions 4. 18f~4, 22,

Elim_{nating c
we get,
k3 CT-l CTZ KA KB CA CB
e ooo.o(4.23)

{ L+ XK (1+KBCB+KCCC)

a Ca)
Substituting k for k3 CTi CT2 and neglecting the
adsorption of saturates, the resultant equation

becomes model-5, i.e.
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kS5 Sy Py
r = ......l.l.......(4.24‘)

(1+KACA)(1+KBCB)

In model -6, A is assumed to be ad sorbed dissociatively
on sites 81; B 1s adsorbed associatively on siteg 82
and the surface reaction between adsorbed A and

adsorbed B 1ls rate controlling. Under these assumptions,

the sequence of elementary steps ares

First steps 'adsoxption of hydrogen on sites S

-
A+ 25, - "2AS~K—02 Ve 02 2
1 N 11 A— Asl A S-l .oo-..o-(q.-. 5 a)
Second step: adsorption of olefin on sites 82
b e —_
B+ S, E82 P Ky CBS / Ch Csz seveces (4425 D)

Third step: surface reaction between adsorbed A and
adsorbed B

.S CS +2Sl ...oo--(4.25 C)

-———_\ 2 = P’ .o o e .2
cs C + 5 g <, Cc: %24%52 (4025 d)

Following the similar procédure as described

for model-5, the resultant rate equation beconmes,
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2
kj CTl CT2 KA KB cA cB
lies = .tnoo..(4.26)
e 2
(1 +\/KA cA ) (1 + 1<BCB+ Kc cc)

Substituting k for k3 CTl CT2 and taking the temm

KCCC (adsorption of saturates to be negliglhle as

compared to 1 + KBCB' Equation 4,26 reduces to

kKAKBC CB

r = s e darpige s s e alda27)

(158 /K )(1+KCB)

MODELS ~7 & 8

In these models, olefin is assumed to be
adsorbed competitively as well as non-competitively
with hydrogen. Following the similar procedure as
described akove for the deduction of models 5 and 6,
the following resultant rate equations are obtained
for models 7 and 8 respectively.

kKA KB CA CB

r = o— " LI S (4.28)
2
(1+/Kc ol T I g T

k KA KB CA CB

r = RS S 00000000(4.29)

(1 +KACA+KBCB) (1 + Ky CB)

Model Bquations 5 and 7 can also be derived on the
basis of a mechanism in which addition of hydrogen

takes place in two steps via a hal f-hyd rogenated
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(161)
state as suggested by Horuity and Polanyl. The

modified mechanism steps for this are glven below:s

Step 1 - equillibrium of hydrogen in liquid phase and

catalyst,

all) — A e LAIEH)

Step 2- dissociative adsorption of hydrogen on surface
on sites 84

- s 2 2 reesesl4.3229)
A+.25, 72 248, 5 K, = CAS1 /C Csl
Step 3~ associative adsorption of olefin on the

catalyst surface through [ =complex on

sites 82
—> B J =
B+SZ 82, KB CBBZ /CB CSZ 00-00(4532 b)

Step 4- addition of first hydrogen atom to the
of :

adsorbed olefin in fomy/a semi-hydrogenated

state, which is adsorbed on sites 52

Ky
BS +‘—ﬁ1 ;_ BC‘\SZ +Sl .to-lococ(4.32 C)

k2

Step 5~ addition of second hydrogen atom, leading to

the fommation of products

.

M2+Ml P $2+Sl '.-----o(4t32 d)

x4
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Step 6~ desorption of products
Pl ~ S0 - =Y e eovee(4.32 €
¢ ¢ B3 @82 : )

The total concentration of sites . and 52 are glven by

i
C = ., e 6 sg0cannvee (4.33)
Tl ﬂSl Sl
C = C "-IL C +C oooooo-n.o.(4‘.34)

The concentration of sites gccupied by the semi-
hydrogenated species and the paraffin products are

assumed to be negligikle.

Now, the stationary state as applied to steps 4

and 5 may be expressed in the following forms:
T ¥k 4. CG. =8
%1°ms, a5y ~ *2 Cms, Cs" ka ° pas, 4 “cs 58,

th:. refore,

kiChasy Cas; * %4 Cos, * Cs,
“ms, ~ — -
kz o

neglecting kBCéﬁl in comparison to k2, this reduces

to,
k k
4435)
C - ::‘. bt — C C + i C . C e o0ceocoe

At lower temperatures, the dehydrogenation of
saturated hydrocarbon is almost absent, i.e. k4 <<k1,
so that only the first termm remains on the RHS of

Equation (4.3 5) .



143

Hence, the rate of hydrogenation, i.e. the rate of

formation of paraffin product, C, is given by

r = (S C.
% Cas, Cas,
O T ke -i{-ji—— & 02
3 BS {ﬁ .l...oo-o.‘.(4.36)
k 2 1
2
Now, elimination of CB‘32 and CA.‘Sl from equations 4.33,
4034 and 4.36 and substituting the v8lues of CS.’]’. and
CS2 in tems of ‘equilibrium constants, KA and KB and

neglecting the adsorption of paraffin, the following

rate Equation ig obtained:

2
ky Xy ch X LN

r —4 ..........(4.37)

e — 2
]&2 ! +\/KACA) (1 + KL

B)

k
assuming -—}-c%w-l‘-— C% CT = k, this reduces to the
] A

following resultant equation, which is the same as
that of modgl=5.

k KA K3 CA CB

i = Ql‘...‘....(4.38)

s 2
(1 +./KC 02 (1+ KCy)

When both competitive and non-competitive adsorption
of olefin are considered, a similar procedure as

discussed above leads to model Equation 7.

All the models, assumptions and the correspon-

ding rate equations are summarised in Tahle 4. 9.
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TABLE, 4.9

RaTE MODELS TESTED

Model

T A R o i~ Rt S .

Assumptions

l.

2

4o

5

6e

7e

Be

T - s, ot - .

(a)

Rate equation

Langmii r~Hinshelwood model -equil i~
brium concentration of CgHig and Hp
on same sites-~reaction occuring
between adsorbed reactants

Langmiir~Hinshelwood model —ecuili~
brium concentration of CgHyg' and
dissociated Hy on same sitos-rcaction
occuring between adsorbed” ro actants,

Rideal model-CgH g not adsorbed,
reaction occuring between adso rbed H,
and liquid phase C8H16

Rideal model-CgH1g not adsorbed,H
dissoeiatively adsorbed, reaction
between dissociated Hp and C8Hyg
rate contmiling.

Langmiir-Hinshelwood model -equili.
brium concentration of CgHyg and
dissociated Hy on different sites..
reaction occuring between adsorbed
reactants,

Langmii r~Hinshelwood model wequilis
brium concentration of CgFig and Hap
on different sites reaction
occuring between adsorbed reactants.

Langmui r=Hinshelwood model-ecquil i
brium concentration of CgHjg and
dissociated Hy on different sites,
olefin complete for the samc sites
al so~recaction occuring between
adsorbed rcactants.

Langmui r~Hinshelwood modele-cquil i~
brium concentration of CgHig and H,
on different sites; olefin complete
for the ‘same sites also~reaction
occuring between adsorbed reactants.

N
2
C. 4K _C
(R

ol R
x A BA B

e
{1t SR C IR C)

]
i

H
!

=k KACACB /
(1 + KACA )

r =" K‘(:&CAC}3 Z

" R
(1 + /K5

r =k KK.C,C /
- 2
(1+ /K,C.) /(1+KBCB)

rag I KAKBCACB P

+
(1+ Jx. 80 ) /Tark,cy)

M=l KAKBCACB p

F——

)
/
¥l +\/KACA+KBCB i

(Ja+ K £0)

A S KAKBCACB y
+
(1 +KACA KBCB) Vi
+ &
€. KB B)

(a) where k = kinetic rate constant, kmol.kg-cat'."lhr; K, and K

are adsorption equilibrium constants for H
respectively, m3 Jkmol L,

A B

” and ol efin
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PARAMETER ESTIMATION AND M(CDEL DISCRIMINATI ONs

The experimental rate data were fitted into the
above mentionced rate equations, separately for each

clefin, for finding the best fitting equation.

The procedure usually adeopted in the treatment
of kinetic data to find the best Figtifi@mrate equation
is that the assumed rate equation (which for hetero~
geneous catalytic reactions is usually non-linear
with respect to parameters) is transfomed to a

lIinear form(13o).

By the method of linear regression,
estimates of the constants of the linearised equation
are then obtalned and the suitability of different
kinetic models for representing the experimental data,
expressed as variables of the linearized rate equation,
ls then asscssed. Finally, the parameters of the
original ratc equation are calculated from the
cstimatces of the constants of the lincarized equation.
This procedure has lately been criticized by several

= 147) from the stand

authors in the literaturc
point of statistical methods.e The main argument
against the procedure outlined above is that by
transfoming the experimental data into varialkles by
the linearized equation, the nomal distribution of
the error of dependent variable is distorted and this

invalidates the basic assumption of the regression

analysis applied. When this assumption is not
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ful £illed, the application of linear least square
method may yield incorrect estimates of the kinetic
constants and can lead to the establishment of an
inappropriate order of suitability of the different
kinetic model s, with the possikble result that a

particul ar modcl may erroneously be erocted(148' 149).

aAs suggested in the cited papers, these inadequae
cies.can be obviated by using non-lincar regression
analyslis in which the optimum values of the parameters
of the model assumed are detemnined, for example, - by
applying the criterion of minimim sum of squaregiof
deviation between the experimentally detemined and
calcul ated values of the kinetic variables (reaction
rate, conversion ete), without prior transfomation

(linearization) of the experimental results.

The authors of the above.mentionecd papers have
used non-linear regression(142_l46' e’ LD for
re~evaluating some older data on heterogeneous
catalytic reactions. The procedure has not been -
described by them in detail; usually it consisted of
a combination of the Gauss-Newton(153"155> ahd the
steepest descent(156) methods as developed by

t(157). Like other iterative Progndures, it

Marquard
requires at the start an approximate estimate of the
parameters to be detemined. Kittrell et alﬂlzl)

mentioned some methods of obtaining such first
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estimates; among these they mention grid search method.
In this work, we used the grid search technique with
sparse grid points to estimate the initial estimates
of the parametcrs. Some approximate estimatces were
obtained from the eardicr investigations on hydrogena~
tion(135) in which the linecar lcast square analysis
was used to! estimatce the model parameters. From these
initial cstimates, precise cstimates of the parameters
were made using the grid search technique by continu-
ously reducing the grid size till no change in the

sum of ‘squares of rcsidual s between the experimental
and calculated reaction rates was obtained. ' Later,
Marquardt method(lsg) was also used to estimate the
parameters of some of the god fitting model s« Computer
programs were developed for both of thesec methods of
parameter estimation for use in IBM 370/145 computer,
These programs estimated the parameters, K, by
minimizing the residual sum of squarcss

min N - . 5

tSl = = j_>_=_1 (ri- ri) el ol . . (4439)
The results of sueh non-linear analvsis 1is surmard sed
in Tables 4410(a), (b) and (c); both Grid scarch as
well as Marquardt methbd gave closely agreeing results;
however, the computer time required for the grid

scarch method was considerably large. The parameter
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TABLE 4, 10(a)

NON-LINEAR PARAMETER ESTIMATION RESULTS :

TR -

HYD ROGENATION OF ISOQCTENES (GRID SEARCH METHOD )

Model Temp, k g KA-— Ky~ Av g, Residual sum,,
No. - a1 Abs.% of squares
K & i - s )
A% nfl m?kmol 3 m? kmol 4 ermr Y i
A e. (kmol.hrll
kg=cat™™")

1 303 @ig20 0.375 7450 40446 106646 x 1o"5f2
313 1807 0375 6875 29,26 . 0,29380 x 1072
333 3.866 04375 2,250, 32,66 D, 25160 x 10

2 303 0.0797 394.375 3.500 8.77 042429 x 107
333 0.9949 88. 750 3.125  10.86 0.3248 x 10"

3 303 0.04173 7. 875 - 38,76 0.4625 x 107
313 0.05321 28.75 i 50.34 0.5558 x 1072
333 0.1294 115040 o 51.76 0.8407 x 10~

4 303 0.1257 3.5 = 38.92 0.4665 x 1033
313 0.0833 48.75 o 50.70 0.5635 x 10~2

5 303  0.01149 331.88 34.38 0e27 06535 x 1023
313 (0.03154 258, 13 26. 87 1.22°0.4396 x 107
333 0.1408 924 50 24.38 2.48 049570 x 10™*

6 303 0.00927 83. 12 34.37 0470 0. 20818 x 103¢
333 0.1001 39.38 24,37 1.6 0.90197 x 10

" 303 0.0107 57845.0 7525 5.08 0.7679 x 107
313 0.0286 5439040 7. 87 4.82 0.5756 x 107

8 303 0.0092 6211.25 4450 4,38 0.3082 x 107
313 0.0260 821.00 9.38 4.80 0.3502 x 1075

333 0. 1136 251. 25 7+ 50 706 0.1024 x 10
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TABLE 4,10 (b)

