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Products Co. (UOP) based on work by Haensel and his
coworkers. Hydrogen, formed in the process, was recycled
through the reactor to maintain a sufficiently high
hydrogen partial pressure so that coke forming reactions
could be minimized.

Beginning in about 1967 an improved catalyst
consisting of a mixture of platinum and rhenium, a




bimetallic catalyst, supported on an acidic alumina came
to replace much of the commercial use of the earlier

platinum/alumina catalyst. The newer catalysts maintain
their activity at lower hydrogen pressures over long

periods of time. The lower hydrogen pressure also allows
an incressed degree of dehydrocyclization of paraffins to
aromatics and gerneral
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The role of rhenium due to the increase in the
amount of the overall hydrogen pool available for
hydrogen consuming reactions as hydrogenoclysis,
hydrogenation of unsaturated hydrocarbons and, including
hydrodepolymerization of the carbonaceous surface




overlayer. Rhenium decreased the rate of coke formation
by hydrogenation of coke precursors on the catalyst
surface. Platinum was the catalytically active metal in
the reforming reactions, whereas, rhenium was primarily a
coke or deactivation inhibitor.

2.2.2 Acidie
The support of
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'developed reforming
catalysts have crz= . Ny ' e Such as Pt on an
acidic support Sl “ | ' . two function are
present in seper_g# _ 4\ _-f‘*-provides the
hydrogenation-de! gfr 4 i\ f=.?*3ﬂ and the promoted
acidiec alumina > b 1 A sz, on activity.

The acigy “ 7| "x”‘fif”\g catalysts plays
a very important g0’ gt o O N Whemical
transformations } Rna tic reforming.

Satterfie \y
support may have b«
the structure of ahnu"

catalyst prep 3 ati

at the alumina

e incorporation into
Je or fluoride during the
oroplatinic acid for

impregnation ;fiation of
chloride into ?En = ion. Acidity is
gradually lost ‘?ring [CaCCL ol - is ¥

to low concentratgans of watey yapour, which removed
halogen £ he replaced
and may bﬂQMﬂMEm ts of an organic
chloride or fluoride to #he feed smock. Presghably this

sccop PR TRNAT SUHPA VIV @ Bpoomoee

by alujnina.

thid poor tolerance

Further details on the process are provided in
the concise reviewed by Limido et al. (1987). The alumina
must be chlorinated to enhance its acidity. The ideal
precursor was an agueous solution of an anion containing
chlorine ions by chloroplatinic acid in agueous solution.

These solutions were stable only in an acid
medium such as can be obtained by adding hydrochloric



acid. The amount hydrochloric acid added depends on the
surface of the support to be impregnated. The exchange
reaction involved on the surface of the alumina shows in
Figure 2.1.
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Sterba and Haensel (1976) examined in more detail
how this activation occur. The mentioned earlier that
chlorine and fluorine act as suitably acidic components
of the catalyst. It was orginally assumed that the acid
sites on alumina were protonic (Bronsted) sites localized
on the hydroxyl groups that were known to remain on an
alumina surface even after calcination:
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The exposed Al* ions will normally react as Lewis
acids although in the presence of HCl or H,0 it is
conceivable that protonic sites can be formed. There is
some evidence that the oxygen bridges remain in a closed
(neutral) form until a reactive molecule actually
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approaches the site.

Moreover, they examined how this change in
acidity effects the conversion of methylcyclopentane
which much undergo a carbon-carbon break on the way of
benzene. In the first instance, they have converted
methylcyclopentane with catalysts containing 0.3%

e amounts of fluorine.
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.3 Reactions in Reforming
The typical feedstocks to catalytic reformers

ed by the fluorine

platinum can ' ¥

were heavy straight-run (HSR) gasolines and naphthas
(180°F to 375°F) generally contains the whole range of C
through C;; hydrocarbons. These were composed of the four
major hydrocarbon groups: paraffins, oclefins, naphthenes,
and aromatics. The paraffins and naphthenes undergo two
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types of reactions in being converted to higher octane
components by cyclization and isomerization. Table 2.1
showed the representative catalytic reforming reactions
(Satterfield C.N., 1980).

