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The behavior of an optimally dispersed PtNaY catalyst, prepared by air calcination of Pt-ex-
changed NaY at 300°C, has been investigated for n-hexane dehydrocyclization at atmospheric
pressure. The catalyst is found to be regenerable without serious loss of activity or selectivity.
Neutralization of acid sites generated during preparation reduces both activity and aromatization,
indicating that zeolite acidity is necessary for isomerizing substituted cyclopentanes. The reaction
appears to proceed via both 1,6- and 1,5-ring closure to form olefin intermediates. Replacement of
Na* with Li* or K* has only minor effects, but replacement with Ca** or Mg?* increases acidic
cracking as expected. Addition of Cu, Zn, and Ag reduces aromatization activity and selectivity.
The zeolite structure does not appear to allow the type of interactions (e.g., alloying) that can occur

on other supports.

INTRODUCTION

Many recent investigations have dealt
with the optimal methods for dispersing
platinum metal in faujasite zeolites. Early
work by Rabo (/) showed that ion-ex-
change of Pt cations with zeolite Y led to
highly dispersed Pt metal and improved cat-
alysts (2). Later, Kubo et al. (3) and Dalla
Betta and Boudart (4) showed that air (or
oxygen) calcination of platinum ammine ex-
changed Y at 300°C led to superior catalytic
properties as well as maximum Pt metal dis-
persion. Czaran et al. (5) showed that, in
addition to optimum dispersion occurring
with a 350°C air calcination, Pt metal dis-
persion was also affected by Pt content and
zeolite acidity.

Gallezot et al. studied reduced PtY zeo-
lites with X-ray diffraction, small angle X-
ray scattering, chemisorption (6), electron
microscopy (7), and benzene hydrogena-
tion (8). They concluded that an activation
at 300°C led to formation of Pt?* ions in the
supercages which, after reduction with hy-
drogen at 300°C, formed 6-13 A Pt metal
agglomerates within the zeolite pore struc-
ture that were stable up to 800°C. Higher
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temperature air activation led to formation
of Pt?* in the smaller sodalite cages which
remained after reduction as nonchemisorb-
ing (and catalytically inactive) Pt atoms.

Recently, Reagan et al. (9) showed that
the optimum Pt metal dispersion obtained
by air calcination of Pt ammine Y at 300°C
is a consequence of the decomposition ki-
netics of Pt ammine cations, which have a
maximum rate of decomposition at 300°C.
According to the stoichiometry found in
that study, Pt is auto-reduced to the metal-
lic state by the amine ligands during the cal-
cination, in air as well as inert atmospheres;
Gallezot et al. state that the Pt atoms in the
supercage are Pt?*, although they could not
be explicitly located or characterized (6).
In addition, Reagan et al. showed that the
optimally dispersed PtY catalyst also had
maximum n-hexane dehydrocyclization ac-
tivity at atmospheric pressure (9); others
have shown similar maximum activities for
cyclohexane dehydrogenation (3, 9), tolu-
ene demethylation (3), neopentane isom-
erization and hydrogenolysis (4), ben-
zene hydrogenation (8), cyclopropane
hydrogenation, and ethane hydrogenolysis
(10).
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TABLE 1
Properties of PtRY Catalysts

Catalyst Pt (%) Exchange by R (%)
PtLiY 054 60 4
PtKy 055 84 4
PtMgY 060 78 6
PtCaY 058 832

In the current investigation, the proper-
ties of the optimally dispersed PtY(300) cat-
alyst from the previous investigation (9) for
n-hexane dehydrocyclhization at atmo-
spheric pressure are further charactenzed
In addition, the effects of some alkali, alka-
line earth, and transition metals are de-
scribed A similar series of maternals have
been investigated by Merrill and Arey (11)
for higher pressure naphtha reforming, the
catalysts in that study were probably not
optimally dispersed