NON-LINEAR PARAMETER ESTIMATION RESULTS s

HYD ROGENATICH OF n~OCTENES (GRID SEARCH METHQD )

PV

Model Tempe k KA-x KB AV Je Residual sum
No. o &\ -1 Abse% of squares S
pr ]anl°hfi mokmol ™t maKmol error _ q :
kg-cat™")
1 303  1.204 04375 0.375 1 25,35 0p1185 x 1073
313 2,168 0438 1.63 38.22 0.8563 x 1077,
3313 Oe k124 62.50 1l.62 56458 ORL1G60 x 10
2 303 . 041726 506. 88 5.00 18541 045557 % 1075
313 ' 0.4424 216, 25 3.75 16,35 041599 x 107%
333 . 1.8960 112.50 3,13 30,82 043172 % 10
3 303 0.5304 0375 - 32,10 041573 x 10_-_2
313 . 0.0716 6540 < 66470 0.3402 x 107
333 043031 4040 = 71.08 0.4258 x 10°
4 303 . 0.7699 04375 - 32,99 0.1673 x 1o:i
313 0.08891 253.75 - 67.01 0.3425 x 10
333 0.4176 100.625 = 71413 0.4293 x 10°
5 303 _0.02343  346.88 40.62 0,98  0.5116 x 107,
313 | 0,05598 258,13 28,13 1,21 0.2325 x 1075
' 10 83,75 41.88 106 QiBEH5 x 107
O-O O L € > > -;
; 393 8:0116 70+ 00 27.5 153 0.2477 x 1077
333 0.1892 40,63 18.75 2.16" 0.1221 x 10~
7 303 041151 104437 1,00 13.29  0.4401 x 1073
313 0404689  50028.0 11.00 7.457 0,4023 x 1073
333 O';2478 9315.0 5.38 2678 042100 x 10 _
8 303  0.01674 766+ 87 46.25 4080 0.4173 x 1070,
33 0.04540  1090.00 11,87 6.27 0.26514 x 107
333 0.2041 359.38 7.50 25.49 0.1748 x 10™
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ANBNE . 4. A0ig)

HON-LINEAR PARAMETER ESTIMATION RESULTS
HYDROGENATION OF ISCDODECENZES (GRID SEARCH METHD )

—

Model Temp.  k - K - K

R

B R —

A B AV Je Residual sum

No. K ]Q'('l@l.hf‘-:l 8 21 4 - o Abs.% of squares S-;2
-1 me kol ms kmol error A g e

kg~cat i (km6l . hr.,
kg-cat=1)

1 303 0.5161 04375 0:375 - 30414  0u1737 x 1073
333 0.0344 7040 2.25 38.08  0.1445.x 107
2 303 ' 0.07937 110. 62 225 6.04 | 07154 x 1073
313 b.d3%¢ 231.63 3450 7455 044852 x 10_,

333F=ly 2916 85, 60 3o ke 18.02  0.4243 x 10~
3 303 Oe 1087 le 625 —- 38.79 Qe 2420 x 10:3
313 0.0225 584 75 - 56.24 . (.2493 x 1077

338 U101k 48, 125 - 56.18  0.4156 x 10~
4 303 0.32350 s 325 - 38,60 02449 x 10:2
313 i) , (2B 2054 62 - 56.66  0e2513 x 1077

333 4.9 148.75 ™ 65.55 = 044183 x 10~
5 303  0.007749 424,38 43.75 0+81  0.8978 x 1022
313 og01834 24,37 31.88 0e23  0.8382 x 1075
5 303 0.0064 93. 75 42.5 1.2 0.9259 x 1078
313 0.,0148 71s 25 20462 0s77  0.1085 x 107>

333  0.0576 46425 T ) 6.8 01034 x 10~
7 303 0.04053 108. 13 1.00 9.74  0.1992 x 1074
333 0.04932 587490 22.87 13.45 042395 x 10~

333 0.05799 910. 63 16.87 - 0.1211 x 10
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cstimates for models 1, 5 and 8 obtained by Marquardt
method are given in Tables 4. 11 a, 4.11 b and 4.11 c.

Criteria for discrimination among model s

For the discrimination among various models, the

following four criteria were uscd;

1.

3.

The values of mate and adsorption Constants

should be positive.

Thc variation of rate parameters with temperature
should be amenable to correl ation using Arrhenius
plot; the equilibrium adsorption constants should

follow Vant Hoff's criteria,

A judgement of the behaviour of model s may be
achieved through the analysis of values of the
statistical parameters R2, F and FBI The para-
meters F and FE were compared with the correspond-
ing valucs of the F test tahles mul tiplied by the
safety coefflcients. If at the 'same time, FE
<,3 FET and F > 10 FT the model may be
considered good(lsg), 3 and 10 arec safety com
efficients. Tahles 4412 a, 4.12 b and 4.12 c
show the results of such statistical analysis
for the hydrogenation of isooctenes, 1sodode-
cenes and n;-octenes respectively, In Takles
4.12 a, 4.12 b and 4.12 ¢, R® is the determina-

tion index:



i52

TABLE _4.11(a)

i e —

RESULLS OF NON~LINEAR PARAMETER ESTIMATIQN

-ty

(BY MARQUARDT METHOD) FOR HYDROGENATION OF ISOCCTENES

e U o - B R N

Model Temp. k e = g e s2
No. K kmol‘ m?’kmol_1 nﬁkﬁgl"l g 4. 1.8
kg-catl * (kmol .kg-cat™hr™")
ryaa- h r~ 1 e o a— SRS T ———1 [ . - irp——..
2 303 0.07990 390.00 10.00 J0.2911 % 10".4
313 0.17790  1098.11 6.83 042340 x 103
333 0.95690 100.38 3.29 0.3130 x 10"2
5 303 0.01150 332.63 34.10 Bgbadtx 10~
313 0.03160 260.21 26458 0.4388 x 1072
333 0.14140 93.03 Sd.« 10 0.9558 x 10~%
8 303 0.00996 862 .46 8.11 0.5005 x 1072
313 ~. 0.02600 852.01 9.60 0.3486 x 104

333 0.01163 234 .64 7.18 0.1017 x 10-2
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IaBLE 4.11(b)

RESULTS OF NON-LINEAR PARAMETER ESTIMATION
(BY MARQUARDT METHOD) FOR HYDROGENATION OF neOCTENES

a 4 , g g
7o e s Xa - A5 52 -
4 K kmol . 3 | 1 Bt W
kg—catTI mekmol me.kmol (kmol .k gmc at }hr 1)
hr_l
2 303 0.33580 d23.20 1.45 0.4364 x 10>
313 0.45020 183.73 3 » 40 0«1509 x 10‘?2
233 2.07310 74.69 2.63 0.2943 x 40~k
5 303 0.02344 347.56 40.70 &.5101 x 1015
313 0.05617 258.18  27.19 042323 x 1074
333 0.26590 96 .29 15201 0.1235 x 10™4
8 303 0.01673 7597 .80 45.99 0.4172 x 10~
313 0.04532  1118.16 12..05 0.2646 x 1072

333 0.20510 - 348.48 7.38 0.1735 x 10~%

Ol o A A B e bt
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TABLE 4.11 (c)

RESULTS OF NON~LINEAR PARAMETLER ESTIMATION

(BY VInK}UuRDT METHC) FOR HYDROGENLTION OF IS OODECENES

D o e

Temp. k B - K. 2

Model e
Ho . K kro1 . S $A oot e i
5. =y mekmol ™ mLakinol ™ (anal Jg-cat™; hro
kg-cat~ 21
hael

4 o 0.09470 86.07 1499 0.6896 " x 1070
313 0+15550 141.53 2.80 0.4465 x 1072
333 0.68810 75 .02 2.96 0.3954 x 1o~2

5 303 0s00775. . 424.82 43 .73 0.8977 x 107°
313 0.01842 293 ;a7 21.61 0.8368 x 107°
333 0.07814 123.08 23 .53 0.1020 x 10'2

8 303 0.00895  346.89 5.34 0.3054 x 1073
313 0.01740  443.86 555 0.1001 x 10=%

333 0.05420 1038.94 15 74 0.1989 x 10"2

- e e 1l T o R PR ——- Yt . S
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TABLE

dal2 (m)

STATISTICAL ANAIYSIS OF KINETIC MADELS

HYDROGENATION OF ISOOCTENE

Model Temp.

2
5 R

No oK

i 268 0.7360
SaLs] @830
Sl 0.8898

% 303 0.9903
313 0+9860
333 0.9857

3 303 0.8162
318 0.6786
333 0.6319

4 303 0.8147
813 0.6742
333 0.6317

i3 303 0.9999
313 0.9997
338 0.9995

6 303 0.9999
St 0.9997
333 0.9996

7 303 0.9969
I3 0.9966
e 0.9915

8 303 0.8775
313 0.9979
284 0.9955

r———

— oy

F 10 > Wi FE B 08
7.9774 x 10%  27.g631 169.450  58.444
1.8039 x 10 27.853.1 749.100 58,444
2 . 006 . A 03 27863 1 6415.000 58.444
o oy 102 27.8631 6.190 58.444
2.193 x 10, 27.8631 61-600 58.444
1.631 x 10 27:8631 828.140  58.444
145 B 195 31.7479 15,0200 so.444
9.535 x 105 31.7479 1417.130 ° 58.444
6.304 x 10 31.7479  21435.490  58.444
1.136 x 10? 31.7479 118.940 58.444
9.405 x 103 31.7479 1436.760 58.444
6.30% x 10 31.7479  21443.140 58.444
8.110 x 103 27.8631 0,017  58.444
1.205 x 107 27.8631 1.321 5B.444
£.538 x 10 27.8631 24.401 58444
26 455 103 27.8631 0.053 58.444
1.265 x 10/ 27.863 1 1.080 o444
5.876 x 10 27.8631 22.998 ..58.444
6.901 x 102 27.8631 1058 M55.4a4
9.207 x 107 27.8631 14 .@98%=" 58.444
2.756 x 10 27.8631 490.3% 5B.444
1.719 x 102 27.8631 PE.582 58,444
1,513 x 103 27.8631 8.929 58.444
5.175 % 10 27.8631 281.091 58.444

D
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STLTISTICAL INAIYSIS OF KINETIC MCDELS :

HYDROGENATION OF ISODCDECENE

Model

Tempe.

R A o i g e LA %

No. K R® F 108 7
1 308 0.8616  3.051% 10° 27.8631
313 0.8524 ' .5.630°% 10§ 27.8631
333 0+8194 3.667 x 10° 27.8631
2 308 049943  7.408 x 102 27.8631
313 8.9924 1.092 x 105 27.8631
333 19469 1.249 x 10% 27.8631
3 303 0.8072 2.190 x 102 31.7479
313 0.6092 2.125 x 103 31.7479
333 0.4806 1,275 x 10° 31.7479
4 303 0.8049 © 2.164 x 102 31.7479
313 0.6061  2.109 x 107 31.7479
3% 3 0.4773  1.267 x 10° 31.7479
5 303 0.9993  5.903 x 103 27.8631
313 0.9998  6.321 x 10 27.8631
333 0.9872  5.190 x 10%* 27.8631
6 303 0.9992 .5.724 x 102 27.863 1
313 0.9998  4.884 x 107 27.8631
333 U8 S 86, 125my 10" 27288 1
v 303 0:9B4F 2.660 4 102 27.8631
313 0.9982 ‘4,588 x 107 27.8631
333 0.9700 © 2.212 x 10% 27.8631
8 303 0.9984 2.715 x 102 27.8631
313 0.9962  2.200 x 10 27.8631
333 0.9842 4.376 x 10% 27.8631

S e o et WA P .

FE 3 % FET
44,288 58.444
240.005 58.444
3684 .300 58.444
1824 58.444
ge..371 58.444
1081.000 58.444
61.703 58.444
635 .645 58.444
10596 .600 58.444
62 .842 58.444
640.744 58.444
10665.400 58.444
0.229 585444
0.2 714 58,444
260.326 58.444
0.236 58.444
0.276 58444
263 g4 1 58:444
5.079 58.444
2.945 58.444
610.657 58444
0.498 58.444
6.142 58.444
308.771 58.444
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TABLE

4412 (c)

STATISTICAL ANAIFSIS OF KINETIC MODELS

HYDROGENATION OF n—OCTENE§

Model Temp.

