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CHAPTER III

THEORY

A catalyst may mse its activity or its selectivity ﬁma wide variety of reasons.
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Loss of active species

One of these deactivation which was mainly focused on the present work is the
deactivation by fouling. The term fouling is generally used to describe a physical
blockage such as the deposit of dust of fine powder or carbonaceous deposits (coke).
In the latter case activity can usually be restored by removal of the coke by burning.
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The deactivation by fouling have been paid attention by many researchers for a
long times. Hughes (1984) has mentioned that the catalyst deactivation by fouling
usually involves significant amounts of deposits material. Amount up to 10-20 % of the
catalyst weight were frequently obtained. Basically, two types of fouling may occur,
due to (1) the reaction system itself and (2) deposition by an impurity in the feed

W

m@siﬁnn on catalysts which occurs
bon s irear processed. Since the deposit
m stream or in the various

t - other hand, the latter is typified

stream.

The first is typified b

under certain conditions

originates from a cracki
products, it can not b

to remove the impurities.

The fouling by coke dgpesition  is @lways associated with the main reaction.
Therefore, it is usually not possiblesto elim coke deposition totally, but the
process of coking can often be stibs ; 'by modifying the catalyst so as to

improve its selectivity. An f this dition of small amounts of alkali to

the citalyst and tends to reduce

the cracking type reaﬂtﬁls at may r u

Exammﬂ%mw%' cwlﬂ. eposits are extremely

numerous. Vi y any process having carbon atoms in the feed or product molecules
can, u i iti ; ives ise 5o iti 5 ke. Naturally,
mnlmﬁmwﬁquﬁeﬁmg m :EI aromatic or
naphthenic rings tend to produce coke deposits more easily. Both aromatics and olefins
are the immediate coke precursors which readily yield coke deposits.

Butt (1988) has also stated on the deactivation by fouling that the strongly
adsorbed carbonaceous deposits form large polynuclear aromatic structures, apparently
through polymerization and condensation. However, coke is not a well-defined
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substance; normally it has an empirical formula approximating CH, but the chemical
nature depends very much on how it is formed. For example, coke is known to develop
in filamentous or whisker-like structures or encapsulating-type structures on metals
and in pyrolytic-type structures on acidic surfaces. The coke also varies depending on
the conditions of temperature and pressure. Moreover, these structures change as they
age on the catalyst surface. Thus, it.is 4 t that there are great variations in the
st and its history. Butt (1988) has

n ‘ffedﬁdnplex mixtures of compounds and

ncd depe ""nmmca: nature of the feed and

| the number of active centers

morphology of the coke dep
commented that mdusmal
the amount and type of ca
products formed. The aeti
that are available to cag
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mechanism. The parallel and dnnsssu ve reactions for coking can be written as
follows: , A ;r < F
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is high, since the reactant is the coke precursor. Therefore, when coking occurs by a

parallel mechanism, the greatest deposition of coke would be expected at the inlet of
the reactor. Conversely, larger coke deposits are formed in series fouling, when the
product B has a high concentration since this is the immediate precursor of the coke in
this case. In normal operation the product concentration increases with distance along
the reactor, and therefore the coke distribution should follow a similar pattern.
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3.2 Effects of Carbon Deposits on the Dehydrogenation Reaction

Franck and Martino (1985) observed the effect of carbon deposits on the main
reforming reactions: dehydrogenation, dehydroisomerization, isomerization, and
dehydrocyclization.

Dehydrogenation of paraf

fins : ; %ﬁ; a fast reaction, and, under
ing thes ic equilibria are rather quickly

reforming conditions, the coresponc

achieved. The olefin concean ore remain quite low, so
the dehydrogenation of gy€lc 1 idered here.