EXPERIMENTAL

All catalysts were prepared by 1on ex-
change with commercial Linde NaY, which
had been washed, arr dned, and equili-
brated Platinum was introduced as the
hexammine—platinum(IV) cation by ex-
change with a solution of [Pt(NH,)]Cl, (a
stock solution containing 0 002 g Pt/ml was
used) All catalysts were air calcined at
300°C as described (9)

PtRY series (R = Li, K, Ca, Mg) A se-
ries of catalysts in which Na* 1s exchanged
by Li*, K*, Mg?*, and Ca’* was prepared
by exchanging NaY twice with hot 1 N
metal chlonde solution, followed by Pt ex-
change as above The Pt content and degree
of exchange of Na* are shown in Table 1

PtMNaY series (M = Ni, Cu, Zn, Ag) A
bimetallic series was prepared in which the
second metal had approximately the same
content as Pt For M = Ni, Cu, and Zn,
NaY was exchanged with the Pt stock solu-
tion and approprnate amount of metal chlo-
nde simultaneously For M = Ag, platinum
was exchanged first, followed, after filtra-
tion and drying, by Ag* (as AgNO;), this

procedure was adopted to prevent AgCl
formation if AgNO; and [Pt(NH;)]Cl, were
used together The metal analyses for these
catalysts are shown 1n Table 2

Catalyst tests and calculations Catalysts
were pelleted and sized between 14 and 30
mesh In each run, 0 5 g catalyst (dry basis)
was placed 1n a $-in-od Vycor reactor
tube including a thermowell The tube was
packed with Vycor chips on either side of
the catalyst bed All catalysts were pre-
treated on-stream with flowing hydrogen at
475°C and VHSV = 2400 for 16 hr A cali-
brated Sage Instruments Model 355 syringe
pump fed pure n-hexane to the reactor at
2 0 WHSV, 9 22 H,/nCq, 475 = 5°C (where
noted, other condittons were used for varna-
tion of WHSV, H,/nC¢, T) Product analy-
ses and the standard regimen have been de-
scribed (9)

Results were calculated as both n-hexane
conversion (C(nCg) = 100 — %nC, remain-
ing) and charge (or C¢) conversion (C =
%Ar + %C,-Cs formed) Selectivities, n
terms of n-hexane conversion, were calcu-
lated as Q(1) = 100 X %11/C(nCs), 1n addi-
tion, S(Ar) 1s the aromatic selectivity in
terms of charge conversion (S(Ar) = 100 X
%Ar/C)

Cyclohexane dehydrogenation activity
(C(CyCy)) was determined for fresh cata-
lystat 3 0 WHSV, 12 0 H,/CyC,, and 300 =
5°C after 10 min on-stream

RESULTS

The standard PtNaY(300) (0 48% Pt) cat-
alyst, prepared as previously described (9),
was investigated in some detail in the fresh

TABLE 2
Properties of PtMNaY Catalysts

Catalyst Pt (%) M (%)
PtNiNaY 051 048
PtCuNaY 052 0 46
PtZnNaY 050 046
PtAgNaY 051 070
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FiG 1 Selectivity parameters for fresh PtNaY (300)
for n-hexane dehydrocychlization (475°C, 2 0 WHSV,
92 Hz/ﬂ'Cﬁ)

state The effect of conversion on selectiv-
ity 1s shown in Fig 1, derived from three
separate runs, where the various selectivi-
ties are plotted against n-hexane conver-

sion The aromatic selectivity, S(Ar) is con-
stant at about 77 5% for n-hexane
conversion levels between 25 and 85% The
1somenzation selectivity, Q(1Cq) decreases
above 60% conversion, while the cracking
selectivity Q(C,—Cs) shows an increasing
slope 1n the same region, suggesting that at
high conversion, 1sohexane ‘‘intermedi-
ates’’ are being cracked rather than aroma-
tized Figure 1 1s useful in comparing simi-
lar catalysts with different preparative
histories

The effect of regeneration on the cata-
lytic parameters for the dehydrocyclization
of n-hexane 1s shown in Table 3 The regen-
eration procedure, described in Table 3,
was followed by a 4-hr hydrogen pretreat-
ment at 500°C Regeneration led to a lower
activity, but the selectivity data [S(Ar)] in-
dicate that regeneration does not seriously
affect the overall dehydrocyclization selec-
tivity The data also show that, prior to re-
generation, the severely aged catalyst did
not show any significant loss of selectivity

TABLE 3

Effect of Regeneration® and NaOH Treat on the Catalytic Activity of PtNaY(300)?