No. K R2 F 10 36 B FE 3 X FET
1 303 0.8991 4.472 x 10%. 2%.8631 302.140 58.444
313 0.8508  6.1894.x 103 27.8631  2183.320 58.444
333 0.9628 | 4.7920-x 10%. 27.863T 28199.000 58,444
2 308 0.9527 -9.537 x 1044 27.8631 141,880 58.444
313 _ 0.9721 0.3314 x 105 27.8631 407700 58.444
3337 "0.9893. 1:6708 x 10° 27.8631-. 8087.710 ' 55.444
3 y ? 03 31.7479 01%a%0  He. 44
13 0:469% 1:2693 & 103, 31.74%8" 801903, 98:44
333 0.8566  1.2444 x 10° 31.7479 108502.000 o8.44.
1 308 0.8576  3.1679 x 1o§ 31.7479 401.070 58.444
313 0.4076 _-1.5579 X105 31.7479 “67327.B00 Beedis
333 0.8554  1.2345 x 10° 31.7475 100459.000 8. .444
5 303 0.9995 %.0359 x 1og 33.2631 %.333 gg.%?4
313 019996 -2795 X lO ® 631 -9 -‘;‘14
333 0.9996 4.2880 x 10% 27.8e31 319.140° ME5.444
6 303 0.9995 9.4222 x 102 27.8631 1.434 -~ .58.444
333 < 0.9996. 4.3407 x 10°  27.8631 311.320  58.444
" 303 048625 'dra040 2 10? 27.8631 142 .2M0  58.444
313 0.9929. 1.3174 x 105 27.8631 102.570  58.444
333 0.9WQF 2,5238 BXONERTI0631 . 5H54.400 5540
8 303  0.9965 1.23-88 x %8655 g;z.ggg% ég.ggg ggiii
313 509954 1'9 : L 3 = e 58’4[}-"1

333 0.9941 3.0320% 10° 27.8631 4456 .900 ;
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N N
R = 1 = £ #oam )2 N L
i = 1 ( il rl ) / 14:____1 ri s o0 (4040)

F 1is the ratio between the squarc mean duc to regression

and the squarc mcan due to error caleul ated with the

model ¢ 3

[ N 7

! — 2 gl | A e
' LhN=12 (=i, ) T | /N

| g ST VA G

F = e 0o <4. 41)

N A 1o .
1i=1

FE is the ratio between the square mean due to error

calcul ated with the model and experimental error

variance ( 0““2) :

BN~ 2
L [\
| XY
~
l—l-H
i
>
[}
™=
=
i
=z

FE

es e (4042)

4e Proklems of discriminating betweon two or mo re
model s which satisfy the above three criteria are
solved by considering the degree of correlation of the

data and analysis of residuals for each model.

Selection of best kinetic model

From Takles 4.10 a, b ard ¢, it can be seen
that all the models have positive rate and adsorp=-
tion constants for isooctenes, n-octenes and iso-
dodecenes and satisfy criterion 1. Models 5 and 6

showed the lowest values of S?_ and average absolute
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error and, therefore, can be considered to be suitable
to describe the kinetic data. The constants of both
models 5 and 6 also showed a regul ar trend with tempera-
ture in cases of isooctenecs and neoctenes; k increascd
with increase of tgmpcrature, while both KA and KB
decreased with increasing temperatufes  TFor isododecenes
however, Ky for model 6 -first decrecased from 42.5 mokmol ™t
at 303 K gt "8.62 nékmol—l at 333 K and then increased to
a valudsqf® 33912 oL+ at 333 K. This indicates that
atleast for.isododecencs, model 6 is unsuitable conforming

to the cxriteria.

The fesults of statistical analysis (Table 4.12 a,
b & c¢)also show that models 5 and 6 appear to be adequate

to describe the kinetic data.

It may be noted that the degree of correlation of
the kinetic data differ slightly from one temperature to
another. These diffcrences can be duc to the imprecisions
of thd regul€e=gt the higher tempcraturd. At 333 KJ for
isododecenes and n=octencs the valucs Of FE werc slightly
higher than 3 FET for both models 5 and 6« This, howcver,
does not invalidate these modcels. From the relative
magnitudes of e, Sf + F and FE, it appears that modecl 5
is superior to model 6 to represent the hydrogenation

data for all the threc olefins.

The &bove conclusion that model 5§ fits the

data better than model 6 is also supported by the
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plots of calaulated rates versus the observed rates
for the two models. These plots are shown in Figures
4425 = 4.33. From these plots it can be seen that for
model 5, the overall trend does not exhibit any
heteroscedatic patterm while for model 6, the points
are not randomly distributed along the line of unity
slope. Although model 5-was thus sclected as the most
favourable one for reasons discussed above, a further
test was perfomed to see whether the model truely

A
represents the data. Plots of the residual s Ik

=
versus the predicted value, gi' based on the two medel s
are shown in Figures 4.34-4.36. From these plots it
can be seen that. the points for model 5 are well
distributed on both sides of zero deviation line, whilg
for model 6 the points show a trend. 1In other words,

the residuals for model 5 are randomly distributed,

which indicate that model 5 is superior to model 6.

Thus, examining models 5 and 6 from different
angles as discusscd above, moedel 5 can be accepted to
be the most plausible one which represents the data
well over the wholg reilige gfwaridBles studied. The
constants Xk, KA and KB in the rate equation for
model 5, which obeyed Arrhenius behaviour, can be

expressed as a function of temperature in the cases

of the 3 olefins used as feed are given belows
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Iscoctenc:

10

k = 1.21 x 100 exp (-16640/RT) srsat {GBER

KA i 0 & 10"'4 exp (8.785/RT) eesse (4443 Db)

Ky = 049299 cxp (2137/RT) ssses (443 ©)
Isododecenes

k' =.1,006 x 10° cxp (~15398/RT) o lh.. (4044 )

Ky = '4.49.% 10™* exp (8260/RD) b e A )

i{B = '5.32 x 10™° exp (4015/RT) + Swiats » (4.0 ©)
neoctenes

k= 1,2 x 1070 exp (=16227/2D". ...|... (4. 4570)

Ky = 1.707 x 10™% exp (8788/RT)  ..u....(4.45 b)

Kp = 1.037 x 1072 exp (4956/RD) ‘ob el (T o

Mechanism of reaction

From the statisgtical and .intrinsic viaw points
for all the thrce olefins, model 5 represented the
experimental data well. The derivation of this model
1s based on the addition of hydrogen to the olefin
in two steps:; in the first step a half hyd rogenated
intermediate is formed to which another hyd rogen
a%m&%toﬁmas&m&ﬁpm@ﬁndmﬂmﬁm
sequence of mechanistic steps involved are as

foldows:



Step I

Equil ibrium of hydrogen in liquid phase and

catalysts
% NP & .3 ;
A - A @ eecnee (4046 a-)
Step 1T
KAA
A o9 . 2&s. (dissociative
1 A Pue § 1 adsorption of ...000(4.46 b)
hyd rogen
onsites Sl)
Step III
K
| B
B+ | Sg Ei«= BS, (associative .
i adgorption of seese(4.46 )
wal olefin on
sites 52)
Step IV
%1
BS,. + AS ——y HAS .t 5. " (Rdditigdn A
2 —
j | vi; 2 i 1st hyd roacn (4e46 Q)
atom)
Step V
k3
BAS, + &S, ——— Cs.+ S,(addition of 2nd
2 1 TE%; 2 hyd rogen  atom) (4a46 e)
Step VI
K
(3t
Cs sl * Ul B de i
2 «—— Gy doanapiicn of PRI

products
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Discussion of Mcchanistic steps

It has becen obscrved(16o) that when unsaturated
hydrocarbon is reacted with (a) equilibrated and (b)
non-equilibrated hydrogen - deuterium mixturcs, the
deutercalkane distributions are identical. Such
observations indicatc .that the direct addition of a
hydrogen moleculc across the olefinic bond does not
occur and provide a strong evidence for the formation
.of a half hydrogenated state , i.c. an adsorbed alkyl
radical, first suggested by Horiuti and Pel anyi(161)
as a relatively stable intcrmediate, Hence the
addi tiondof H2 to the olefin molecule may be regarded

as a two step process.

The adsorption of alkenes, hydrogen and alkanas
on noblc metal catalysts at ambicent temperatures
follows the sequence(162) alkcnes > hydrogen >

dlkancs. Kemball (162)

further stated that tnderythe
conditions nomally used for olefin hydrogenatiop,
the alkane once "fomed, is unreactiwe and dts 'ro-
adsorption on the catalyst surfacce cam be neglected.
From the thermodynamic ealcul ations described
earlier, it can bec seen that under the pressure and
temperature conditions employed in this work, the
reverse reaction of dehydrogenation of alkanes is

negligibles, When the hydrogenation was carried

out in the presence or absence of large quantity of
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alkane product, the rateswere almost ldentical. on
the basis of absence of deuterium exchange rcactions
Birwell (163) also showed that alkanes do not chemisorb
on metals at temperatures around 300 Ke Thus the
product alkanc does not scam to pl ay any important
role in the hydrogenation reaction and that the
addition of hydrogen atom (step IV) ean be regarded

as irrevarsibl ed

As stated carlier, with this pall adium ce@talyst,
the proporticn of olefin isomers remained almost in
themodynamic cquilibrium. This suggests that the
fomation of hal f~hydrogenated state (step i) is
reversible. This is also supported by extensive
deuterium exchange under similar conditions(164).
Farther, it is well cestablished that the adsorption
of hydrogen on such catalysts is reversible and

dissociative ( 1:63"165>

o We arc thus left only with
the questions- (i) whether adsorption of olefin is
reversible or net and,. (ii) whether clefin and

hydrogen compete with onc another in the adsorption

DIroCesss

Thc apparent orxder of reaction with respcct
to olefin was found to be almost zero upto a fairly
high degrec of conversion; such zero order kinetics
requires that the catalyst in effect, remains

saturated with chemisorbed olefin throughout the
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hydrogenation of the 9 kinetic models tested only model
5 represented the kinctic data well. The next best
fitting model is model 6. In both of these models,
non-competitive adsorption of hydrogen and olefin was
assumed. This indicates that the adsorptiqn af
hydrogen and olefin may probably occur non-competitive
on different sites. In othor words, the Cgtalyst
surface is almost covercd by olefin molecules and very
small nunber of speeified sites,]among the bulky olefin
molecules, .are available for non-competitive adsorption
of hydrogen. To further check the occurrence of
reversible olefin adsorption and non-competitive
adsorption of hydrogen the rate equation for model § was

re~arranged in the following forms

2 2
CB (1 + /KAFA) (1 + /KAPA )
= -t =

c
" k S FBCq k Kaca

= on o (4447)

Thus, for a glven pressure and temperature, a plot of
Cq [ Vs.C, should be a straight lipe with slope
different for reversible and irreversiblc olefin

adsorption; the value of this slope depends upon the

¢
value of Ky (= : ) ,for irreversiblo olefin
=
3 P z k-;l sy i
adsorption k1 k—l ilee, KB is very large making

the intercept nearly zero. On the other hand, if the
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olefin adsorption is reversible k:l will be finite and
the intercept will be positives For the non~competitive
adsorption of olefin and hydrogen, thc straight line

at various pressurcs should extrapolate to a common
intercept with the abscissa axis, indicating that the
olefin and hydrogen concontraticn ofi the catalyst
surfacce are independent of cach others This behaviour
is verylwell gbserved with all the three ol efins uscd

in thisstudy.

& series of such plots using the oxperimental
data of hydrogecnation of 1sooctene, ne~octene and isce
dodeq-ene, collected in this study are given in Figss
4¢37-4439. These plots cleaxdy show that the intern-
cept is positive and the straight-lines for various
bPressures extrapolate to a common interd@Pt with the
abscissa. Hence olcfin adsorpticn on the catalyst
surface is reversible (stqp ITI) and that olefin and

‘hydrogen are adsorbed nen~competitively.

On the basis of above obscrvations and discussion,
the hydrogenation process occupying on this Pd--«\lzo3
catalyst may finaldy bc envisaged as follows:

On the catalyst surface, which is almost
compl etely saturated with hydrogarbon species, a
small mumber of unspecified sites located among the

bulky hydrocarbon specics arc accessible for

hydrogen chemisorption. Hydrogen from the gas. phase
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1s first dissolved in the liquid and then diffuses
through the stagnant liquid film surrounding the
catalyst particlec to reach the catalyst surface, where
it is chemisorbed in dissociated formm. This is then
followed by the surface reaction which involves the

independent addition of two hydrogen atoms.

HYDROGENATIQN WITH CATALYST PELLETS

180 e g .

Experiments were also carried cut to sce the
cffect of pore-diffusion on the ratc of hydrogenation
of disooctenes, n~octencs and isododecencs, using
catalyst pellets in the stirred autoclave fitted with
rotating basket impecller. The catalyst pellcts were

held in four baskets, cach containing about 1.0 x15°

kg
catalyst. The agitation in the reactor was providced
by the rotation of impcller baskets: this was kept
constant corresponding to an agitator specd of 800. rpm.
It hgfs al reldy been mentighed carlier, s 1n Sée. 4.1}
that at ghch "Gl oN®ee.in thls=8Ystonl’ %he chktemal
mass trangfeor-did not influehice 'the rcacticonerate:;
therefore, thdveffectr-af parp diffusion™nly would

be reflected in the corVf@Tsidl Iete« For iscoctenes,
the hydrogenation experiments were carried out at

0.5 MPa pressure, varying the initial isooctenc
concontgation and tempcrature in the ranges of

045572 = 1.423 kmol/m° and 303 ~ 333 K respectively.

In case of n~octenes and iscdodcecenes, the nuns were
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conducted at 313 K and 0+5 MPa pressurc: the Initial
concentration of n~octencs and isododecencs were varied
in the ranges of 045128 - 1,520 kmol/m® and 0.373 —
1+325 kmol/m3 respectively.