Table 2.1 Representative fpgalytic Reforming Reactions

Reaction K DH,kJ/mal
1. Dehydrogenation 6 x 105 +221
2. Dehydrogenatid® o dF i (i 4R\ ~4 x 1072 ~:130
3. Isomerization of 8.6 x 1072 -15.9
4. Isomerizaticl # o | 5

N-CgHyy @ -—---- Toonegmy <

5 Dehyﬂrucycllzati‘lﬁf paraffins@gb aromatics

-HUYINBNINYINT

6. Hydrnc:racking of paraffind

9] MANTUNNIINENAY

Reaction conditions have to be chosen that favor
the desired reactions and inhibit the undesired raction.
Desirable reactions in a catalytic reformer all lead to
the formation of aromatics and isoparaffins.
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The yield of aromatics is increased by:

1. High temperature (increases reaction rate but
adversely affects chemical equilibrium)

2. Low pressure (shifts chemical equilibrium "to
the right")

3. Low space velocity (promotes approach to
equilibrium) AN

4. Low hydro P #rbon mole ratios
right", however, a
sufficient hydrod®® % al3 —_—Lmust be maintained

u ____* by :
1. High*Co gD @ §F RN S c T ases reaction
rate) - AN N

There is s on v AW cc due to the
hydrogen-to-hydroc: _ = but high
hydrugen—to-hydrucarb;!' —== 0s reduces the
hydrocarbon partig deiZ Ao & favor the formation
of isomers (Ge———

L] H‘
a).

Gates, m b/ discussed the
reactions relat®™i to catalytic reformi™
Reforming ivulvsﬁ.ﬁeactlnns [ 7 l[drocarbuns on the
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alumina. e alumina- catalyzed reactions involved mainly

Ziiﬂiﬂ“'tﬁiﬂfﬁﬁﬁmpﬁﬂﬁﬁfa

body ok well-established carbonium-ion chemistry for acid

in some detail.

surface o

solutions. In the case of reactions on metal surfaces,
there was no separated body of chemical information to
drawed on to infer the relevant surface reaction
mechanisms.
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2.3.1 Metal-Catalyzed Reactions

a. Hydrogenation-dehydrogenation reactions

When paraffin adsorption on the metal surface
involves two adjacent carbon atoms, the paraffin can
split off two hydrogen atoms and adsorb as an olefinic
species. Desorption without readition of the hydrogen

atoms gives a gas-phas

H
|

CHZCH3 i H2

Hydrogenat: of hydrocarbons on

metals was exempl1f1e- , ' Sction

L\ y
. F !u‘di

su,.,f;:ﬁmﬁﬁ?ziw%m A

undergolng ission of th%.H -H bond The C2H4 molecule

TN SN TR Y

The elementary steps are reversible and forms the
basis of the following proposed reaction mechanism:
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was relatively low.

b. Aromatization reactions

The aromatization of cyclohexane and
alkylcyclohexanes to give aromatics is specific type of
dehydrogenation reaction and is important in catalytic
reforming, occurring rapidly enough for equilibrium to be

closely approached. Aromatization occurs almost
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exclusively on the metal component.

The mechanism of cyclohexane dehydrogenation
involves the adsorption of cyclohexane, with either
simultaneous or rapid subsequent dissociation of six
hydrogen atoms. Dehydrogenation results in the formation
of an aromatics structure bonded through p-electron

interaction with metal JaRERJels. Germain (1969)
proposed stepwise me | Fuch all intermediate

steps were rapids SN

QMaen3RIHIIN A

Figure 2.2 Stepwise Mechanism in Which all Intermediate

Steps of Aromatization Reaction

Small quantities of gas-phase dienes and
cyclohexene were observed in the product evidently the
hydrogenation reaction occurs stepwise, and small amounts
of the intermediates were desorbed.
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c. Isomerization and Dehydrocyclization

The paraffin adsorbs through carbon atoms which
are not adjacant, one alternative to desorption is the
formation of a new C-C bond leading to a five- or
six-membered ring species. It is particularly evident on
Pt and appears to involve the formation of intermidiate

five- and six-membered jocarbons and the

subsequent opening bond position. The
reaction segquence w g is given as

follows:

1. TWOo Cag®™ AN ';“ S ontiguous are
broken, and the ' - he surface with
the C atoms bo sites. For

example,

2. A C~ bnnd fﬂrms between th two C-* carbon

e 110} ﬁ“ﬂ%"w"iﬁ ensane o
wmmzuum*mmaa

C C-H+3|-:-=-=:- H-C C—H+3*
| * N
Ha C-C-H C-H H3C—C*C~H
| | /A
* * H H

Desorption of a five-membered ring species
(methylcyclopentane) or six-membered ring species
(cyclohexane) can occur.
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3. The ring species can readsorb on the surface
or change the carbon atoms which are actually bound to
the surface without desorbing, and the C-C bond between
the adsorbed atoms (difference from those adsorbed during
ring closure) can be broken:

H H H H
Nt \/
H c H H c H
L A O Yok X/ H
H-C C-H + 4% «=<=s s==3 H-C Cm* 4 i 4 *
AT X »
HaC = C-C - H HyC - C-C -=
|| /1N
HH H HH
4. Hydroqg, - pWMe adsorbed species
and desorption Mt 8 Fealrml ol R -Mbond leads
ultimately to sk A A Ne., the overall
reaction is n-hexa, PRIty Wiene:
H H
\/
H c
L
H-C G CH, + 5%
\
HaC - C-C
/
H H

¢

o SIUBANRINGANT 2

not lead to isnmerizaticﬂﬂ nnlq cy@lization. @#nce the

AR ATV SN I e e
to an @romatic occurs very rapidly unless the hydrogen
partial pressure is high enough to suppress the reaction.
The reaction network for isomerization and
dehydrocyclization of n-hexane and 2-methylpentane are
catalyzed by Pt on nonacidic alumina as follow, n-Hexane
is readily converted into 2- and 3-methylpentane and
methylcyclopentane. Both five- and six-membered ring
closure occurred as parallel reactions. The following
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network was proposed for the Pt-catalyzed reactions of
n-hexane under reforming conditions:

n-=Hexane

Benzene Five-membered ring
=pecies on surface

2- and 3-Mefy \! sthylcyclopentane
The react iz ry et ins contained
only five carbon S volved the
formation of five 4 - which then gave
isomerized prod The n-hexane
can then reactedy ing, as
indicated below:

-;d clopentane

= EEI‘J.'E

AutAnsninenns... .

origin, indicating that b€nzene wagma secondagy product.

WA AR g A= L1
metal §urface to hydrogenate any of the C bonds which
might open to gave an isomer from the cyclic C; species.
Dimethylbutanes were not observed experimentally, in
accordance with the proposed scheme. If an i-C. paraffin
was used as a feed, benzene appeared as a secondary
rather than a primary because of the need to form
n-hexane first.
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d. Hydrogenolysis

A common form of C-C bond scission occurs with
formation of CH,; along with smaller amounts of C,H.. In
its simplest form, hydrogenolysis proceeds as follows on
metal surfaces:

involved adsorptlo i gy s L o0 atoms on adjacent

' \ %- For the C-C bond
rupture to occusd "4 o2t SR ™hhave undergo
further dehydrocgfaf i {’H7\‘i'h e carbon-metal
bonds and leadiflg 0 £ P (@ N\ Nellydrogenation of

The sf?h =r‘n0nds appears to
be crucial to t‘” race {-C bond. Once

the C-C bond was roken, rehydrogenatlnn of the fragments

g Eﬂ’ﬁ EI’W NIRYATE

Hyd ogenolysis rqpctlons r ire hlgh

N RIMIDEM AN TN,

they are demanding compared with hydrogenation reactions,
which occur much more readily. They appear to require at
least a pair (and possibly a more complex ensemble) of
metal atoms.

2.3.2 Alumina-Catalyzed Reaction
Isomerization reactions on the alumina support

proceed by carbonium-ion mechanisms.
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For isomerization of straight-chain paraffins, it
is desirable first to dehydrogenate them to
straight-chain olefins, to isomerize the olefins on the
acid centers of the catalyst, and then to rehydrogenate
the branched olefins to give isoparaffins. This reaction
scheme is the heart of the catalytic reforming process.

Olefin isomeriz gctions occur readily on
acid catalyst and c v
reaction mechanism

bn acid centers by
e L iTmly established.
It is more probablm s 3 :5_-Hm- saction occurs
involving double-bcg :  ¢5,' _fu%; Bronsted acid site
and simultaneou? VSl E Q \ ;“._-~ a carbon atom

along the chai r on an adjacent

pair of acid-bas 5§ ; . EE‘ W\, surface:
HY |
|
Al
/1N
N o N/
o G
I N/ - Nl X
-C C- - i v -C c-
l l“‘ -H* |/ =’ "‘.{ kY /!

-c _|_ c- S -C - C-

F ' i N
-C Cc- Bl -C U . - M -c C-
!\ V. e f \ f Y B ¥ ik AR

Acidic Basic

“““’FI‘NEI’J‘VIEIVI?WEI“TT? _
maﬁmﬁsﬁuﬁ TRGARY-c e

ring s fructure with formation of an acyclic carbonium ion
(Brandenberger, Callender, and Meerbott, 1976).