Fresh catalyst

Base treated

NaOH NaOH
Time (hr) 1 2 20 R+1 R+2 +1 +2
Temperature (°C) 474 475 478 475 479 479
C(nCs) 540 442 254 409 338 350 307
Product compositton (wt %)
C, 11 075 024 055 038 041 034
C-C;s 101 53 19 45 32 36 30
1Cs 96 57 16 54 36 84 61
C¢= 98 136 156 147 154 16 6 16 7
Aromatics 367 194 63 16 4 116 64 49
Selectivities (%)
Q(Cy) 20 17 096 13 11 12 11
Q(C,-Cs) 138 120 73 110 95 102 96
QGCy) 141 129 63 133 105 240 198
Q(C¢) 224 308 614 358 454 473 545
Q(Ar) 496 439 250 399 345 18 3 16 1
C 46 8 250 82 209 148 100 79
S(Ar) 78 4 776 76 8 78 5 78 4 642 62 6

@ Regeneration procedure 20% air, 2 § hr, 50% air, 0 S hr, 100% air 1 0 hr, 300°C, VHSV = 3000

62 WHSYV, 9 2 H,/nCs, atmospheric pressure
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TABLE 4

Vanation of H,/nC¢ and Temperature for Regenerated, Aged PtNaY(300)¢

Hz/ nC6 922 46
Temperature (°C) 478 478
C(nCq) 437 4213
Product composition (wt %)
Ci-C;s 54 55
1Cs 60 50
Ce= 154 162
Aromatics 170 153
Q(AD) 388 362
C 223 208
S(Ar) 758 735

69 138 922 922 922
478 478 479 503 527
394 406 355 492 592

50 44 38 56 98

44 56 36 29 26
16 5 16 0 169 218 2009
135 147 112 18 8 259
343 36 1 315 383 438
185 190 150 245 357
731 771 746 769 726

7 Atmospheric pressure

although its activity was considerably re-
duced

In addition to regenerability, acidity 1s a
potentially important variable While acid-
ity 1s umimportant in dehydrogenation, 1t
can play a crucial role in the dehydroiso-
menzation of five-membered ring naph-
thenes to aromatics The decomposition of
Pt(NH;)sNaY produces acidity via the for-
mation of protons during the reduction of
Pt** by the NH; ligands (9) In the case of
the PtNaY(300) catalyst, this acidity
amounts to about 1-1 5 protons per umt
cell

A sample of PtNaY(300) was stirred
overnight with 1 N NaOH 1 order to neu-
tralize protonic sites (or exchange NH,*
cations) formed 1n the decomposition of the
Pt ammine The catalytic parameters for
this neutralized catalyst are also shown 1n
Table 3 A comparison of these data with
the corresponding fresh catalyst data in Ta-
ble 3 shows that dehydrocyclization (aro-
matization) activity and selectivity are re-
duced From the reduction in S(Ar) by
more than 10%, 1t would appear possible
that acidity 1s involved 1in dehydrocychiza-
tion, but such a conclusion must be quite
tentative Neutralization had little effect on
light gas formation [Q(C,—Cs)], indicating
that even 1n the unneutrahized PtNaY, the
cracking of charge to C—Cs 1s primanly
metal cracking (hydrogenolysis)