For low carbon ¢ // _ , about three carbon atoms
are needed to suppress def natipg 3 i vity of two Pt atoms. The results given in
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figure 3.1 were obtained" by ire a cyc e-toluene mixture ( 20 %
cyclohexane by weight) o pfeviously cokedureforming catalysts (0.6% Pt by weight)
at 300°C under atmospheric preé: at activity, expressed in moles of
benzene obtained peim of “catalyst. uf, dropped  very quickly when the
carbon content increase b,
the catalyst should be-7il with a n t

carbon was deposited n:m the plaunum The results in

e °“"“°“’FTTJ’B"“3 “P'!'“ﬂ‘“ﬂ'ﬁ WEIN?
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¢-ta these results, the activity of
er of 0.1 wt. % if all the
gure 3.1 show that , in fact,
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AT
Figure 3.1 Effect of coke on -C"‘_Aig

activity. (Franck and Martino, 1985)
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3.3 Composition, Structure, and Location of Carbon Deposits

3.3.1. Composition

Franck and Martino (1985) stated that carbon deposits are formed from
hydrocarbons which almost never have more than 12 carbon atoms and usually
have fewer than 10. On the average, a naphtha treated in reforming has at
least two hydrogen atoms fo Iw iom, and if recycled hydrogen is

' &r&tin in the reactive phase is

iaphtha plus recycle gas is

taken into account, the L
between 3 and 4. Th‘
therefore rich in ith various hydrocarbons

(methane,paraffins, o ‘ . with ferent petroleum cuts, and especially

Table 3.1 H/C Ratio'of ¥agions Hydrogarbons, Petroleum Cuts, Coal

Compound H/C (atomic)
CH, , 4.0
Paraffins 0317 2.0
Benzene “n i ‘ 1.0
Naphthalene F;l]l u E'I ’J w EJ V]‘ ﬁﬂ q ﬂ ‘3 0.8
Straight- htha ¢ o~ &

e BRI N IU UK TINY A
Crude n::itlI 0.09-0.13 1.08-1.56
Syncrude 0.07-0.10 0.84-1.20
Coal 0.05-0.07 0.60-0.84
Reformer combined feed 0.22-0.366 2.64-4.32

*Naphtha + hydrogen with 3 < Hy/HC < 10
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They remarked about techniques for determining carbon and hydrogen
composition. The consolidated carbon deposits may occur when the coke are
determined after stripping at high temperature. On the other hand, the coke
which are more or less mobile, formed by the heavy aromatic hydrocarbons

which are always present under operating conditions and which remain

lytic bed is cooled down. They therefore
ﬂentraﬁon can be determined by

adsorbed on the catalyst when th
distinguished between deposil '.""x'
combustion after having-h,-"

other hand, which are.g

recautions and those, on the
.and whose presence can be

determined either b extraction using solvents.

Table 3.2 shg *?;bared for different carbon
deposits; it may be no ing reforming are rather rare. In
the case of cracking or ¢ occurring without hydrogen
the figures are low, usual e obtained for most coals. As far as
reforming is concerned, the are very different: The first is an
average of a few samples treated for 24
hr at 100°C wh; Ter various solvent extraction
treatments and high-tTémp ich probably left only the most

refractory of those deg,osnts on the catalyst These differences show that even

the carbon dﬁ!ﬁ i eﬂﬂe fﬂ?wﬁeﬂ] ﬂﬁe partially dissolved,

which admit that there is, o surface of the catalyst, a very wide spectrum

? F{mﬁﬂ’ﬂ"ﬁ“m“’l‘? PErTE T e

Very ¢

As far as "mobile deposits" are concerned, it has been possible to detect
unnegligible amounts of heavy hydrocarbons, under special conditions, in
reforming effluents both from n-heptane and from butylbenzene or from a real

feedstock. They concluded that the deposits found on coked catalysts can be
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anything from polyaromatic hydrocarbons to coals which cannot be dissolved

in organic solvents.

Table 3.2 H/C Ratio (wt. %) of Coke Deposits Obtained in Various

Processes

Process Feed Catalysts H/C

Cat-cracking 0.03-0.04
Dehydrogenation 0.005-0.013
Cat-cracking 0.03-0.07
Cat-reforming 0.05-0.10"
Cat-reforming <0.01°
Measured after strippiy 10°C and removal of
adsorbed water.
® Measured after washing wﬁ% | ¥ .dissolution of alumina, and air