CH . CHjy CH3
i 1 ol -T]I cat 4
[_i + cat p—1 H3 _ el CH3 Y H<oat
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Hydrocracking is desired in measured amounts to
split long-chain paraffins of low octane number to give
shorter-chain, higher-octane species. Hydrocracking
occurs on the acidic centers of the catalyst.
Hydrocracking is facilitated by dehydrogenation of

paraffins to olefins on the metal. The major
: are that (1) all cracked
EES involves

characteristics of hydr
species are saturate

bifunctional catalys /st deactivation is

Reforming

The read®i gl AL AARNNNN M ctions require
two different fufc & = sz  t¥7._lyzEs
dehydrogenation oo #f F* -_i Ef%w:,fns and napthenes
into aromatics; w,uk_-*ﬂ; ’ﬂ }W Senation of
isoolefins and co  ;r.‘fé,: SR M/clization and
isomerization, and | o | on provided by the
support catalyzes isom == yclization, and
hydrocracking thro -’;ﬂini £ pechanisms. The two
functions int o =- i Jich are the key
intermediates %l ﬂ‘d-e original
statement of a fﬁ-ctl- —_— s refﬂ:‘ing, due to
Mills et al. {1953b is shown i Flgure 2.3.

_—— dmjﬁﬂﬂmgm? (n-hexane)

straight-chain hexene. T#le hexenegpigrates tqua

mﬂ'ﬁﬂﬁmﬂ%{u RN -

second onium ion, which can hen i1somerize and
desorb as ischexene and migrate to the metal function,
where it can be adsorbed and hydrogenated to give
ischexane. Alternatively, the secondary carbonium ion
can react to form methylcyclopentane, which can react
further to form cyclohexene and then benzene.
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M n-Hexane Ischexanes
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o ﬁ* \
-
e
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i
S
Q
¥
E Benzensa
i

b

: = : g of Cg-
Hydro gy, A AN BNi 115 et. al. (1953)

Product dis Ad-tion intermediates

during catalytic refo = bn nave been thoroughly
reviewed in severa "Eﬂ_; 4 gmple, Blue and Gould
(1979) purposqaaEEEE——— _3 lytic
reforming. Bée 5"’;_ Joaraffins and
naphthenes inclijijed er - ‘ed and because

the reaction rateg varied cons:.dera.bly w:.th the carbon

el )N (5 ipb |Vl el

ccxnpl:.cated overall reactgon 1nd1rﬂ:.ed in FJ. e 2.4.

e RN A R R
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importance of re oy Ko 2 : Ea"klhe
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owing to slowness of Ze ok
and required [z
was converted y

process (ACP <=>
ACH dehydrogenation,
5 and ACP ring opening,
’:;9 Cyclohexane
fhﬁ efficiency,
whereas only ED 15% -.ﬁ~1e is converted to
benzene. -

s REARERS WG T
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—MF == 2,3-DMP
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C_!.%\ «—nCeg ﬁ />< hyérc:-carbons
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Figure 2.5 Reaction

#Femerization and

e Isomers.

In the rel /8 v 'a“uﬁthe primary
reaction for the s oceed at
™ of
MMe-third of that

n-hexane

significantly ds
dehydrocyclizatiy
of hydrocracking,
converted to beny ‘
hydrocracks at ab | - as n-hexane, so
the faster rate ot Jfhv= S ot 4 (about 4 times that
of hexane) leads to siff— == greater fractional
conversion to aromats fe b ne in comparison with
hexane. Both ?L;Yvﬁ*fﬂﬁ_w_W7 ’-\dly to the

lormal heptane

various possibadl AX J
-

2.4 Thermodynadlc and Kine Datas

mﬁmﬁ‘mﬁﬁsm )

the more 1 rtant reactﬁFns in catalytic rEfDrmlng by

SRS AR NN

Some thermodynamic equilibrium constants at 500°C, a
typical temperature in catalytic reforming, and heat of
reaction are given in Table 2.2. The equilibrium
constants in this table apply when the partial pressures
of the various components are expressed in atmospheres.
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Table 2.2 Thermodynamic Data for Typical Reforming
Reactions (from Sinfelt, 1964)

Reaction Kpﬂ at s500°C, Hr,kcalfmcl

P; in atm of hydrocarbon

Cyclohexane <===> benze x 10 52.8
Methylcoyclopentane < -3.8
n-Hexane <===> benze&= 2 | " — 0° 63.6
n-Hexane <===> 2-7 : =1.4
n-Hexane <s==> it e |
n-Hexane <s==> 31.0

The deh ilrodt --e““ne and the

dehydrncycllzatlc of n-hexane to Y1El* benzene were seen

to be strog

el wﬁ:ﬁmi‘mm -

conversl s to arnmatﬁps Hydr en partla&Jpressure

~ ARRIN I N

it was advantageous to operate at as high temperature and

as low a hydrogen partial pressure as possible to
maximize the yield of the aromatics. However, other
considerations, such as catalyst deactivation due to

formation of carbonaceous residues on the surface, place
a practical upper limit on temperature and a lower limit
on hydrogen partial pressure in catalytic reforming
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operations.