Eydroqenatiqgmgf isocctenes

Table 4413 shows the variation of initial rcaction
rates with temperature at a fixed initial isoocetcne
concentration of 0,5572 kmol/ma. The rate of "reaction
Increased with incrcase of temperature, but these
were much lower than those obtained with powde red
catalyst under similar operating conditions. These
low values of the reaction rates with catalyst pellets
can be attributed to the diffusional resistance
inside the catalyst pores. The results obtained on
varying the initial iso-octene concentration are
given in Tablec 4.14. In the narrow comcentration
range studicd, thc rate of hydrogenation was found +o
have almost zerv order dependence on the initial

concentration of isococtenes,

The valtes of effectivencss i£ acto vy 'Qfexpt
were estimated by the ratio of reaction rate with
pellets to the rcaction rate with powdcred catalysts
the values of ¥ expt thus calculated arc glven in
the last linc of Tables 4413 and 4,14. It can be
observed that the effectiveness factor of the
catalyst pellct decreased with increase in tempera~

ture (Table 4.13). This is due to the fact that the
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TABLE 4,13

e i

HYDROGENATION OF ISOOCTENES ON CATALYST PELLETs ™ :

T v

EFFECT OF TEMP ERATU RE

Temperature, K 303 S43 S8
Prcssurce, MPa Oe5 B 5 Ceb5
Agitator spced, rpm 800 800 800

Initlal "ratc of reéction
kmol(kgmcat)=L(hr) =1

- with catalyst pcllcts~ 2.89 x 10.-3

)

de 633 S8107% 194 25

% 05

3

~ with powdercd catdlyst 6.293 x10™° 16.12 x 1070 54.20 x 10~3

Effeotivenegs factor,

W}expt.

Oe 46 0. 287 0. 19

e

Notes (a): Initial isococtene concentration = 0.5572 kmol/m3

TABLE 4,14

HYDROGENATION OF ISOOCTENE ON CATALYST PELLETS:
EFFECT OF INITIAL OLEFIN CCNCENTRATION

sy 2 -

Initial conce. of 3

isooctene, kmol/m Q4 5572 1.025 1.423
Tempcrature, K 13 313 313
Pregsurce, MPa Oe5 0«5 Oe5
Agitator speed, rpm 800 800 800
Initlal rete of

reaction, kmol«

(kg-cat) =1 (hr) =1

~ with catalyst pellcet 4,633 x 153 44549 x 163 4.886 x 163
- with powdered catalystl6.12 x 10° 16.35 x 18° 16.74 x 15°
Effectivcness factor) 0e 287 0278 0292

T expt
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ratc of reaction at 333 K was about 9 times higher
than that of 303 K with powdercd catalyst whercas this
increasc was less than 4e=fold with the powd e red
catalyste It mav be noted that the incrcase in tempera-
turc increcases recaction rate rapidly but its effect on
mass transfer rate is only marginal. Isooctene concene
tration in the licuid fecd, however, did not signifi-
cantly affectfthc values of wzcxpt showing very little
or nedligiblc gradicnts in iscoctene concentration
inside the catalyst pores at kulk isooctenes concentrae
Tt B=Eo £ 55872 kmol/m3 and above since the hulk
concentration of the other reactant, hydrogen, is

extremely low = 0«03 kmol/m3.

Hydrogenation of n-octenes

The initial rates of hydrogenation of neoctcnes
with catalyst pellets at 313 K and 0.5 MPa pressurc
varicd negligihly with the initial concentration of
n~octenes in. the fced (Tahle 4.15)¢ the reaction rate
increased only by 4.93 % with an increasc in n-octenc
concentratidgnfrom 065128 to 16520 kmol/ms. Thus,
with catalyst pellets, the rates of hydrogenation
of n-octenecs at initial neoctene concentration in
the range of 045128 = 1,52 kmol/m’ followed almost
zerc ordler dependence with initial neoctenes concene
tration. The values of catalytic cffectiveness
factor, ”Z expt for n-octene hydrogenation were a

little lower than thosc for isococtenese
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TABLE 4,15

HYDROGENATION OF n-QCTENES OVER CATALYST PELLETS

st s M - e W, KTy Y

Initial concentration

of n=octencs, kmol/m3 @ 528 1.109 1520
Temperature, K 313 g I3
Pressurc, MPa 0e5 De5 0s5
Agitator speed, rpm 800 800 800

Irnitial patcgof
reaction, kmol.

(kg~cat) -}(hr) -
- with catalyst pellets 6.522 x 10T° 6.974 x 10T  7.383 XI5
~ with powdered catalyst 28.60 x 1070 29.49 x 107 30.01 x15°
Effectiveness factor,

023 0e 236 0.246

o, -
!

;. o)
{ e

o, B Ay 2

5.3. Hydrogenation of isododecencs

The results-0f hydrogenation of dsododecengs over
catalyst pellets at 313 K and 0.5 MPa pressure are given
in Table 4.16. In this casc also, the rcaction rates
showed an almost zero orxler dependence on iscdodecene
concentration in the feed. The experimental values of
catalytic effectiveness factor were in the range of 0.296 =

0¢329; these were a little hidgher than those obtained for
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T BLE

4,16

HYDROGENATION OF ISODCDECENES OVER CATALYST PELLETS

e e

Initial concentration
of isododeccenes,
kmol/m3

Temperature, K
Pressure, MPa
agitator specd, rpm

Initial peteE of
reaction, kmol.
(kgmcat) ".j‘(hr) it

-~ with catalyst
pallets

-~ with powdered
catalyst

Effectivcness factor,

¥} expk.

N S o ¥ B 2 . S 3 S YT A 5 L TG

0a3730

313
0e 5

800

04329

09402

$13
0e 5

800

Fooal 2 400/ 3.362 % udn

7,785 x 107> 7.951 x 10

O« 297

3

L

i932b

312
0«5

800

2.419 x 10+

8. %75 x 1p=

0.296

3

3

n=octenes and ilsooctenes undcer similar operating

conditionse.

These data show that when catalyst pellet i1s

used, the effect of pore diffusional restriction 1s

more pronounced for the faster intrinsic reaction rate

obtained with powdered catalyst.

The reaction rates

with powdered catalyst were in the orxder n-octene
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isc~octene ~r isododecene; with catalyst pellets;
under simil ar operating conditicns, the effectiveness
factors are in the order ilso-dodecene 7 1 scoctenes

> n-octene.

Theoretical analysis (Rigorous Model)

as described earlier, in liguid phase hydrogena-
tion, both the¢ reactants, hydrogen and clefin, have to
diffuse flrst thrmucgh the bulk liquid phase and
catalyst pores, chemisorb on the active sitcs of the
catalyst and then react to fomm the products. after
the surface reaction the products are desorbed and
dilffuse back to the ulk liquid phase. The pores of
the catalyst pellets remaln filled with liguid.] To
evaluate the mass transfer effects on such a system,
model equations were derived and solved numerically.
In the development of the model equations the

following assumptions were mades

1. No temperature gradients exist inside the
catalyst pellet - i.e. the pellets are is0-
thermal «

2s The diffusivitics of the reactants and the

products remain constant throughout the pellct.

3e A diffusional steady;state aexigts inside the

catalyst pellet.
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4o By visual inspection of the broken catalyst

pellet under microscope, the pellet was found

to have two distinct portions = the first of
about 0.04 cm thickness on the outer periphery

of the pellet and second the Inside core. The
palladium metal was observed to- be concentrated
towardspthe cutcr=periphcral. paEl offthe pellet.
For analysls of the results, described below, the
pellet geometry was, therefore, approximated by

a slab of thickness L = 0.04 cm with uniform

difst ribution®of! active sgitaes.

Derivation of ecuations

Under steady-state conditions, the molal mass
flux of hydrogen and olefin inside the catalyst pores

iS Qq\lal' i.OA

JA ¥ JB B Comd JP ooo-(4‘o4‘8)
da dc
Or iy ....__?.‘EL._ = a8l N-.......L:_
eff,& dx efty B ot
dCP

reriney p— T A ) 11.
Pege,p ax (4. 49)

Integrating cquation 4. 42 under steady state glves:

and

Cp = Cpg [— E, + (1-f) / DP] 5 ire e (BB B
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where
By, == CES/ Cas oy k4 pe bt e B0 )
B, = CPS/CAS e s e TANRN A
Dy = Degg, i i Doff,& s 6a A e 0 B0 b
Dy = Dore p 7 Poffia ik S o Ul 0
£ = CA‘/ CAS sio vl s < Pe o {4450 g)

Reactant & (hydrogen) has been taken as a rcefercnce
substancce
The -steady-state mass balance for hydrogen over

a differential thickness in the catalyst pellet, gives

dch
D : T T == j=: oooaooo(d’oSl)
eff,a dxz
Y kX ROC
o vl il e I soud (4,52
eff,& dxz . o
¢l = \/KACA) (L 4K . Cpo

with boundary conditions at

X =16, C‘-_:¥= CAS 0.0000(4053)
dc .,

X=L' "“”’S}"—:O 0000.0(4.54)
dx

r being the reaction ratce given by BEquation 4.47 .
Converting Equations 4.52-4.54 into dimensionl css

form, these cquations bccomes

o e (_hzf [ Ep ~ (1~5)/Dg]

; 2 ¢ i -
ax o (B A
(1+ ¥ /D [1+ KiCas {5 (1..f)/DB“

eo{4e55)
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X &) O, f = l X I I (4056)
B w4 df/dx = 0 snsess (4aBT)
/ -
where X = x/L; '/ = /K.Cia = 1 | % Rakatag
. cff,a

From the definition, thoe effectiveness factor can be
written as
(df/d:x:)*\r_
A=0 _
-I'L = Pl gl - = = L S (4-. 58)

( ¢:2EB /D), [(14- va ) 21+ K CasEp /DB>:1

2Ky
a function of X and Eg. 4.58 then gives the values of

Numerical.integration of Eg.4.55 gives £ and

effectiveness factor as a function of the following

paramcterss?

-y

L= LN - By DY) e

For the glven valucs of D e Ep ., "f", ; thel EgBs" 4.55=
4,58 were solved mamerically and the values of
effective diffusivity ¢f hydrogen, Deff,& was
estimated to mateh the cxperimental data. The

nume rical integration of Eg. 4«55 was pcerfomed by
Fourth-order Runge Kutta method. The values of

ef fective diffusivity of hydrogen thus obtained are
summarized in Table 4.17. It can be seen that the

values of D varied negligihly with type of the

Offf‘—\
threec olcefins studiede.
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TABLE 4. 17

N

EFFECTIVE DIFFUSIVITIES OF H2 COMPUTED USING RIGORCJS MODEL

e ——— _ - o
e T T T o I 9. T TN SR e (VTGS 1 A R T St - e s s s s

Eogse 4449 = 4,52

Olefin XTemps X Modulus X Y0 = : X ' H.
/ L A
¥ o b £ 5T X sftl

X y X aa X X cm™/s

P 1 B el X * !

{sooctene 313 17,82 2.8p Freg2” Whso Y% gar°
n-octenc % oo.dgg BB adligi g, OR 1RO
B

isododecéne 313 14.78 297 Sl%E2 _ 3.78 Ay

4.5.5.5implified Model for Limiting case of hydrogen diffusion

controlling

Mirther “simpl i fication of the foregoing eghations

werc made en thce basis of the following congiderationss

(1) For olcfin concentrations much-higher than those of
hydrogen, the experimental effectiveness factor,
¥l expt, for the three olefing did not change
significantly with olefin concentration in bulk
liguid phase. The global rate for such a case Was

almost zero order in olefin concentration.

(2) Under the reaction conditions, the liquid olefin

remain unifomly distributed in the solvent. The
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ﬁores of the catalygt remaln filled with the
liquid containing solvent, liquid olefin and

al so the products when fomned. The surface and
interior concentrations may be quite different

for hydrocgen but difSer mkttl g in the cage of
olefins when gthelritio of swxfoge cencentrations
of olefins to hydrogen ds ten or more. 'In earlier
studices on liquid phase hydrogenation of unsatura-
ted compound s like styrene, «X~-methyl styrcnc

(6,7,112) % 2

and cyclohexene, several authors
obscrved that diffusion of hydrogen through the
liquid filled pores of, the catalygtuis rdte
limiting under the hydrogenation conditions when

ulk olefin concentrations are much higher than

those of hydrogen.

Under thesc corndlitions, Ejse 4e55~4.58 can be simplified

to give,
a’s g
...._..-2- = .-—-t-—-: 2 e e o 0 0 (4‘.60)
ax (1L + gy
X = O’ f= 1 00000(4‘061)
X = L, df/d.}{: O ..-00(4.62)
where £ = C, /CA.S : X = x/L; */4 = V/'KACAS :
i
Gde kVKAKBCB )
ary = I
e o 00 4.63
2 (1+KC S

D
BB ) et d =~
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~ The results of numerical computation on Bquations
4e¢60-4462 for this simplified casc are shown in Figure

4¢ 40 in which the catalytic effectivencss factor o is

s

plotted against the modulus, IZfP

Using this ?1 va ZP chart, the effective dlffusivity of

wilth parameter Vx .

hyd rogen, Deff a was estimatced| by, the following procedure:
’

First the oxperimental valuc of eatal¥ytic effecti-
veness factor; ’V'{) expt was obtained taking the ratio
of theobgervéd recaction rate with the catalyst pellet
to the intrinsic reaction rate obtained with powdered
catalysts Knowing !Qfxpt&md'um:paﬁmmter fgﬂﬂuch
is specificd by the temperaturc and the hydrogen
pressure, the corresponding modulus ;dP was rcal on the
absclsss in Figure 4.40. The values of Deff,A were
then calculated £rom gP (Ege 4463) for all experimental
datep theserare summarized in Table 4.18. The
tortuosity-"faktors were-dl s calculated from'the

commonly used Equation 4.64.