3.3.2. Structure

Franck rbon deposits are
uniformly spr@umﬂﬂnqw E‘r!] E.I t’.. case of reforming
catalys bﬁ onolayer for
cunsoltjﬂ ﬁﬂﬂnﬁﬁ 5mﬂi&‘:lli m &lj ations made
during catalyt:c cracking show that rather large aggregates are involved. These
aggregators have, moreover, been studied with different techniques, such as
thermal analysis, X-rays, electron microscopy, and various kinds of
spectroscopy (infrared and Auger). However, some detailed characterizations
of deposits obtained in reforming still remain relatively rare; in Espinat's study,

different techniques were used and compared for characterizing carbon

deposits on reforming catalysts.
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X-ray diffraction

The use of x-ray diffraction for characterizing carbon deposits on a used
catalyst has made it possible to show the presence of three-dimensional
aggregates which are well crystallized. However, in order to have a more

sensitive analysis, the alumina is dously dissolved with hydrofluoric acid,

and an x-ray diffraction spectn one shown in figure 3.2 is thus
obtained. Curve I shows:that the' anding to grahpite (002) is very
! i E——— :

intense, whereas the othei-bands are ne \1\ learly defined. By increasing the
counting time (curve Y, ' has ‘ m o improve the resolution of

bands (101) and (100 ds A 102) a \\ 1), as well as band (110).

eas ires about 4.5 nm along axis
(002), which correspbndg ‘ king. Hf at it a dozen graphitic planes. In

2.0 nm was found, in other

words, when d = 2.09°A; abéuit=1€ These results confirm that this

;"'p E =
.

graphitic coke represents. ¢ otal amount of coke and that

its structure depends on.t

=

B o M W e A @ = W

Figure 3.2 X-ray pattern of coke deposit.
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In Espinet's study, alongside a fluorescence related to the presence of
nondesorbed heavy polyaromatic hydrocarbons, two intense bands are detected
on the coked catalysts in the region 1300-1650 cm™, and these are
characteristic of graphitic carbons. This technique, which as the advantage of

being applicable even with low percer f coke, has made it possible to
demonstrate that, with 0. :

_alr'eady organized structures,
thus proving that the onaceous aggregates takes

place from the very hgg

3.3.3. Location

Rl

.:.ﬁ? 22X *;

coke is distributed

core of the grain are .~=-

C'lnser ﬂﬁﬁyﬂ}rﬂ ﬂeﬁﬂﬂ ﬂﬁverall homogeneous

distribution, however, variations in local concentration of 0.5-2.7 wt %

) 91 NPT PAL e A

chlorine mgna]s,

Local concentration

By use of electron microscopy, it is possible to localize the coke on the

micrograin level. Thus it was noted that alongside clearly organized
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aggregates, there do exist zones which are little coked. Furthermore,
spectroscopic analysis of electron energy loss shows that alongside zones
which are rich in well-organized coke, there are zones which are just as rich

but in which the coke has an amorphous structure.

o Szl
| © a \ :
i @ Ciax @Eﬂ l
(D) Ptosw
' 100 1000 ] pu g
Figure 3.3 lonic micﬂr | rﬂ{st (Franck and Martino

1985)

f o o
The foﬂrwynﬂf erldgeﬂuzlnﬁnlﬂgggregates, whatever
their s isht Dgi g 1558 umina pores
are blamaﬁnm W:IH m:ah:]‘ e total porous
volume decreases linearly according to carbon content, the BET surface area
diminishes very quickly with the first few percent of carbon, and much more

slowly thereafter. These observations correspond to rapid plugging of the

smallest pores, even with very low coke concentrations.
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Figure 3.4 Effect of coké dgpgsit on =: ecific are d pore volume. (Franck
and Martific ;
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3.4 Coke Formation Kinetics