The dehydrogenation of paraffins to oclefins,
while it does not take place to a large extent at typical
reforming conditions. At equilibrium only very small
concentrations of olefins can exist with paraffins, is
nevertheless of considerable importance, since olefins

appear to be intermediat me of the reactions. The

thermodynamics of ole can play an important
role in determining reactions which
proceed via olefi e thermodynamics
sets an upper 1li ._concentration of
olefin in the s '

The equig omerization

reactions are muc,
case of dehydr

'J,;-itive than in the
ermore, it is

seen that the eg il §F il AN ) cyclopentane and
cyclohexane favors 7 % ing that the
five-membered rin a5 ®& Ttable than the

six-membered ring.j St ’ uilibria between
n-hexane and the methfgggaéiﬂ‘ can be seen that the
2-methylpentarn®) id 03 W 3y

i) he simple
statistical convjf-- FADTR ituent methyl

3-methylpentar| *,,ei

group can OCCUP*—ElthEI of two equival®it positions in

the former lecufﬂ nm%ﬁ ﬁlﬁfﬁ ‘ﬁe latter.

Gates, Katzer, ang Schuit 41979) repogfed the

b*haﬂﬁﬂﬁmﬁwﬁ;ﬂﬁm& = S

important reaction classes catalysed by a modern
bifunctional catalyst is given in Table 2.3 with
statements of the heat effects. Naphthene and paraffin
dehydrogenation reactions are so rapid that they are
essentially in equilibrium, and rate need not be
considered explicity. Similarly, the equilibrium between
n-paraffins and isoparaffins is usually closely
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approached. In contrast, the rates of cyclization and
hydrocracking are typically low and in need of explicit
consideration.

Table 2.3 Rate Behavior and Heat Effects of Important
Reforming Reactions (From Gates, Katzer, and
Schuit, 1979)

Reaction Type Increase Heat Effect

1. Naphthene Very
Dehydrogenation Endothermic
2, Paraffin Endothermic
Dehydrogenaticy
3. Naphthene Mildly
Isomerization Exothermic
4. Isomerization Mildly
of Paraffins Exothermic
5. Dehydro Endothermic
cyclization
6. Hydrocrackiifws Quite
- Exothermic
rtant
variabie s °ﬁ K] ThaFal S
aromatics the rate of hydrncracklng Slnce refnrmlng

iil"f:%m']iﬂ SATTTIINETaL.

hydrogen, the process is a net hydrogen producer.

Conversion of paraffins to aromatics is the
slowest reaction and is the principal reaction in the
latter part of the reformer. This reaction provides the
final portion of octane generation needed to meet the
specified octane. It should be noted that this reaction
is the most dependent on space velocity or catalyst
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resident time. That is, it requires a larger amount of
catalyst than the other principle reactions. For this

reason the initial reactors in the reformer are smaller
in volume than the terminal reactors.

2.5 Deactivation of Catalyst

The deactivation g atalysts is a phenomenon of

considerable importangg MPF ) 4is because many
catalytic agents sh ' \ P vity with time.
Research activity, — | Cm———=_ hecen concerned

" i Bodelling aspects.
Knowledge and re - 1 sesl aspects of the
deactivation of G & LREMNy in order to

The deac v ¥ | -f,“ \ 1'° be subdivided into

a. Foulir¥: ¥ ';{"  1. ty caused by
: originating from
surface reactions wh};g bysically on the surface

and cote or bJ¥ wise be

1
-
s

&l
A

£ ytic reforming
catalyst and

retards the catald/gx's abilit o produce desired
pronuces. GHRBEQVEI A WA AGer cro oin

where nperdﬂlon of the unit cannot be properly

AL CRtal TN R (1 la ﬁiﬁiii‘i .

small mount of oxygen. The regeneration procedure

the coke is a

available for‘;ﬁ
natural by proam

it

operations. coke accumulates on the

brings the catalyst back to essentially fresh catalyst
conditions. The maximum temperature is around 550°C,
beyond which the supports loss surface and mechanical
resistance (Mayers, 1986).