Several other variables were investigated
for 0 48% PtNaY(300) Prior to these varia-
tions, the fresh catalyst was aged by treat-
ing with n-hexane for 2 hr (standard run),
then regenerated and again aged with n-
hexane The regeneration procedure in this
case involved treatment with undiluted air
at 300°C for 0 5 hr, then at 475°C for 1 0 hr,
followed by hydrogen pretreatment for 1 0
hr The vanation of H,/nCs, WHSV, and
temperature were then mvestigated (in that
order)

Data from the vanation of H,/nCg be-
tween 4 6 and 13 8, and vanation of tem-
perature from 478 to 527°C are given 1n Ta-
ble 4 1n the order performed In the H,/nCq
variation, only minor changes are evident,
with a somewhat higher aromatics selectiv-
ity [S(Ar)] at the higher ratios Increase in
temperature produced the expected higher
activities, with a slight decrease in S(Ar) at
527°C

The space velocity vanation 1s presented
in Fig 2 as a plot of wt% of each compo-
nent group against contact time (1/WHSV)
(the H,/nC¢ ratio was held constant at
9 22) The imitial increase, followed by a de-
crease, 1n total hexene content indicates
that the hexenes are common ntermedi-
ates, reacting further to form aromatics,
1sohexanes, and light gases The same data,
for regenerated and aged PtNaY(300), are
shown in comparison to the selectivity pa-
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Fic 2 Effect of contact time on product composi-
tion for regenerated and aged PtNaY(300) at 475°C

rameters of fresh PtNaY(300) n Fig 3
While aromatics, olefin, and 1sohexane pa-
rameters are similar, the increased metal
cracking at higher n-hexane conversions
results 1n a loss of overall aromatization se-
lectivity perhaps caused by some Pt crys-
talhite growth during regeneration (which
was not optimized)

Effect of Zeoliic Cation (PtRY Series (R
= Li, K, Mg, Ca)

The product composition data at 2 hr on-
stream with n-hexane for PtRY (R = Na,
L1, K, Mg, Ca) are given in Table 5, cyclo-
hexane dehydrogenation activity 1s also
given [C(CyCq)] The Na and K forms have
very similar activities and selectivities, al-
though the K form has the lowest dehydro-
genation activity in the series Both activity
and selectivity are somewhat reduced for
L1, but are considerably reduced for the di-
valent 10n forms, Ca and Mg These conclu-
sions are 1n general agreement with those of
Merrill and Arey (11), who found that the
divalent cations produced a higher cracking
selectivity They found the L1 form to have
a greater aromatization selectivity than the
Na and K forms, in contrast to the results
presented 1in Table 5, but their catalysts had

not been optimized with respect to Pt activ-
1ty

The distribution of hight gases varies for
the alkalh (Na, Li, K) and alkaline earth
(Mg, Ca) catalysts Thus the composition of
olefins 1n the C, gases from the Mg and
CaY'’s 1s 5—-10 times that found in the alkali
Y’s (Table 5) Moreover, the alkali metal
Y’s produce approximately equal amounts
of total C, and C; gases, while MgY and
CaY produce greater amounts of C; than
C, Thus latter resuit contrasts with the data
of Mernll and Arey (/1), who found that
alkaline earth led to greater amounts of C,
than C; Reaction pressure mught be in-
volved 1n this difference

Effect of a Second Transition Metal
[PtMNaY Series (M = Ni, Cu, Zn and

Ag)]

Sinfelt and co-workers have shown that
the hydrogenolysis activity of a Group VIII
(Pt group) metal 1s ihibited by alloying
with a Group Ib metal (Cu, Ag, Au) (12) It
was therefore of interest to introduce a sec-
ond metal in PtNaY(300) and observe the
effect on the standard n-hexane run The
results are shown in Table 6

S(AR) PTY -{

O(AR) PTY _ |

—

Selectivity (Wt %)

Rl
-~
S~ ~~

l)E 1 L 1 1
20 30 40 50 60 70 80 90
N Hexane Conversion (WT %)

Fic 3 Companson of selectivity for regenerated,
aged PtNaY(300) (from contact time varnation) with
fresh PtNaY(300) (dashed curves)
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TABLE 5