Kinetics models of fouling used to describe catalyst decay were presented by
Wejciechowski and Corma (1986). Two approaches have been used to describe decay.
One is based directly on measurement of coke on catalyst (COC) and the other is based

on time on stream (TOS).These two Tr /n, more successful in dealing with real
systems. ® ’);
= Z.,

deactivating agent. 3'-1 ety o e origins and the range of
mechanisms by which

very cumbersome, both e

.id_"‘ﬁ_ .
The major effort in devéiopiig ‘approach has been that of Froment
(1985), who, in den
significant simplification: the com, decay phenomena. The result is

that this treatment des;.:r}bes coke deposition and catalyst activity using empirical
L7
concepts. anﬂt szqﬂ: { ?1 jth respect to the main
cracking reacti ‘Pﬁ&;ﬂaﬁ e a mre to coke-producing reactions. He
L] M) (HM Y
4 o mELE

cl
SN 3 (3.1)
¥ cl-cclJ"‘l‘
ac [ C, (3.2)

where C, is the total concentration of sites available for reaction and C. is the
concentration of poisoned sites. Equation 3.1 and 3.2 express a model rather than any
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mechanistic reality and in practice can be replaced by any suitable modeling function
that leads to a good fit of a given data set. For example, the functions
an= exp(-aaCe) (33)
ac = exp(-0..Ce) (3.4)
allow a connection to be made between the activities and C., the coke on catalyst.
Defining "activities" in this way leads

(3.5)
(3.6)
where Cy = fraction o
Cc =cokeo
Iy ¢ =rate of
t = time on
Introducing Equations (3 ) and integrating, one obtains
C. (3.7)
Cc (3.8)

Equations (3. ?)gnd . arly a long waﬂfmm the initially hoped for
mechanistic model of theseffects of coke qn,catalyst activity. They can be fitted to

experimental s u& aned| El%la‘é a4 Hehoe dul b used 0 desribe coke

profiles and activity behavior.

R A IHADITIY F0 Yo « oo
mechanisfic i interpretation of catalyst decay. Furthermore, coke measurements are time
consuming and subject to experimental error, making the use of COC models of
catalyst decay cumbersome to use in practice.

All in all, the advantages of COC models that were anticipated have not
materialized in practice. Nevertheless, the methods of Froment are a valuable source of
correlation for describing coke-on-catalyst profiles in reactors.
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3.4.2. Decay Models Based on Time on Stream

The difficulties described in Section 1 with respect to achieving a mechanistic
model ofcmﬂ)mdmymmchthaxmanywnrkmhw&monedtnthemmh more
convenient and less mechanistic endence of catalyst activity on time on
stream. Perhaps the simplest s ‘J the assumption that catalyst activity
"a" is linearly dependent ¢ *‘Un““*. on stres

(3.9

whose differential fo

(3.10)
More elaborate forms s

(3.11)

(3.12)
second-order dependencies,

(3.13)

(3.14)

i “‘“?mm%mmwwm i Vo
R a&hwmnwmg 619

/B
[;] = const + const, (t) (3.16)

All these forms were applied successfully in specific cases. In particular, the
exponential form given in Equation (3.12) allowed to develop models of catalytic
cracking which were mathematically and esthetically pleasing in their simplicity.
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All the decay functions above can be encompassed by the generalized forms
developed in the time-on-stream theory, where it is postulated that the "activity" is in
fact directly related to the concentration of active sites, C,, on the catalyst. An

expression for the dependence of C, is as follow:

_dCg
dt

In Equation (3.17) the

and so on, are approximaiec

= koq +k14Cs + k2d05+ oK C (3.17)

ecay due to site poisoning, diffusion,

-law terms in the series, and it is

that decay is not a functig F product concentration. This is obviously
impossible in practice, €xcept il the.case whete the reactants and products are equally
poisonous to the catalyst'and erd y are first order. However, even
; unction derived from Equation
(3.17) describes the observed "0‘2@!?_ W il The reasons for this are, first, that in
practice both reactants and prm contribute significantly to coke formation , and
second, that Equation48.17) reduces t« v flexible form on further analysis.

Rewriting Equa&n (3. l?} in terms of 6 = CJCD , the fraction of sites still

_ ﬂ“éﬁ?iﬁ e o,
o 5 2] B A7) s

active.

by the sinipler equation
do .
A kq0™ (3.19)

if the exponent m is allowed to assume nonintegral values. In fact, Equation (3.19) fits
data fitted by all the various time-on-stream equations(3.9) to (3.16) and provides a
broadly applicable functional description of catalyst decay.
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On integration of Equation (3.19), one obtain

;W
B:‘(H Gt) m #1 (3.20)

where G = (m-1)kgt and N = 1/(m-1).