After coke combustion the catalyst generally
contains 0.6-0.8 wt% chlorine compared to .0.9-1.3 for new
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catalysts. Reloading with chlorine is done with chlorine
compounds such as free chlorine, hydrochloric acid or
organic chlorine derivatives like carbontetrachloride or
dichloropropane. The reaction with alumina can be
carried out at around 250°C, but is carried out
industrially at around 450°C in the presence of air. The

exact mechanism is not known but the principal
reactions can be re

4 equations in Figure
2.6 (Limido et al. .

\
Al-OH
/
0 ¥ - + HC1
\
Al-OH
!
N
Al-OH
i \
o) BCO, + HC1
X
Al-OH
/
\ =
Al-OH % g
0 + H2 ¥
Al OH

. ﬁﬂruﬂ'; NEMSHENDS...... ..

Alumina with €C1,

A WIANLL I URAINYAY o, -

reduct on of the surface area as a result, for exsample,
of local increases of temperature.

¢. Solid-state reactions: the loss of activity
caused by changes in the chemical nature and/or
composition of the constituents of the catalyst.

d. Poisoning: the loss of activity caused by the
chemiadsorption of impurities which are present in the
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feed, and which thereby occupy the active sites of the
catalyst which would otherwise be available.

Reforming catalysts are deactivated by various
poisons. The most common poisons are sulfur, lead, and
other heavy metals, organic or combind nitrogen, and

water.

Sulfur is a ver; 4ooison which deactivates
the metal sites on t J M Hhis deactivation
results in higher : #“‘r?~_-nts and decrease
ligquid yields. s o A T — = 0ison and much of

"ﬁ.ﬁ-h-_-

the excess sulful BsscliOved by continued

operation with i W, recial stripping

PrDCEdu Ires.
Organic v 8 F U= O ) deactivates the

chloride sites Y 7 ¥ T A AW ™ ing to ammonia
in the reformer. 7 \
Water in 10 JF latise M-\ be a serious

problem since it Wa j§ he catalyst.

2.5.2 Senait;f: ities (Limido et al.

1987) . Ll A ; __
The pg—m—————s i s shown to be
relatively ser! ;" id function is
inhibited by bafjs prec 'eed::ither as ammonia

or as nitrogen cngggynds that &e transformed into

ammonia o ¥ |d A. m : ceeds through
neutraliza wmﬂﬁjl mchluride.

Figure 2.7 shows inhibitign of theggcid functggn and the
- QRIRIRIBNN N R
ion choride. The action of nitrogen on the catalyst is

revealed by a strong inhibition of the isomerization and
a reduction in the dehydrocyclization activity.
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= \ = \ il
Al-Cl Al-Cl
f + f +
o H + HH3 = o Nw
5\ N
AL-OH AL~-OH

Figure 2.7 Reactiflh JlaaRst=% A NMorming Ccatalyst
Inhiblt Fn =TS AN Water

Any water intrs e feed either as free
- ﬂ-"‘}‘l’iﬁ ,.' =
water or as digsolia E e gsame reaction of
chlorine leacge————————— :’, ecline in
catalytic acti A 2
The metdl} fun S siipited hy sulfur

compounds, wh:.ch i'r transfo in to hydrogen sulfide

::;:;;:iﬂm IHTINIAT

hydrogen partial pressure$s the follkpwing equigjbrium is

== RN IUARTINYIN Y

PL + HES === PLS + H2

Thus the reforming catalyst exhibits a
sensitivity to the conventional impurities of
straight-run heavy gasolines including water, sulfur
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compounds, nitrogen compounds, certain metal compounds
containing arsenic, as well as possible pollutants from
refinery operations, such as lead compounds Or copper
compounds, or even construction materials of the unit,
such as iron.

In summary, for best use this catalyst should be

protect against inhibitgg gi ‘Jgermanent poisons, and
operate within the tl A\ gd kinetic constraints
of the process.

2.5.3 Nisse
The effe,

reforming are one

"ds on catalytic
y, Although some
crude oils are TTe o N 5‘1 N\ ave as much as
1.0%. In crude . % WAt largely in the
‘K;ive or

: ,| The
nonheterocyclic cji alel. E-i"nes, aliphatic

form of heterocycy
six-membered ri
amines, and nitrile ‘ are easier to

denitrogenate than the' e c nitrogen compounds.
The heterocycljc =ha

ompounds are often
grouped into Se——————————— ' g4 idines,
acridines) ve ‘

(indoles, pyrroM
heterocyclic nltr?§§P compaun are shown in Table 2.4.
These can ']ﬂ;strcng basic
compounds @ﬁﬁmnjﬂﬂ catalyzed
reaction, such as catalytfic crackimg, since tm will

A RARAIUNNINGNQ Y,

The pKa values asicil

- ompounds

§s, CaLoSTs o omedfjepresentative

affinities for nitrogen compounds are reported in Table
2.5.