DAQ
i @ o 0c e L ] 4
Deff,A o . (4e 64)
Z‘
The values of D thus computed are.summardized in

eff, a
Tahle 4.18. From Taklbos)4.17 anxl 4481t can be seen

that when the olefin is in excess, hydrogen diffusion
through the pores can be assumed to control the
reaction rate; the catalytic effectiveness factor and

effective diffusivity of H, can be estimated using the

2
simplificd model described aboves The rigorous model



125

0-0l ! | I
0-4 (-0 O 100

FIG. 4-40 - CATALYTIC EFFECTIVENESS FACTOR 7lp Vs
THIELE MODULUS 95P SIMPLIFIED MODEL ;

HYDROGEN DIFFUSION CONTROLLING.



EFFECTIVENESS FacTORS, DIFFUSIVITY OF HYDROGEN AND TORTUQSITY FACTORS FOR THE HYDRO-

GENATION OF OLEZFINS ON Pd-éﬂ.203 CATALYST (4 mm X 4 mm size): CAMPUTED FROM SIMPLIFIED

MODEL EQUATIONS 4.60~4%.63

] ik, Lffcctives X Modu- Yy D Tortuosity
al efin y P Ancss factor, Y lus %,;5—’ = £ KﬁCBsi cff, A yfactor T=
K . 4 e = 2 i z
X b _X__mlexp_t L X P Asi X cm/s . XDJQ/Deff,J
= LT A 313 0. 2874 12.0 reg. 14B1 13.88 x 1070 2,27
313 0.278 11.5 2.80 "97.24% 4.350% 10~ 2.03
313 0. 2924 1975 "agnd ayhgo Fuh de o 157 2.37
303 Os 46 9. 5T 8570 Bilo.0 2.91 x 10~° 266
333 0. 19 13.0  1.74 13.47 | 5.60 x 107> 1.95
St 313 0. 23 isgdd i 2.70" "1ille? 'a.36 x> 2.02
313 0. 236 155 =279 i 3Twdo - B.38 kTS 2.01
313 0. 246 Tadh o 27579 @ 8278  |b.28 xple > 1.67
% aodod et Enes 313 0.329 b 2. 870 18.50 f im0 wedd 2.39
313 0s 297 10. 8 PLEY @i 31,520 90 THioTS 2467
kS

14 O« 296 10 8 2487  44faopiet ok ¥ 10 2. 88
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can, however, bec used for whole of the ranges of oleflns
and hydrogen concentrations, but it requires computer

calcul ationse.

4.6 SUMMARY OF CHAPTER 4

Higher olefins like iscoctencs, n~octenes and
isododecencs were hydrogenated using a supportcd
palladium catalyst (0.5 % Pd-al ,0, )1 it ged rred Blurry
and stirred baskct- reactors between 303 and 333 K at
Oe5 = 2,0 MPa prcssure; n-heptane was used .as a solvent.
The effeats of agltator specd, catalyst loading,
temperature, pressurce and initial concentration of

olefin on the conversion of olefin fewd were determined.

The rate of hydrogenation of these olefing in
slurry reactor increased with agitator speed from
200 rpm onward and levelled off at akout 600 rpm and
above. Further experimental work was, therefore,
carried out at 800 rpm which ensured that mass transfer
was not restricting the reaction rate. = The reaction
réte in all the three cases however, varied
linearly with the catalyst loadings in the range of
8.8 = 19.0 kg/m .

Experimental evidence and suitakle calculations

showed that mass transfer resistances to the outside

of catalyst particles in this apparatus were not
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slgnificant, provided the agitation speed is above
700 rpm and catalyst loading remaimsless than 19.0
kg/m3. The effectiveness factor in the intrinsic
kinetic study, using powdered catalyst was shown to
be-egsentially unityy Thiele parameter being 4o the

ronge of 0s07 =~ 0430

The rate of hydrogenation for all “the three
olefins increased non-linearly with increasing olefin
concentration and hydrogen pressure; hydrogen pressure
influenced rthe ;xrate to a greater extent than olefin
concentration. Under similar operating conditions
n-octenes reacted at a faster rate than isooctenes and
isododecenes; the rates of hydrogenation followed the
order:

n-octenes 7 i1sooctenes > isododecenes

The hydrogenation of these olefins followed almost
zero -and fractional order behaviour with respect to
olefin and hydrogen concentration respectively. The
experimental data in the kinetic regime were analysed
to determnlne the most probahle kinetic model to
represent the reaction rate for each olefin feed.
Power law model gave good flt of data in the low
temperature range only. Using non=linear least square
analysis, the following kinetic model was found to

correl ate the data, for all the three olefin feeds,
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satisfactorily over the temperature (303 - 333 K) and

pressure ranges (0«5 =~ 2.0 MPa) studied:

¥ X ¢
KA B A B

C1+ BT+ KeY

The average error between the calculated and observed
reaction rates were * 1.32 %, * 1.69 % and+3.01 % for
isooctenes, n-octenes and isododecenes respectively.

The parameters-k, Kz and KB followed Arrhenius

a
behaviour and the values of ac;ivation energies for
hyd rogenation of isooctenes, n-octenes and isododecénes
were found to be 69.65, 67.94 and 64.42 kJ../mole
respectivelye This good fit of the model suggests -
that the broad mechanlsm of hydrogenation of the three
olefins remained the same and that olefin and hydrogen
are adsorbed non-~competitively on the catalyst surfaces
the olefin adsorbed reversihly in molecular form and
hydrogen adsorbed in dissoclative form on different
sites and the reaction occured through a semihydrogena-
ted statec as suggested by Horuity and Polanyé?f} Even
though the broad mechenism remains the same, n-octenes
reacted at a faster rate than isooctenes; this_may

probakbly be due to the ease in adsorption of n~octenes

on the catalyst surface.

With pellets the rates of hydrogenation was

influenced by pore diffusion; the absolute rates were
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about 1/5 th to 1/3 rd of the rates obtalned with
powdered catalyst under similar operating conditions.
The effective dlffusivities of hydrogen were estimated
using a simplified theoretical analysis assuming a
cquasi-steady~state.

Typical valueg"CE cffegiile diffugiﬁity of Hy
were found to be in"the rahge . O0f 3.06 ="4.38 x 1 i
cm2/s at 313 K. Using these cffective diffusivigies,
the tortuosity factos of the catalyst were also
determined and found to lie in the range of 1l.67 -
2.88;"thesd values are very close to the range of
pfeviously pukl ished values(ép) estimated in the
liquid phase hydrogenation of various unsaturated
compowds and appear to be rcagonable for the poire

diffusion within a liquid~filled catalyst.

a@ o800
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CONCIUSIONS

Hydrogenation of C8 ~C12 olefins, namely, n-octene,
iso~octene and isd—dodecene, was studied in the %iquid
phase using a 0.5% 'Pd on alumina catalyst at 303-333 K
temperaturce_and 0.5 to 2,0 MPa pressures in stirred
slurry and rotating basket reactors. n=heptane.was
used as salvent. The results obtained were evaluated
for kinetic parameters including Intrinsic reaction
rate, rate model, mechanism and the effectiveness factor
when the catalyst is used as pellet. These evaluations
were done applying gencrally accepted methods and
correlations which have been developed in recent times.
Wherever felt necessary, the results have been explained
or correlated in mathematical form deduced from basic
condepis . Calculqtions for fithese, of resultsith

rate model by non-linear regression was-done by using

a IBM 370/145 computer.

The experimental results and their evaluation

led to the following.gonglusions:

1. The rate of hydrogenation, in general, increased
initially with increasing speed of the agitator
and then levelled off at about 600 r.p.m. and

above. The influence of agitation on the rate
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of reaction was more pronounced with n-~octene than
with isooctene and isododecene; the trend, however,

remained similar.

For the catalyst concentrations used in these
studies (5.56 - 19.50 kg/ms) the rates of hydro-
genation increased linearly with._increase of
catalyst concentration. Using powdered catalyst
suspended as slurry, the reaction was in kinetic

regime at stirrer speed of 600 r«p.m<s and above.

The hydrogen pressure influenced the rate of hydro-
genation more pronouncefly than the olefin concen-
tration. The apparent orders of reaction with
respect to both hydrogen and olefin showed an
increasing trend with increase in temperature of

the reaction.

The iIntrinsic rates of hydrogenation were slightly
different for the 3 olefin-feeds used. The
hydrogenation .rate was much faster”for n-octene
than those of iscoctene and isododecene; the rate

decreased in the order:

n-octene ' 7> isooctene- > isododecene

For the three olefins studied, the power-law rate
model could fit the experimental data well only
for the lower temperature around 303 K. At

333 K, the deviations were large.
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The broad mechanism of the hydrogenation of all
the three olefins was foung to be similar. The
rate data could be correlated well with the

reaction rate equation,

H
i

M B N
kA;AB

= "
(1 ":/KACA )"+ Kl )

based on Modified Huority Pal anyi mechanisnlwhich
suggests that olefin and hydrogen adsorb non-
competitively on the catalyst surface and
hydrogen is adsorbed dlssociatively. The para-

meters k, KA and KP followed Arrhenius behaviour.

The energies of activation were found to he
67.94, 69.65 and 64.42 kI/mol for n-octene, iso-

octene and isododecene respectively.

When catalyst pellets were used in rotatin§g
baskets, the rate of hydrogenation was found to be
sufficlently lower than with the powde red
catalyst; obviously the reaction rate was af fected
by the diffusions of reactants, particularly
hydrogen through the pores. Undé€r the reaction
conditions, the catalyst pores remain filled

with the liquid and precise analysis of diffusion
Of components is difficult. The catalytic
effectiveness factor was dependent upon the type

of olefin and decrecased in the order:
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lsododecene ~» isooctene ~>» n-octene.

The effective diffusivity of hydrogen, however,
remained almost unaffected by the structural

di fferences of these olefins.

The rates of reaction for the hydrogenation of
the three oleffnk were clearly found to be
different. The thrce olefins differ in their
molecul ar structure and linear chain dengtGh. In
industrial practice, mixed olefinic feeds are
often required to be hydrogenated. Tt would,
therefore, be dnteresting if some approximation
could be made about the hydrogenation reaction
rate from the knowledge of structure or other

properties of such olefin molecule.

L]

The general structurc of the three olefin
molecules studied, theilr standard heat and
entropiles“of formation and properties related to
hydrogenation, namely, the cquilibfium constant
and the heat of reactiom arc shown in Table 5 eidie
the respeltiye reaction rates are given in
Tabd e 532 .

Broad comparison of the reaction rates show thats:

The rate of hydrogenation decreased with
increasing chain length and methyl group

branching in the olefin molecule.



TABLE 5.1

CHARACTERISTICS OF OLEFIN MOLECULES

— ——a BT T U " S

Olefin Molecular dimensions Feat of formation Heat of reaction Equilibrium
i . s s constant, K
no. of C-atoms CH,~group A at 298 K
catk on JrLl ﬁé ’ AHf,298K,kJ/mol. “‘H298K,kJ/n©1
: branching
atoms linear
Chaln
Rinetana 8 " c ST vob. = 63176 133 .5 2.44 x 1010
isooctenc 8 g 3 98.37 ~109.04 126 .5 3.7 x 305
12

i sododecene 12 7 5 210.38 118.2 40l D




TABLE 5.2

- . e

BNERGETIC FACTORS AND RnTES OF REACTION

N e e ot o - Ve - e

o e s e e

—

‘Energy of  Entropy of Diffcrence In " Relative rate of

Boguilibrium activation formation, * standard rcaction at 313 K
const. g kJ,nDl“l g0 entropy of and 0.5 MPa.
. oS BTt 298K olefin -and
ok oy T smol - el pe:«xraf:t?ini;L
J.mol.lK
a b -1
n-octene 28.13 67«94 460.33 4.186 1 (0.,2866 % 107")
isooctene 26.87 69.65 428.10 4.772 0456 [(0.1812 = o)
i a I . -2
isododecene 31.88 64 .42 622 .83 5.818 0.32 (0.7785 x 107 °)

—~——

Notes- The bracketted figures in column 6 are the absolute peageiion rates.

]

a- Th¢ ertropy is expressed as an average of all isomers taken together.

b- 2,4,4- TMP-1, -octcne-1, 4-methylene, 2,2,6,6=-tetramethyl heptane,

2,4,4~TMP, n~octane and isododecanc were taken as model compounds .
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The decrease in the recaction rate with increasing

molecul ar dimensions of the olefin molecule showed
some correspondence with standard heat of formation
of the olefins, heat of hydrogenation and
equilibrium constant; the rate decreased with
increase in heat of formetien of the olefin, while
it increased with increasc of the standard heat of

reaction - and the egquilibrium constant.