The functional form shown in Equation (3.20) has been successfully applied to

a great variety of cracking a H afls ctions and has been the basis of a

considerable improvement-in. Linderstanding. 0. _' avior of cracking catalysts. In
" 0 I - h', - "

pﬂlﬂﬂﬂaﬁl’, it has allowed ag Foved und lectﬁ"lty behavior on I'apldl‘f

decaying catalysts.

ﬂ‘lJEl’WIEWIﬁWEI']ﬂ‘i
ammﬂ‘mumwmaa
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3.5 Brunauer-Emmett-Teller (BET) Method.

The most common method of measuring surface area, and one used routinely in
most catalyst studies, is that developed by Brunauer, Emmett, and Teller (1938). Early
descriptions and evaluations are given by Emmett (1948, 1954). In essence, the

Langmuir adsorption isotherm is exter to multilayer adsorption. As in the

Langmuir approach, for the poration is considered to be equal

n is taken to be independent of
: T —

to the rate of condensatios
coverage. For layers beyong tion is taken to be proportional
to the fraction of the lg of desorption is taken to be
proportional to the 2 | layer. |
except the first layer is agfuru 2 sl ) the heat of liquefraction of the adsorbed
gas. Summation over an igfinife fur ‘ £ adsorbec layers gives the final expression as

follows:

(3.21)

where V= volume of was
Vo = volume l as adsorbed i Ame-units as V

P, = saturation ressure of adsnrbate gas at the experimental temperature

of the gas [ﬁgﬂ ﬁiﬁ Wﬂ"j’ﬁ EIWTﬂi-T:tm and liquefraction
RIANI[IINGIEY o

where q; = heat of adsorption on the first layer
qu = heat of liquefraction of adsorbed gas on all other layers

The larger the value of C the more the isotherm approaches the type II form

and the more accurately the surface area can be determined.
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P
If Eq. (3.21) is obeyed, a graph of m versus P/P, should give a straight
-

line whose slope and intercept can be used to evaluate V,, and C. Many adsorption
data show very good agreement with the BET equation over values of the relative
pressure P/P, between approximately 0.05 and 0.3, and this range is usually used for

surface-area measurements. At high - values, complexities associated with the

ensation cause increasing deviation.

"adsorbed in many cases is so low

lope and is equal to (C-1)/V,C
from the fact that

(3.23)

The surface of the c.ata])rs: myx‘ihnn, > calewlated from V,, if the average area

Any cundeusabg mert vapor can be used in the QET method, but for the most
reliable m m] ately spherical. The
vapor also sh:@yg?msyt jj xgres for example , P/P,
values sho ﬂi Q‘JEIH and nitrogen
are smtﬁloﬁaiﬁ iﬁi mﬁrm m gen is a readily
available c&nlant, but argon and krypton are expensive relative to nitrogen and must be
highly purified. Consequently, nitrogen is usually used since it is relatively cheap and

readily available in high purity. It yields well-defined type II curves on most surfaces,
and the cross-sectional area per adsorbed molecule has been well established.

The partial pressures of nitrogen gas will be in the range of 10 to 100 kPa in
order to obtain values of P/P, in the range of about 0.05 to 0.30. When the total
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surface area of the sample is less than a few square meters, the amounts of gas
adsorbed become small relative to the total amount in the apparatus and the accuracy
of the measurements becomes poor. By using a vapor of higher boiling point as an
adsorbate, measurements at the temperature of liquid nitrogen can be made at much
lower pressures to achieve the desired range of P/P, values; so the amount of gas

adsorbed on the solid is now a mu fraction of that present and can be more

preciselv measured. The gas such low-pressure measurements is

krypton, which has a vap re: of about 0.4 kPa. However,
the experimental difficulii ipment are somewhat greater

because the system m

With any adsorb W and other gases from the
vessels and from the sa r vacuum, before making the
measurements. If this 1s during determination of the
isotherm can give misleadin * can be made either gravimetrically
or volumetrically, and a vanety u;s have been designed and used. In
a representative prm‘;_gxdure ttm"sfﬁﬁe is § 80 to 190°C for 10 to 15
minutes under vacullli-it-is-then-cooled-to-liquid=mitrogen temperature, and a known

to equilibrate. From the

equilibrium pressure aﬁg, iVT rdatinnshi% the amount of nitrogen adsorbed is

calculated. ‘ ‘ i values of the volume
At

adsorbed corresponding to a m{:reasmg values of the equlhhnum pressure.