Organic nitrogen compounds are converted into
ammonia and poison the acid function of the reforming
catalyst. Their concentrations must also be kept below
about 2 ppm; nitrogen compounds are usually removed in a
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catalytic hydrotreating step (Gates, Katzer, and Schuit
(1979) .

Table 2.4 Representative Heterocyclic Nitrogen
Compounds (From Cocchetto and Satterfield,
197e6) .

adoline

¥

ﬂuaﬁwn':wmm@@

' Piperidine C-,H, N

Ll AINIRINNITHN M@T,&l

1,2,3,4-Tetrahydroisoquinoline  C,H,,N @Oﬂn

9,10-Dihydroacridine C,,H,,\N

n
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Table 2.5 The pKa Values and Proton Affinities for
Nitrogen Compounds (From Chantalaka, 1993).

Compounds pKa Proton affinities
(kcal /mol)
Ammonia 207
Aniline 213.5
2, 6-Dimethylpyr i . 231.5
Pyridine 222
1,2,3,4-Tetra 225 (a)
Piperidine 229.7
Quinoline 227.6
Less is k § &% | 2 enitrogenation
(HDN) of hetrocycli: ' han of the analogous
reactions with heterod : ,; r compounds. Aliphatic

amines react readi oLl amines are less

reactive. Wi --a.,-w--—--——-»-——--————r = .t hydrogenated
to piperidine, % M) 1amine and
pentane plus amfijnia 571)§}} With quinoline,

analogous reacthas occur but a greater variety of

N | TOENINIINT
1,2,3,4-t ﬂm Mdrcquinnline;

and decahydroqulnnllne, fgpllowed by hydrocrackging to form

e NSRRI NEIN G

complex.

Cocchetto and Satterfield (1976) concluded that,
in general, hydrodenitrogenation of heterocyclic nitrogen
compounds was first saturated, followed by ring fracture
at a carbon-nitrogen bond. Nitrogen was then removed
from the resulting amine or aniline as ammonia.
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Postulated HDN mechanisms of representative heterocyclic
nitrogen compounds are shown in Figure 2.8.

@ — ‘ s C;,H"NH, 2, CH,; + NH;
N ‘I :

L 4y,
CiHw + NI,

’nmaa

Figure 2.8 Postulated HDN Mechanisms of Representative
Hetrocyclic Nitrogen Compounds.
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Speight (1991) concluded that organic nitrogen
compounds were converted intc ammonia under reforming
conditions, and this neutralizes acid sites on the
catalyst and thus represses the activity for
isomerization, hydrocracking, and dehydrocyclization
reactions, that was supported by Ciapetta (1972).

Hettinger, Keit gand Teter (1955)
investigated the spe '
as water, sulfur,
The data showed tIi
selectivity by deCr s ‘ f]v zation and

f such tempory poisons
roforming reactions.

~pair catalyst
increasing hyd benzene, as well
‘ founded in

n-heptane reform F IO TN R water there was
a small but re ;ji- of Cy3, Cy and C,,
aromatics relati, . amount of water

as CE, C5 and C,

3‘rocyclizatiﬂn, and
tion. The
were modified in
the presence of wategz
hydrocracking [
dehydrogenaticy @ Y

Moreove ]| tii® ogffi (such as NH,)

H.,S increased

kation and

iF

was also EtuﬂlE- cn n- heptane, and n-nonane hydraformlng

In the pre
cunversiunﬁw rglm mm to 16% and

decreased le% converslqp of n- no ane to arﬁmgtlcs from

“RARIANNIY ANANHIAE.

respacts, in that neither has any effect on the

dehydrogenation reaction. Hydrocracking, isomerization,
and dehydrocyclization were all adversely affected in the
presence of ammonia.

Sterba and Haensel (1976) investigated the sulfur
poisoning on the rate of conversion of cyclohexane to
benzene. The slowing down of reaction of cyclohexane to
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benzene accentuated the participation of an otherwise
slower reaction, that was the conversion of cyclohexane
to methylcyclopentene (MCP") and then to
methylcyclopentane (MCP). The reaction networks were:

The unp,
K, >> K; >> Ky < 4 ative rate were
was acid cataly g J

The exper,

acid function in

on pointed out

gut to poison the
sA8opm of sulfur

poisoning. The ac action of cyclohexane
was completely uppresie of nitrogen, added as
Axperiments n | £oi-ve the
substantial ffyh, B Jite the
presence of sul' il