The rate of hydrogenation did not show any trend,
or relationship in respect of adsorption equili-~
brium constant of the olefin molecules on the
catalyst surface, energy of activation or

standard entropy of formation. #When the difference
in standard entropies of formation of the olefin
and the corresponding paraffin 1s compared with
the rate of hydrogenation, there appears to be

some possibkble trend; when this difference in the
entropy values are higher the reaction rate was

lower.

m

The data available here are only with 3 olefins;
when more data with many olefins are available,
some gencralised relationship may possibly be
established. It can, however, be stated that

the variations of the reaction rates with molecular
configuration of the olefins may be attributed to
both geometrical as well as energetic factors

involved.
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APPENDTIZXda]

CALCULATIONS OF DIFFUSIONAL RESISTANCES

Calculations for Diffusivity of Hydrogens
Basiss

Temperature, T 323 K

Molal volume at N.B.P., Vi, = 4.3 cm3/gmol
Molecul ar weight of solvent n-heptanc, M = 100
Viscosity of solvent, /ﬁk = 0.274 CsF.
Association parameter for n-heptane, g = 1.0

Substituting these values in Eg. 4.1, one gets.the

diffusion coefficient of H2 in n=heptane at 333 K =

~d 2
1.025 %X 40 “cm /s

Calculations for ILicuid/solid Mass Transfer

Coefficients, Kls H

Basis: Temperature 313 K; olefin isooctene

DA =mi 487 x 10“4 cmz/s; dp & 80,310 cm

M 0e35 C Py f; = 14638 + 0.60 X 0.660

(= 2,038 g/cma); @3 = 0.660 g/cr?; g = 9061 cm/s2

substituting these values in Brain and Hales correlation

m

(LO;

4+.6) the value of liquid-solid mass transfer

coREficient K s Obtained is = 327 c/hr.

Ca

3

Estimation of Thiele Parameter and Effectiveness

Eactors:
Basist Hydrogenation of isococtene at 313 K and

0«5 MPa.
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Thiele Parameter is given by the correlstion,

d; - < i
b p—1 ......J.....i . o ey et e A —— » YA e Ta—— ® 0 0o 80 0 200 (4‘\)
D AT m CA

al

Catalyst particle diameter, dp ™ S 10 am
Particle density, /”p = 1.633 Q/Cm3 (Taole §.3)
Porosity, £ ="0.60 (Table 3.3 )
Diffusigity of H2 in neheptane at 313 K

N —/.1: 2 - l.

Ox = 1.837 x 10" en”/& (TRho 4.3
Soldbility of H, in n-heptane at 313 K

5

Ca =3.020 x 107 gnol/em’® (Table 4+2)

Amount of catalyst, m = 7.81 g

Resotienl rate at 313 K-8nd 045 MPaj

0.1612 x 10™1 gnol/gcat/hr

il

=

i

Du08643 % TO gmol/s
substituting the above values in Eq. 4, the value of
B was obtained te be == 0.165: this shows that

ef fectivengss facter, ?i - LaU (BAESLES] ju
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a P PENDITX 2

EXPERTMENTAL DATA

Expl anatory Notcs

14 Initial volume of licquid reactants in cach runs= 0.450 x10_3m3

2 The 1st row of data for cach Run represents the following
variables in orders

Run No./Fced stuck/ Temp, K/ Pressure, MPa/ Catalyst weight,
kg X 16 / Agitator specd, rpm/

3. Symbolss t = time, minutes; BR = Bromine numbcr of
reacting mlxturc, Cm = Qlefig-coneentrathen; riS, rfactdon
rate, kmol. (kg-cat)~l.hr=1; EO-Fl isooctene feed 4:
IO.F2 = isooctenc Feed 23 Io-F3 = iscoctene feed 3;
ID = isododecene; NO = neoctenc.

t BR C riX 102 BR C r; 102

EXPERIMENTS WITH POWDERED CATALYST

Run 1 To-F1/313/0e5/7.81/800/ Run 3 Io-F1/313/0.5/3.88/800/

0 1249702 0y,5572 1.6173 12.9702  0.5572 1.4797

15 12.2351 g0.525§ - 1246233  0.5423 -

30 11.4850 0.493¢ - 12.2392  .0.5258 =

45 10.7682  0.4626 - 11.8745~ 045100 ~

60 10.0302  0.4309 - 11.5502 © 0.4962 =

75 0.2900  0.3991 - 11.1429 = 0.4787 #

90 8-5125 0.3657 5 1007728 004628 -

Run 2 To-F1/313/0.5/4.67/800/ Run 4 TIo=F1/313/0.5/5.92/800/
0 12.9702 05572 1.5639 12.9702  0.5572 1.6875

15 125302 0.5383
30 12.0810 05190
45 11.6573 0.5008
60 L2127 0.4817
7 10.7448 O«4616
90 10.3119 0.4430

12.4068 0.5330 -
11.8552 0.5093 -
11.2942 0.4852 -
10.7495 0«4618 -
10.1838 0.4375 -
9.5949 004122 -

$ -8 Frf sl
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Run 5 To-F1/313/0.5/4.50/800/ Run 6 Io-F1/313/0.5/5.41/800/
0 12.9702  0.5572 1.6191 12,9702  0.5572 1.6472

15 12.5465 0.5390 - 12.4534 045350 -

40 1241322 (Q.5210 -~ 11.9483  0.5133 -

45  11.7062  0.5029 - 11.4455 044917 -

60 11.1801  0.4803 - 108705  0.4670 -

75 1007565 004621 ) 10-3770 00‘1‘158 o

90 103305  0.4438 - 909161  0.4260 -

Run 7 Io-F1/313/045/6.43/1200/ Run 8 Io=F1/313/0.5/6.99/800/
0 12,9702 0.5572 146240 12,9702 05572 1.5833

SF - Q243601 0.S330 - 1243258 4 0.529% -

30 11.7503 05048
45 11.1265 044780
60 1045678 0e4540

11.6804 0.5018
11esEs 0.47490
10.3769 0.4458

I i
(T B

75 949300 - 044266 - 946879 044162 -

90 943155  0.4002 - gl | 0391 -

Run 9 Io-F1/323/0.5/7.23/800/ Run 10 ID/313/0.5/3.97/800/
0 12.9702 0.5572 2.7930 8.6687  0.3730 07435

15 11.7945 0.5067 - 844889  0.3682 e

30 10.5981  0.4553 —— 8+2978  0.3570 -

45 944272 044050 - 8.1179  0.3493 -

60 842680 03552 - 7.9250 0.3410 =

75 740949  0.3048 - gaT251 = 03824 -

Run 11 1ID/323/0.5/7.13/800/ Run 12 1ID/313/0.5/7.33/£00/
0 8.6687  0.3730 14100 8.6687 @ 0.3730 0.7735
15 8.0830 .~ 03478 - 8.3364  0.35Q7 ~

30 744997  0.3227 - 8a 0017  0.3443 -

45 6+9024 1 0.2970 - 7.67C7 063304 'S

60 6.3237 G271 - 743440~ 0.3160 -

75 5.7450 02472 ~ 7.0140 . 0.3018 -

90 5.159¢ 0.78QQ - 646677  0.2869 o
Run 13 ID/313/045/4.26/800/ Ran 14. ID/313/0.5/6.01/800/
0 8.6687 043730 0.7584 8.6687  0.3730 ° 0.8490
15 844781 043649 - 8e3666 043600 -
30 842806 043563 - 8. 0660  0.3471 -
45 840877 043480 - 77925  0.3353 -

60 749413 063417
75 77484 0.3334
90 75741 03259

74811 0.3210 =
Te2022 0«3 099 -
69140 02975 -
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Run 15 1ID/313/0.5/7.38/1200/

0 8.6607
15 83201
30 79692
45 7463113
60 T«2929
75 7.1604
90 645422
Run_ 17

0 8.6687
15 8¢3294
30 790878
45 76577
60 7.3104
75 6+97603
90 66421

03730
03580
0.3429
O0«3275
0.3138
0.308

0.2015

03730
0e3584
03437
0e3295
03149
0.3002
0.2858

0.7610

ID/313/0e5/7+65/460/

07594

i =47

Run 19 1ID/313/045/8+420/200/

0 Ce6687
LB Cad526
30. Ce2271
45 6.0133
60 77766
12 75903
90 7.3696
Ran 21

0 8.66087
15 Oe 4 01‘1‘
30 6.1806
45 749413
60 77017
75 74579
90 72115

063730
03637
0e354

0e34408
03347
0.3266
0e3171

8.3730
03615
0e3520
003/}:17
0e3314
03209
0.3103

004-520

§ odd T

ID/313/0e5/7.79/300/

Oe5422

—

-

Run 23 No/313/0.5/6.02/460/

0
33
30
45
60
T
90

12.1497
11.0553
949536
8.0736
77699
6+6639

0.5218
Ced740
Oed277
0.3511
0a3337
02862

2475830

Bun 16
5.9266
5.6776
5.4267
5.1826
‘;n 92‘:}:7
46030
4.d227

5.5266
"}: . 73 6 ‘fc
P ey
2.3519
1.0970
04381

Run 20

12 . 1‘1‘ 97
9.3282
75347
51947
240732
0.55%88

Run 22

12.1497
10.9202
9+ M7 1,
Ced777
Te 2646
Ge 0‘192
£.67708

Run gg

12 . 1‘197
11.5745
11.0064
10.4173
9.9027
93020
9.1972

ID/313/0.5/605/800/

02550
Ue 2443
0.2335
0e2230
0.2119
0.2015
01903

0.6240

ID/333/O.5/6.47/COO/

02550
020308
Oe 1516
0.1012
0e0472
0.0210

3.1600

I

I oy 1

No/323/0.5/7.33/800/

0.5218
Ot4-221
03236
0.2231
061234
0. 0240

5.4330

g

No/313/0.5/7.11/12oo/

Ja5218
04690
Oc‘*’i‘l69
0e3641
03120
0.2598
02009

2.9480

(I

No/313/0+5/6.77/200/

0.5218
04721
Oel474
0.4253
03995
0.3950

1.4448

LR T B
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Run 25 No/313/0.5/6495/300/