VIASDIRINMIANLALL, . ...

estimated from the liquid density, but there is no assurance that the packing in a
monolayer will be the same as that in the bulk. Thus, for accuracy the method has to be
standardized by measurements with adsorbents whose area can be determined directly,
e.g., nonporous, finely divided, uniform crystals or spheres. By this means the value for
nitrogen has been established as 0.134 nm’, which, perhaps coincidentally, equals that
calculated from the bulk density.
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If the constant C is sufficiently large, for example, greater than about 50
(dimensionless), as it usually is with nitrogen adsorption, the isotherm should have a
well-defined point B and the intercept is usually small relative to the slope. Hence a
straight line can be drawn connecting the origin and one point obtained at a P/P, value

of about 0.2 to 0.3 to obtain the slopefi BET equation. This is a simple, quick

gas molecule assumes e re of the solid. For most
adsorbates on most solid : ;Qﬁ)mewhat from solid to solid
because the lattice param ¢ localization of the adsorption
1.e., preferential adsorptio ( 1..“:e:rg,r strongly adsorbed vapor
which corresponds to a SISm but a weakly adsorbed vapor is
likewise not desired because oﬂﬁéﬁiﬁmg cy in determining the amount of

adsorption cnn'espnnﬂng to @ M is al in that it produces a

excessively localized. Water

has a variety of specific

vapor is not I'ECOI.’I‘IHII ~Ior general 9
. f
r

interactions with oxide stmctures r.:m‘rmmml}.»r encounte

e D N Y
B o iy ey V01

This implies that molecules can be piled up on top of one another into a system of

in catalysis and its tends to

irregular vertical columns, whereas surface energy considerations indicate that there is
probably little adsorption onto the nth layer until the (n-1)th layer is largely filled. For
this and other reasons the constant C should be treated as an empirical parameter
rather than a quantity that can be calculated independently. Modifications to the BET
model to bring it closer to reality, however, do not change the calculated surface area



34

appreciably from that obtained from the simple theory, probably in part because
multilayer adsorption is not great over the P/P, range usually used for BET area

measurements.

A variety -of other equations can also be used, but they seem to offer no

significant advantage over the BET methiod If much of the area is in the form of pores

with diameters less than say 1 to 1. 51 m occurs with some activated carbons

and zeolites, pore condensatic -.+.'i: gcuﬁtwely low values of P/P,, and

e | y%@eﬂ surface areas l'ﬂ]labljf
‘ ‘/g, and values reported

ly. The proceedings of an

reported BET areas

obtained for porous substa

much higher than this

This is of i mteﬁst pnmlﬁﬁf” | I the effective diffusivity in a porous
catalyst in r,;,-.!._:: ations-of the ease-of aecess of reactant molecules to

the interior of a catal i
physical adsorption of a gas which is spprecmbie to pores less than about 60 nm in

diameter, and rﬁdtz ﬁ‘m ?Wpﬁffﬂ?aﬂ about 3.5 nm. The
st lute com

true pore structuge is o exlty and a cﬁns:derab[e literature exists
T VR TaY
data a::ﬁn ?’ OI

The pore-size distribution reported depends upon the model assumed for
interpretation, This is usq.ualfy taken as an array of cylindrical capillaries of different
radii, randomly oriented. If the pores are fairly close in size, a useful concept is that of
the average pore radius defined as r = 2 V/S,, where V, is the pore volume per gram
and S, the surface area per gram; for example, r is the radius of a cylinder having the
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same volume/surface ratio as the real pore. If the pores vary substantially in size, the
diffusion characteristics in the structure cannot be adequately represented by an
average radius, and it is necessary to determine the pore-size distribution.

Pores lager than about 50 nm in diameter are generally termed macropores;

]
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