The resu t showed that cyclohexene concentration

il :amﬁmﬁwmn S i

conversion 0 benzene by ghe sulf poison a 0110w1ng

g RNaINIUNNTINGIAY
O =00

pyridine. Thi
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Pary (1963) and Robschlager et al. (1984) studied
that the injection of pyridine into the feed suppressed
the activity of catalyst. The decrease in activity was
only temporary. When the administation of pyridine
stopped. The activity reached almost the original leel.
It showed that pyridine poisons the metal sites

reversibly while the agj ##s of alumina are poisoned

.Saraf (1988) studied

Ml -0, and Pt-RE!AJ.ZD3

irreversibly.
Recently
the reforming of

catalysts. : 77 aucted at 763 K and
one atmosphere - A ‘ WMy space velocity of
2.5 g naphtha/ ' ™ Nitrogen was
introduced durin §fr & " FER  f;‘E" the catalyze

deactivation. ool I %) % Elxx;  ogen mole ratio of
1:7:7 was used f ' MWW They showed that,
in the presence o LR “l;a eam resulted in a
significant activit hiftotal aromatic yield.
The individual benzen¥e s and xylene yields were
consideration. = A2 |
Xylenf % i k. ).ime on stream
due to lose irV‘ Y ) 20 hours
“u by 19.8% and
total aromatics -ecllned by 11.9% whereas benzene
declined b ﬁm ﬁ rend and its
Prnductimﬂﬁﬂs ﬂ wmﬁi time period-

The suggested tth preseQE? of N, se

a1 eI P PRI Lo

formation.
More recently, Dees, Hartog and Ponec (1991)
studied of active sites of reforming catalysts by

operation the xjjjenc

poisoning. They purposed that, the injection of pyridine
into the feed made it possible to distinguish between the
metal and acidic site activity. The experiments were
conducted over a series of 1 weight% Pt, Ir, Pt-Ir, Ru,
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Re on y-alumina Catalysts that were prepared in
laboratory, and commercial catalysts were investigated;
the CK 303 (0.3 wt% Pt/y-Al,0;) catalyst, the CK 455(1 wt%
Pt-Re(1:1) /g-Al,0;) catalyst, and Euro Pt-1 (6.3 wt%
Pt/Si0,)

A continuous flom

/n-hexane was 18/1 at
total pressure 1 bar . talyst at a constant
temperature 620 Kel hents were performed
by stabilization =T achieving a
rather constant
The total added g
into the feed .8 4

hours was all

gy for 20 hours.
& mmole injected
x;_gla period of 4
R T AN y-

The expgfi g £ s Ila_n.;“"‘er several
catalysts, lead ‘4 £ F % T N %2\ plotted as a
function of timé% y SAFvde *'ﬂ E; idine into the
feed results in 3 W onversion, with all
alumina-supported | y

After the add:
catalysts showga -

ridine had been stopped,
However, there

was a differefe - @15 catalysts.
Both alumina .'5'}_': ¢ did not
restored the ai{ivity Coliprece and Provered also
slowly.

drastlcamﬁ mﬂﬁmﬂmﬂﬁ;}:ﬁ changed

decreased in selectivity®to h drogmnolysis wl/

e A QT S I HRIRREA R recson
Both thnometallic platinum catalysts show a strong
decrease in selectivity to isomerization upon pyridine
poisoning. This is accompanied by an increasing
selectivity to cyclization(methylcyclopentane) .

2.6 Literature Summary
1. The reforming catalyst is a bifunctional
catalyst which has a metal component an acidic component
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present on the catalyst surface.

2. The alumina support may have be acidified by
the incorporation with chloride or fluoride. The effect
of chloride or fluoride on acidity is belived to be an
inductive effect.

3. The case of reaction on metal surfaces which

proceed through the sur 2P/ jtion mechanisms as
follows: : ”
3.1 sogenation reactions
3.9 :
3.3 sbvdrocyclization
3.4

4. ' opns proceed

mainly through c 4O f | = }E"h. : as follows:
4.7 - \
4.2
4.3 '

5. L o BaECa iNf-atalytic reforming
which lead to the ! £ bmatics and
isoparaffins.

6. \sAvield of arc | dojherization are
increased by: &di Y )

6. l H1~

O‘W’ pPressure

ﬂ‘uﬂtﬁ ﬂmfmwm

ThEt effects f?f nitr 1‘1 CDI'I'IPU‘I.ID.

RSN I NN

reforming conditions and this neutralizes acid sites on
the catalyst thus the reactions which proceed on acid
site are suppressed.
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