0
15
30
45
60
75
90

12.1497
1L+3237
10.0450
946606
8408479
8.0237
72297

0.5218
043563
0e4501
04149
0.3800
0e3446
0e3105

242030

R N

Run 27 NO/333/O.5/2071//1200/

0
8
40
45
60
75
90

12.1497
10.5617
G.9738
T¢4160
5.2150
4: 023 77
26590

0e5210
0e4536
003 854
03135
0e2499
01820
0w 1142

100520

-

Run 29 No/333/0.5/2.55/460/

0
15
30
45
60
75
90

12.1497
10.7153
940645
7.0258
61097
447755
3.1154

045218
0.4602
0«3C92
03361
00262‘1
0e2051
01338

9.6200

Run 31 No/313/0.5/4.94/000/

0
1o
30
45
60
75
90

12 .1497
11 .2762
10.3615
944 0G3
8e7316
77420
629271

Ce521C
0.4042
0e4450
0.4075
03750
e 335
0.2975

3.0454

Run 33 No/303/0.5/7.40/300/

0
15
a0
45
60
75
Q90

4.3524
44,0110
3.6770
3.3460
2.9832
2.6849
2.3104

0.1863
001721
O 1570
0¢1436
061280
O=1152
00991

0.7734

Run 35 ITo~F1/303/2.0/7.04/500/

0
15
=0
45
60
£
90

12 .9702
12.6467
12.3254
12.0019
11.6806

113571
11.0001

0«5572
0e5433
0.5295
0.5156
0«5018
064879
044760

0. 304G
0.8016
07985
0+7953
0.7931
07913
0«7910

Run 26

12.1497
11.2462
10.3707
94254
Ce 5453
76779
67361

Run 20

12.1497
T¥.52bG
10. 0946
102660
9.6303
9. 0645
8e 4079

Run 30

I — . —

12.1497
11.7166
11.2952
10.38411
10.4430
10 0704
946629

Run 32

25.7585
244880
2244830
2065630
86 3065
.77 1 17
1583854

—-

12.9702
12.7165
12.4651
12.2114
219553
11.70386
11.4595

No/313/0.5/5.29/800/

0+5210
0.4830

L ‘I.l‘ [‘.1' 5‘}.’
0e404C
03670
0e3276
0a2893

2.9250

-

IR ] A O

No/313/0+5/3.6/800/

Le 5218
04950
0e4679

« 4409
04136
03823
0e3611

2.9660

No/3137/045/2.52/800/

0452105
0.5032
0.4851
0.4656
064485
0.4325
0+4150

No/333/0.5/2.95/300/

1.1090
1.0350
09670
0. 8E65H
048140
07375
0.6631

05572
Oe 54:63
0. 5355
0.5246
0.5136
0«5030
04923

2.9100

=1t L

949700

-~

[

Run 34 To=F1/303/0.5/6.95/00%

06293
0.6263
De6247
0.6235
06197
0.6134
0.6145
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Run 36 TIo-F1/303/1.0/6.9/5600/ Run 37 To-F1/303/0.5/6.03/300
0 12.9772 0n.5572 0+7077 23.7M38  1.0259 0.6414
15 12.6039 045449 0.7003 23,5200 1.0240 0 B4NT
30  12.4022 0.5327 0.7078 23 2737 10080 N 4NN
25 12.1188  0,5206 0.7074 23.0198%  0.9921 0.6393
60 11.0320 N.5003 07070 22.7669 0.9012 0.6307
75 11.5400 N.4961 0.7065 22.57140 N.9703 0.6300
90 11.2663 04040 N.7061 22 .2611 N, 9594 N.6370
Run 38 TIo-F1/303/1.5/7.31/800 Run 39 Io-F1/303/0e5/6.51/800/
G  12.9702 0.,5572 0.7572 32.9225 . 1.4230 0.6469
15 12.6490 0e5434 0.7566 32.6911 1.413@ 0.6461
Jg 12.3371 05300 0.7559 32.3903 1.4000 0.6458
45 12 . 0042 045157 (e 7553 3212050 1.3920 0e6454
60 11.6830 045019 0.7546 31.9507 13810 0.6452
75 11.3617 0.4881 0. 7539 31,7158 13750 06450
90 11.0475 044746 Q7533 31.4649 13600 0.6445
Run 40 Io-Fx/303/o§5/7.12/8oo Run 41 Io~F1/313/1.5/6.55/800
0 4.4823 0.1920 0.5699 1258702 0.5572 1.9780
15 442536 0.1822 065673 12.2044 05243 1.9760
30 40291 Ol 78% 0.5646 11.4525 0.4920 1.9740
45 3.8006 0.1628 0«5619 10.7193 0.4605 1.9730
60 3.5765 0.1532 005493 9.9581 04278 19780
75 3.5882 0.1537 0« 5466 9.1923 063949 1.9690
90 3.12883 01340 0.5440 844567 0e3633 1.9680
Run 42 Io-Fl/303/0.5/7.69/800 Run 43 Io-~FL/313/2.0/7.03/800
0 86240 0s3700 06120 12«970% 0.5572 2% 0§20
15 8.3513 0.3583 0.6097 12 sl 3 0.5203 2 .O8Z0
30 8.0809 03467 0.6075 11.2826 0e4847 2.0630
45 7.8059 043349 0.6055 10.4097 0.4472 2.0500
60 7.5355 0.3233 0.6043 945996 0.4124 2.0370
75 T«3T747 0«3164 0«6037 87593 0+3763 2+0260
90 7.1369 03062 0.6045 7.9330 03408 20150
Run 44 Io=Fl1/313/0.5/7.0/800 Run 45 Io-~Fl/313/0.5/6.12/800
8- Tl 0Tz 0.5572 16120 4.4823 qelfg2Q 1.4490
+5 " ITHINe 05290 1.6080 3.9641 0.1698 1.4200
30 1l.6597 0«5009 1.6030 3.4668 0.1485 1.3810
45 11.0079 04725 1.5990 249906 O«l281 11,3310
60 1043562 044449 1.5850 254120 01076 12700
75 9.7067 04170 1.5910 2.0754 0.0889 1«1950
90 9.0596 0.3892 15880 1.6622 0.0712 1.1740
Bun 46 Io-F1/313/1.0/8.33/800/ Run 47 To-F1/313/0.5/7.99/800
0 12 09702 005572 1.8480 32-9225 LN a2310 1.6740
15 LA+ 081 0.54 84 1.8440 32,1590 1.3900 6720
30 11.1522 04790 18400 31.4418 1.3560 6740
45 10.2933 —)04-422 108370 3006089 1.3230 106670
60 94041 064040 1.8330 2948454 12900 1.6510
Z5 845033 0e3653 1.8290 29.0819 12570 1.6250
90 76211 03274 1.8250 2843415 1.2250 1.5930
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Run 48 To-F1/313/2.0/8.14/800/ Run 49 Io-F1/333/1.5/2.52/800/

0 23.7838 1.0250 2.1630 12.9702  0.5572 7+2640
15 23.0059 0+9915 21690 11.6737 05015 7+1950
30 22.2332 (0.9582 2.1510 10.4260  0,4479 741240
45 21.4606 0.9249 2.1400 941550  0.3933 6.9550
60  20.6879 0.8916 2.1120 79097  0.3398 6.+9470
75  19.9199 0.8505 241000 646667  0.28064 6.8980
90  19.1565 0.8256 2.0970 5.4469 042340 648180
Run 50 To-F1/313/0.5/6.55/800 Run 51 To-F1/333/2.0/2.90/200

0 4.4823 O« 1920 1.523U 12 .9702 05572 7.6140
15 349267 0.1682 1.4420 1120987 ; "0.4768 7.5480
30 3.3944 041454 1.3610 9.2458 0.3972 74320
45 2.0855 0.1236 1.2810 7+4651  0.3207 72650
60 2.3976 041027 1.2000 BJ6750 11002438 7+ 0480
28 1.9517 0.0836 1.1190 3.9750 " OallF00 6.7300
90 1.5478  0.0668 10380 2.3510=_ 0. 700 64620
Run 52 Io-F3/333/045/7.51/800 Run 53 I0-F1/333/0.5/4462/800

0 12.9702 Fu g, 5555 5.4200 23.7838  1.0250 5.5520
15  10.6099  0.45586 5.3050 22.2240 049578 5.5510
30 0«2658 7| 0.3551 541000 20.6763  0.0911 5.5539
45 59637 042562 4.0180 191310 0.08245 5.5140
60 3.9548 041699 445140 17.5949  0.758C3 5.4770
5 1.8296  0.0786 36260 18.0659  0.6924 5.4270
90 0.7030  0.0302 2.1540 14.5600 0.6275 5.3650
Run 54 TIo-F1/333/1.0/3.45/800 Run 55 Io-F1/333/045/3.01/8600

8 12.9708" 0.5572 6+5220 4.4023  0.1920 4.6510
15  11.6667 045012 644930 3.7213 . gsRos 4.2880
30 10.3702=1 0.,4253 644440 3.0489  0.1306 442010
45 90609 . 043896 6.3740 2.4816 041063 4.1160
60 7.7980° 043350 6.2830 2.0194 = 0.0865 3.8660
75 645619 "= "0.2019 6.1710 F6£327 0.07223 3+46290
90 5.3202 Q92209 640390 1.4287  0.0612 3.1950
Run 56 Io-F1/333/240/3.96/200 Run _57..~T0/30341.5/316/000/

0 32.9225 1.48go 7.9730 Qe6687 & " 0.3730 0.5371
15 31.1179 1.3450 79900 84199 043623 05339
30 2942670  1.2650 7.9980 8.1411 043503 0.5307
45 27.4392  1.1860 7.9940 7+0692  0.3386 045276
60 25.60859 1.1070 7+ 9€00 7.6391 " 0.3207 0.5244
T EISE5EN  1.0800 749550 7.3648  0.3169 0e5212
Run 58 Io-F1/333/2.0/4423/000/ Run 59 1ID/303/2.0/6.50/3800/

Q@ 12.9702 (.5572 7. 8010 846607 043730 0.5538
15  11.7039 0.5028 745400 8.4595  0.3640 045490
30  10.4516  0.4490 73430 8.2307  0.3545 0+5476
60 749074 043397 7.2810 7.7692  0.3343 0.5453
23 67704  0.2912 742160 7«5368  (.3244 0.5443

90 S«3530 02300 71940 73207 043150 0.5413



Run 60 ID/303/0.5/7.04

03730
03644
0.3560
0e3463
043373
003270
03199

03730
03634
0«3542
03454
043346
03241
0.3152

228

800/

0e4443
0.4371
0e4369
De4346
04324
Ced314
04309

ID/303/1.0/7.38/800/

0.4958€
0.4956
0.4955
0«4953
0.4952
0.4950
0e4919

Run g4 ID/303/0.5/7.34/800/

0 B8e6607
15 8.4687
30 Ge2735
45 00481
60 78309
75 7.5996
90 7.4346
Run 62

0 86637
15 Gedd55
30 0.2317
45 80272
60 747800
75 7¢5322
90 73253

B 2RaTi
35 "2%.:517
30 21.3@
45 21.1%6
60 2049214
75 2047463
90 20.4830

Qe 9402
0«93 18
069234
0«9150
09060
08984
08870

04600
0.4596
04594
De4592
0e4591
0.4539
Oe 4584

Run 66 IDAD3/0.5/47-47/800/

0
15
30
45
60
75
90

11.7000
11.53C8
11.2992
11.1205
10.9671
10.7114
10.5836

05036
04956
044062
04785
0.4719
04609
Ced554

O.4561
04460
Oe4453
Oe4452
Oeddds

0.4440
0.4427

Run 68 ID/313/0.5/8466/800/

¢
p
30
45
60
75
80

846687
Ge2317
7+9063
7.5298
Bel324
6+7350
64190

03730
0«3542
0e3402
0e3240
03069

. 02898

0.2762

0+7785
0s 7039
0«6980
0.6959
060811
0e6773
0.6740

Run 70 1ID/313/1.0/7.07/800/

0
5
Al
45
60
18
90

8.6687
Ge.2921
79482
T«5972
72091
68061
65445

0.3730
0e356C
003420
063269
0e3102
02963
0.2016

0.8982
0«8375
0.8280
0.8273
0.8191
0« 8100
0. 3010

Run 61

59266
5.7636
5.5800
54267
5.2593
5.1129
4.9293

Run 63

30w 5975
30.412C
30.22081
29.0508
29.0355
29.65008
2944198

Run 65

G.6687
8e1620
750810
71557
67397
6.5119
5.8054

Run 67

€.66387
Ge2642
7.8529
7.5947
71162
647188
64515

B 68

29 e e
21,309%
P OMGoRT7
20.5292
2041366
19.7279
19.33308

Run 71

3045975
3042973
30.0203
2947662
2946046
2944198
29413889

ID/3C3/045/6460/800
042550 04200
042480 0.4196
02401 0.4177
042335 0.4165
0.2263 0.4151
0.2200 0.4134
0.2121 0.5113

ID/303/0.5/6.97/800/

#3250
e 3l 7
13090
203
152920
1.20840
1.2740

0.4650
4641
0.4642
0.4641
0.4639
04639
04638

ID/313/1.5/9.25/800

0.3720
D512
0e3262
0.3079
042900
0«2802
0.,2488

0+ 9355
0.9292
0.9104
0.9079
09080
0.910UY
0.9066

ID/313/2.0/6.77/600/

043730
0.3556
0.3379
03397
093062
042891
02776

0.9200
0.9190
0«9086
09033
09012
08920
0e 8910

ID/313/045/7. 18/800/

0+9042
09228
0e9050
0. 38890
0.08720
0.08543
0.08394

0.7952
0.7937
0.7920
07917
07902
0.7901
0.7883

ID/313/0.5/6.38/800/

1.3250
1.3120
1.3000
1.2890
1.2820
1.2740
1.2640

0.8175
0.8172
0.8160
0.80152
08147
0.8134



Run_J2

0O 3045975
il 3041819
30 29,7662
45 2943736
60 8«9580
75 2845192
940 2041266

1.3250
1.3070
12890
1.2720
1.2540
12350
1.2160

229
ID/313/2.0/7.08/800/

1.0700
1.0730
1. 0630
1.0620
1e 0620
1le 0600
1.060C0

Run 74 1ID/313/2.0/7.56/800/

0 Ce6607
15 8.2178
30 76321
45 74000
60 69767
T3 645212
90 6.1099
Run 76

0 Ca6607
15 T+632 8
30 64422
45 5a3700
60 4.2 0309
75 3.3280
90 2.3240

043730
0«3536
0e3372
0.3188
0e3002
042006
0.2629

03730
03240
0e2772
0.2311
Ce1042
001432
01000

0.95082
0«9550
Oo 9543
09534
Ue 9490
09475
094605

ID/333/0+5/5.95/000/

3.2450
31200
3.0520
2.9500

«0110
2.6640
244260

Run UG ID/333/1.0/6.02/00¢

0
p £
30
45
60
T
90

Ce6607
7532
64399
543453
4.3041
3.2165
241092

Ce3730
0e3241
02771
02300
001852
0.13384
Ce 0942

4«1200
4. 0050
3.9570
F. 8540
3.8080
3 <200
3.6930

Run 80 ID/333/2+0/6.46/G00/

0
1B
30
45
60
75
90

3045975
BB. 7271
26 47642
2449399
23 40717
21.3005
19.5293

143250
1. 2848
1.1590
1. 0800
De9991
0e 9224
0e 5457

5.0100
449670
4494080
4- 93 BO
449030
4.5610
4.0610

Run 82 No/303/1.5/6.43/50C/

0
15
30
45
60
iz
90

12.1497
11.5653
10.9739
10.3964
e 7171
942252
Ce6G10

0.5218
0e4967
04713
De4465
0e4199
03720

1.6010

1.5870
15730
1.5590
1.5450
1.53190
1.517¢

BN

0e 6607
7.3695
6.0611
447960
36069
244402
1.4223

Run 75

8.6607
7.2626
5.9937
446713
3.2583
2.0916
1.1086

un 7

21.7126
2046370
19.5247
18.448
17.3933
6. 1717
¥59£133

Bunllo

305975
2943505
28.1036
2647573
25.6788
24: ° 2933
2381156

ID/333/1.5/4

063730
Ora 31070
Ge2600
a2 064
0.1552
01050
De 0612

ID/333/2.0/4

063730
E.3125
#2579
02010
001402
00900
06 0477

ID/333/0.5/5

0.9402
08937
0.8455
0«7989
0«7532
0.7003
0.65C0

ID/333/0.5/6

13280
12710
18170
1.1600
%.112¢
1.0520
1.0010

«37/000/

445230
442950
442000
3.9990
3.7108
3.31C0
3.5410

5.0350
5.0130
49900
4.9680
4.8460
4.0240
4.9020

«51/200/

34480
3¢4430
3.4360
3.4310
344250
3.4190
3.4140

.20/0004

3.5090
3.5040
344980
3.4930
3.4870
34820
3.4760

Run_C1 ID/333/2.0/6.33/£00/

Ge 66037
68814
5. 1222
3.4674
2. 0196
Ce 7297
Oe 1441

Rup o3
12 1497

1l1.5164
109017
10.2323
946606
940250
8e3777

0e373 0
0e2961
02204
Oe 1492
De 0869
Oe 03 14
0. 0062

5.4420
4.6500
4--3‘1-10
347990
B BC)
<50
2l

No/38/2¢5/6.5¢/200/

0«5218

Oe4946
Oe 4652
Ced4 16
004149
0«3876
0e3598

1.6030

1.6130
1.6350
1.6470
1.65C0
16690
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Run 84 No/303/Ce«5/6.30/000/