Hexane Dehydrocyclization Data for the PtRY Sernes®

Catalyst PtNaY PtL1Y PtKY PtMgY PtCaY
C(nCq) 441 410 47 261 274
Product composition (wt %)

C-Cs 58 53 55 42 47
Cy/Cs 100 100 1105 0 540 0 650
CE/c, 0 055 0092 0 057 034 026

1Cq 57 81 51 42 45

Ce= 138 170 155 155 150

Aromatics 187 107 186 23 32

Q(Ar) 425 26 1 a1 6 86 116
(o 246 16 0 241 64 78
S(Ar) 76 2 670 771 350 40 4
C(CyCs) 891 871 76 1 812 86 8

7 475°C, 2 0 WHSV, 9 2 H,/nC;, atmosphenic pressure Data at 2 hr on-stream

For M = Cu, Zn, and Ag, activity was clization may be qualitatively represented
considerably lower than for PtNaY(300), as as

was selectivity for aromatization In these
cases, dehydrogenation activity was also @
lower, the major effect appears to be an
increase 1n metal cracking For M = N, T(b)
however, activity 1s very high, giving a (al P~
product composed primarily of methane nCq Ce= —> C1-Cs
(85% purity) and benzene /7
(c) d
// (e}
e
DISCUSSION 1Cg ~

The data in Figs 1 and 2 suggest that the The dehydrogenation and 1somerization
pathways involved in n-hexane dehydrocy- reactions (a) and (c) are reversible, while

TABLE 6

Hexane Dehydrocychzation Activity of Some Bimetalhic Platinum Y Catalysts The PtMNaY Series®

Catalyst PtNaY PtNiNaY PtCuNaY PtZnNaY PtAgNaY
C(nC) 41 99 99 271 282 28 4
Product composition (wt %)
C, 082 56 0 039 044 051
C,-Cs 58 658 22 31 30
1Cs 57 — 37 43 41
Ceé= 138 — 179 176 17 5
Aromatics 187 342 33 32 39
Q(Cy) 19 560 14 16 18
Q(Ar) 425 342 i22 113 136
C 246 99 99 5S 63 69
S(Ar) 76 2 342 598 509 563
C(CyC) 891 939 76 6 721 800

% 475°C, 2 0 WHSV, 9 2 H,/nC,, atmospheric pressure Data at 2 hr on-stream
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TABLE 7

Effect of Contact Time on the
Methane Selectivity 1n the
Dehydrocyclization of n-Hexane
over Regenerated, Aged

PtNaY(300)
Contact time Q(Cy), %owt
(I/WHSV)
0125 035
0167 050
025 070
0350 098
0 667 120
100 160
200 2 60

the aromatization and cracking reactions
(b), (d), and (e) are presumably irreversible,
although small amounts of toluene and
traces of xylenes were observed in almost
all experiments Reaction (e) 1s suggested
by the high conversion data in Fig 1 and
most likely 1nvolves hydrogenolysis to
methane This 1s demonstrated in Table 7,
where the data for Q(C,) taken from the
space velocity variation with aged, regener-
ated PtNaY(300) (Fig 1) show the increase
in methane yield with increasing contact
ttme However, at high conversions, meth-
ane yields are expected to be higher due to
cracking of heavier gas products

Davis (13) has summarized the various
mechamsms proposed for dehydrocychza-
tion with nonzeoltic catalysts and con-
cluded that, on nonacidic supports and at
atmospheric pressure, 1,6-ring closure was
preferred to 1,5-closure A defimtive judg-
ment as to which, if any, of these mecha-
msms apply to the PtY catalysts cannot be
made on the basis of the data made avail-
able 1n this study However, some qualita-
tive observations may lead to a reasonable,
although tentative, conclusion