0 12.1497
15 11.6747
30 11.1765
45 167457
60 10.2567
75 97934
90 943533
2upn o5

0 12.1497
B 115583
4 10.9646
45 10.3871
60 927747
37 9+2345
90 846734

0«5210
0«5014
04200
Oed615
Oe44 05
064206
Ged 17

0.5218
04964
04709
0.4461
0e4198
03966
03725

1.3180
1.3030
12880
le2730
12580
1.2430
12280

No/303/1.0/6.86/80Q/

1.5170
1.4960
1.4750
1.4550
1.4340
144130
1.3920

Run 88 No/303/2.0/7.23/800/

0
18
30
45
GO
75
20

4.3524
3.7240
3.0979
2.5232
1.9508
1-4391
0e 96 02

0.1863
Oe1594
041326
0.1080
00835
Ce 0614
0.0411

1.5680
1.4930
1.4180
1.3430
1.2690
1.1940

1.1880

0
i5
30
45
60
75
90

92142
846348
840554
7+4 854
69153
643499
5.7846

03944
03696
0e3448
0«3204
02960
0.2718
0.2476

1.6160
1.6060
1.5970
1.5880
1.5790
1.5700
145600

Run 92 No/313/0.5/7.18/800 /

0
15
3.6
45
60
TS
90

12.1497
10.9622
9.7887
Be6 152
74580
63351
5.1924

0.5218
044708
064204
03700
0«3203
0.2721
042230

2.8600
248310
2.8020
247730
27440
2.7150
2.68€0

Run 94 No/313/1.0/6.95/800/

0
15
30
45
60
75
90

12..1497
10.8272
945140
842287
6 .9550
5.7093
44403

0.52183
0e4650
0.4086
03534
0.2987
062452
01907

3.2820
3.2450
3.2080
31710
341340
3.0970
340600

Run 85

2547505
25 .2242
24.6660
24.1326
23.5984
23 .0051
22.5299

Run 87

oy gus e

3523
34.6465
34.0907
33 .5580
33.0022
3244695
31.9368

Run 89

12.1497
10.7690
9.3999
8.0331
6.6826
5.4113
4.1050

Ran 91

e

12.1497
10.7620
9.3859
80284
6.7059
5.3810
41562

Run 93

352083
34.2480
33:2338
FZRE6T
81 .86572
023187
29.3430

Run 95

4.3524
3.5558
247965
2.0886
14018
0.8738
0.4626

No/303/0.5/6.92/800/
101090 1.3370
1. 0060 1.3370
1.0620 1.3300
1.0390 1.3300
1.0160 1.3390
749939 1.3390
Ce9700 13400

No/303/0.5/7.04/80¢/
15200 1.3570
1.4960 143490
T.4720 1.3410
1+449Q 1.3340
1.4250 1.3260
1.4020 1.3180
1.3790 %.3110

No/313/1.5/6.81/800/

045218 3.+5450
0+4625 344920
04037 3.4380
0.3450 3.3850
0.2870 3.3310
02324 3.2770
061763 342236
0.5218 3.7470
04622 3.6760
04031 3.6040
0.3448 3.5320
0.2880 3+4600
0.2311 3.3890
0.1785 3.3170
No/313/0.5/5+70/800 /
1.5200 3.0010
14780 2.9880
1.4350 2.9750
1.3930 2.9620
1.3500 2.9650
143090 2.9200
1.2670 2.8590

No/313/0.5/538/800/

01863
01522
01197
0.0894
0+0600
00374
0.0198

244740
2.4850
2.3970
2.2100
1.9240
1.5380
1.0530
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Ran 96 No/313/240/5.94/800 /

0
L5
30
45
60
75
90

35x2023
33.8822
32.5158
31.2421
2948757
2846019
27.2818

1.5200
1.4630
1.4040
1.3490
1.2350
1.1780

3.8910
3.8730
348540
3.8360
3.8180
3.8000
3.7820

Run 98 No/313/2.q/5.99/8oq/

0
15
30
45
60
75
90

942142
79283
67121
5.284¢
4.2777
3.2100
241540

03944
0e3405
0.2873
02262
0+1831
0.1374
0. 0922

3.9370
3.7510
3.5650
3.3790
31940
3.0070
28210

Run_ 100 No/333/0.5/'2.6/800/

0 12.1497
15 10.6945
30 9.2 066
45 7.8235
60 64497
5 5.0760
90 3.8326
R’ 302

0 12.1497
15 10.1054
30 841611
45 6.0383
60 4.2493
> 2.6368
90 l.3 083

0.5218
0e4593
03954
03360
02770
0.2180
0.1646

045218
0043‘10
03505
02592
01825
0¢1132
00560

9. 9680
9.7080
94490
91900
8.9310
846720
8.4120

No/333/1.o/2.91/800/

13.3200
12.4900
11.6600
10.8300
10.0000

941770

8.3490

Run 104 No/333/240/2 .61/80¢/

0
i5
30
45
60
75
90

35.2023
32.9095
30.5704
28.3703
26.1701
23.7616
21.4711

1.5200
l.4210
1.3200
1.2250
1.1300
1.0260
0.9271

14.9300
14.9900
15.0500
15.1100
15.1600
15.2200
15.2800

Run_97 No/333/1.5/2.11/800 /

12.1497
10.5035
848480
73159
5.7885
4.2447
2.8779

Ran 99

2 . 1497
10. 0402
7+9516
5.9841
4.1539
2.3843
1.0897

Run_ 101

3520488
33.9054
32.5621
31.3347
30.0609
28.7177
27.3744

Run 103
4.3524
3 28 3
2.2008
IR3340
0. 7055
0«2593
0.1100

Ran_105

902142
7«4480
5.8173
43735
2.9040
1.6354
Oe 7196

0.5218
0<4511
0.3800
0.3142
0.2486
0.1823
0.1236

13.7600
13 .3800
13 .0000
12.6200
12.2400
11.8500
11.4700

No/333/2.0/2.55/800/

05218
0.4312
0.3415
02570
0.1784
0«1024
0.0468

15.4400
14.4900
13 .5300
12 .5800
11.6300
10.6700
947220

1.5200
14640
1.4060
1.3530
1.2980
1.2400
1.1820

10. 0900
10.1600
10.2200
10.2800
10.3400
104000
10.4600

No/333/o.5/2.37/800/

0.1863
0.1384
0«0942
0.0571
0.0302
0+0110
0.0035

8.6060
8.0200
6.6230
F.2270
3.8300
2.4340
1.0380

No/333/2.o/2.09/8oo/

0.3944
0.3188
0e2490
0.1872
0. 1243
0.0700
0.0308

15.2300
14.0500
12 .8800
11.7100
10.5400
9.3650
8.1920

e
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II EXPERIMENTS WITH CATALYST RELLETS

Run 1 To-F1/303/045/4.10/800/ Run 2 Io-F1/313/0.5/5.02/800/
0 12.9702 05572  0.2890 3249225  1.4230 0.4886
15  12.9025 045543 < 32.8776  1.4170 =

30 12.8420 0e5517
45 12,7582 0.5481
60 12.6860 0« 5450
y -] 12.6348 0.5428
90 1245510 045392

327220 1.4103
32.5886 1.4042
32.4460 1.3984
32.2996 1.3920
32.1792 1.3868

(R A g
| B I B (O

Run 3 Io-F1/313/0.5/4.52/800/ Run 4 No/313/0.5/5.0/800/
O 12 .99700 0e5572 04633 12.1497 0.5218 0.6522
15 12.8490 0.5520 5 .08 B.5136 :

30 12.7302 0¢5469
45 12.6185 0.5421
60 12.4882 05365
i 12.3671 05313
90 12.2275 Ba5253

-g 70 0. 4942
11.3859 0.4890
112625 0.4837
11.0017 04725

' dabalad sl

LB e

Run 5 To-F1/333/0.5/4.51/800/ Run 6 No/313/0.5/4.34/800/
0  12.9702 -, 045572 1.0250 2547585  1.1090 0.6970

15 12.6441 Oe5432
30 12.3252 05295
45 11.9784 0«.5146
60 11.8480 0«5090
75 11.3290 04867
90 10.9984 04725

25.5550 1.1014
25,3822 1.0918
25.1211 1.0827
25.0492 1.0795
24.8496 1.0710
24.6478 1.0623

hl
1

[ g R W R
Fobal:bgals

Run 7 Io-F1/313/0.5/4.99/800/ Run 8 No/313/0.5/4.0/800/
O 23.7838  1.0250 0.4549 35.2023  1.5200 0.7383

15 23.6501 1l.0193
30 23 .4877 1.0120
45 233740 1.0074
60 23 .2608 1.0025
75 23 .1187 0e 9964

35.0981 15127 -
34.9264 1.5053
34.7051 1.4958
34.7663 1.4984
34.4020 1.4827

IR IR R

P Vatubals

90 22,9865 0.9907 34.1573  1.4720 -
Run 9 ID/313/0.5/4.23/800/ Run 10 1ID/313/0.5/4+85/800/

0 8.6687 043730 0.2561 21.7126  0.9402 0.2362
18 8.6036 043702 < 21.7056  0.9374 -
30 8.5571  0.3682 - 21.7116  0.9392

45 8.4572 03639
60 8.4131 03620 21.5788 0.9285
75 83550 0.3595 21.5067 0.9254
90 82666 0e3557 - 21.4510 09230
Run 11 ID/313/0.5/5.00/800/

0 3045975 1.3250 0.2419
15 30.5816 1.3219 -
30 3046519 1.3289
45 3045798 1.3158
60 30.5194 1=3132
75 30.4288 1.3093
S0 30:3707 1.3068

21.6415 O« 9312

! gakei IW
| R 0 F8

P Ve'lalab
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GIC analysis data

Run No. 84
il Composition of unreacted olefin mol% N
T ;zgzeru Low Cctene~1 Octenew? Cctene=3 Octene-~4
mol % boilin C{ AT
0 O« 00 045 3147 4042 17.9 9.7
15 390 - 2345 412 25.3 10.0
30 8. Ol = 15-3 45 l(;).’: 30.9 8-4:
45 11.56 - 11.9 43 <5 28.6 1660
60 15.58 - i 44.8 25 A 22.6
75 19039 -; 4:08 4106 3006 23 02
90 23.02 - 753 TEZ 25.9 Zukd & &)
Run NOew 100
0 O« Q0 { it 7 4062 7 Bl 97
5 = 1198 - 13.2 4547 5.4 10.5
g i [ P ¥ ) ; 8e3 5245 o5 L 2 1<, §
450 35,60 - 1752 16 .6 310 15.2
60 46.91 - 10.4 44 .9 2948 14.%
72 58522 - Gl ¥ 4448 2649 2246
90 68-45 - 5.5 47-0 28.6 2104:
Run NOO____E_)_Z_
o (8, Conve. . E. 3

: - BR B ok % Ratio of TMPw=1/TMP-2
0 1342936 065700 0«0 4410

15 109764 04713 17 .3 4418
30 843943 03602 388 4404
45 602433 062679 53 0 3487 o
60 4.2507 0.1824 686 6 3492 ;@;ﬁj@;
75 2.2442 0. 0963 83.1 3481 JF 7
90 0.8086  0.0347 9349 3796 [} {rouncer )7
Run No. 52 & Io/F2/333/0.5/6.44/800/ ‘3’*

0 5 0

15 393
30 391
45 356
60 4del2

75 386
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