In every sample a minor peak was quali-
tatively observed on the chromatogram that
was 1dentified, on the basis of retention
time, as cyclohexene The concentration of
this component followed the behavior of

the C¢?~ group in general Thus, dehydro-
genation—cychzation mechanisms, eg,
that of Rozengart and Kazansku (/4),
would be elminated, since cyclohexene
could not be an intermediate In addition,
the neutralized PtNaY(300) catalyst did
show a reduction in dehydrocyclization ac-
tivity and selectivity, indicating that a re-
duction 1n acidity does affect aromatiza-
tion, as called for by the mechamsms of
Muller and Gault (/5) and Kogan et al
(16) Further, comparison of the data for
NaOH treated PtNaY(300) 1in Table 3 with
the selectivity data 1in Fig 1 indicates that
the neutralized catalyst gives much higher
selectivities for 1sohexanes [Q(:Cq)] than
PtNaY(300), indicating that the aromatiza-
tion of methylcyclopentane has been pre-
vented by the lack of acidity, so that 1so-
hexanes, formed via ring hydrogenolysis,
are the exclusive product

Based on these observations, 1t would
appear that the PtNaY(300) catalyst follows
the mechamism discussed by Kogan, et al
(16) mvolving aromatization via both 1,6-
ning closure, which 1s not inhibited by re-
moval of acid sites, and 1,5-ring closure to
methylcyclopentanes, the aromatization of
which are inhibited by a lack of acidity
Both dehydrocyclization and dehydrogena-
tion activity of PtY catalysts are improved
by decreasing the Pt particle size, although
ring closure also occurs n the case of dehy-
drocyclization at the same sites Following
ring closure, of course, dehydrogenation
would occur as 1n the case of cyclohexane,
producing cyclohexene as an intermediate
These considerations do not necessarily
eliminate the direct dehydrogenation path-
way, however, since cyclohexene may also
be formed via hydrogenation of benzene or
cyclohexadiene particularly at higher pres-
sures

Effect of Other Cations and Metals

Replacement of Na* with other cations
(L1*, K*, Mg?*, Ca?") primarily influences
cracking activity and selectivity (Table 5)
Several literature reports (/7-19) indicate
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that hydrogenolysis of n-paraffins over Pt
catalysts (metal cracking) produces attack
at all C-C bonds equally The product dis-
tribution 1n the alkali metal Y’s (L1, Na, K)
1s typical for Pt hydrogenolysis, as 1s the
low degree of olefin formation Replace-
ment of these cations with alkaline earth
cations (Mg?*, Ca?") results 1n the addition
of acidic cracking sites (due to Ca>* hydrol-
ysis), increasing the degree of center crack-
ing to C; gases, as well as increasing olefin
products The light gas distributions ob-
served for PtMgY and PtCaY are similar to
those found for CaY (20)

Thus, m PtL1Y, PtNaY, and PtKY the
cracking 1s due primanly to Pt hydrogenol-
ysis In PtMgY and PtCaY, the cations pro-
duce additional acidic cracking, resulting 1n
a higher cracking selectivity (thus a lower
dehydrocyclization selectivity) The lower
activities of the latter catalysts are due to
more rapid aging due to acidic cracking
(coking), the mnitial activities for all PtRY
catalysts were smmilar (n-hexane conver-
ston = 70-90%)

The addition of Cu, Zn, and Ag to PtNaY
had a generally negative effect, with re-
spect to both aromatization activity and se-
lectivity (Table 6) Apparently, the zeolite
lattice does not permut the type of interac-
tions between metals (e g, alloying) that
occur on other supports (12)

State of Pt in Fresh Catalysts

The neutralization experiments (Table 3),
performed on fresh calcined catalyst prior
to pretreatment, provide indirect evidence
of the state of platinum While Gallezot et
al have maintained that air calcination
leads to formation of divalent Pt 1ons 1n the
zeolite structure (6), Reagan et al have
shown by thermogravimetric studies that
Pt(II) 1s reduced to Pt(0) by the ammonia

ligands (9) The existence of catalytic acid-
ity 1n the fresh catalyst indirectly confirms
that Pt 1s reduced to the zerovalent state
with the consequent formation of acidic
sites
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