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Abstract

Pt loaded Y, USY, beta, mordenite, ZSM-12, and ZSM-5 zeolites with differetlS$atios and a USY and ZSM-12 sample having
enhanced activity were studied for the hydroisomerization-béptane. All the possible heptane isomers were obtained over Pt/H-ZSM-12
and the product distribution was closer to that over Y and beta catalysts, but very different from that over Pt/H-ZSM-5. Shape-selective
effects in ZSM-12 resulted in a significantly higher isomer yield than the beta and Y-zeolite catalysts. For Y, beta, and ZSM-12 samples
having very little extraframework aluminum, changing thg/8iratio did not affect the isomer yield. However, USY and ZSM-12 samples
that showed enhanced activity were very sensitive to the Pt precursor and Pt loading, which caused huge differences in their activity anc
isomer selectivity. The Pt dispersion in the enhanced activity catalysts was also much lower. A careful optimization of the precursor, amount
of Pt loaded, and pretreatment conditions is essential to achieve good balance between the metal and the acid functions in these catalys
The optimized enhanced activity catalyst is able to provide isomer yields approaching that obtained over the regular catalysts, which sugges
that zeolite acidity is not directly affecting the isomer selectivity. These results indicate that the maximum isomer yield for a Pt/H-zeolite
catalyst is obtained when the metal and acidic functions of the catalysts are well balanced. Therefore, it may not be possible to increas
the isomer yield beyond this maximum by modifying the acidity characteristics of the catalyst. Mordenite and ZSM-5 catalysts showed low
isomer yields, but acid dealumination of the parent mordenite improved the isomer yield, possibly due to creation of mesopores.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction can overcome these disadvantages and can successfully iso-
merize smaller alkanes such aspentane and:-hexane

Hydroisomerization of straight-chain paraffins into highly With @ high yield of isomers, however it is much less se-
branched paraffins to boost the octane number of gasoline id€ctive forn-heptane isomerizativas cracking occurs to a
an environmentally more acceptable alternative compared!@rge exten3,4]. No industrial hydroisomerization process
to other technologies such as blending with oxygenates and€XiSts for G or Cg paraffins due to their high tendency
aromaticg[1]. Paraffin hydroisomerization is typically car- tp crack[s]. Several St_Ud'eS hav_e focused on various Z€0-
fied over bifunctional metadtid catalysts and it is well lite catalysts for hydroisomerization and the effects of acid

established that isomerization proceeds through consecutiv éteSde'\';S'Fy odn the |s(<j)mer sell(e Ct'v'tlyl ha;.\ll.e bdeen (cj;llescrlbed
branching reactions. The traditial isomerization catalyst, —8] erlaudeau and co-wor efg- ]'u tized medium-
Pt loaded chlorided alumina, is very active and can operatepore one-dimensional zeolites to obtain a high yield of the

at lower temperatures, but these catalysts cause corrosioﬁr:q;nnoocbrrz?;ﬁ:ﬁg tl)?aot;n;;.liti\: shz:\gr]r:]elre 'igme;:jlfgt;vgitggeao
and pollution problems and are very sensitive to poisons y P P

. . lite having much larger crystallites has been repofed.
such as water, aromatics, and sulfar3]. PvH-mordenite Although several studies have attempted to investigate the

effect of zeolite acidity characteristics on the isomerization
* Corresponding author. Fax: (513) 556-3473. selectivity, no clear result has emerged. Moreover, there are
E-mail address: panagiotis.smirniotis@uc.edu (P.G. Smirniotis). not many detailed reports on hydroisomerization over ze-
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olite catalysts having enhanced activity. The phenomenon Table 1
of enhanced activity is observed when a zeolite is steam- Characteristics of the Pt/H-zeolite catalysts

dealuminated under certain conditig@2—14} however, the Zeolite SjAl Percentage No. ofacid Percentage
exact chemical nature of the enhanced activity sites is still ratio  crystallinity  sjted Pt dispersion
unresolved and under debafRecent explanations for en- (mmol/g)
hanced activity include the presence of several types of Al Y-2.5 (CBV-100) 258 100 221 62
coordinations in the framewof{k4], many of these Al atoms ¥-15 (CBV-720) 13 70 a79 46

. . o . Y-30 (CBV-760) 3¢ 72 040 95
having reversible coordinatidd5]; and a synergistic effect

Beta-15 15 100 ®9 87

between extraframework aluminum and framework Bron-
sted sites, resulting in the dramatically enhanced act|V|'ty has Mor-10 10 100 81 84
also been propose€fd2]. Kung et al.[13] proposed an in- " - 3B 109 51 102
crease in the rates of pore diffusion limited bimolecular and -

Beta-30 30 100 a9 70

. : . . . SM-12-31 31 100 @9 79
oligomeric cracking reactions due to formation of mesopores 7gy.12_45 45 100 34 76
as part of the reason for enhanced activity. van Bokhoven etzsm-12-58 58 100 @5 86

al.[16] have proposed that the increased reaction rate is duezsm-s-40 (CBV-8020) 40  — _ _
to an increase in thg |n|t!al gnthalpy of 'adsorptlon on the A1 eolites were loaded with 0.5 wi% Pt using PIC.
eXtraframeWork LEWIS aC'd S|tes Wthh INcCreases the con- a Nominal SVA| ratio reported by the company.
centration of reactds in the steamed zeolites under reaction P The number of acid sites was measured bysNTPD using the pro-
conditions. tonated form of the zeolite, before platinum was loaded.

Denayer et al[17] studied the hydroconversion o @
Co n-alkanes over Y and USY zeolites and found no influ- ;. »

ence of the zeolite $Al ratio on the selectivity; however,  petails of the catalysts prepared using the enhanced activity USY and ZSM-
the catalysts they studied primarily consisted of Bronsted 12 samples

acid sites, and did not show dramatically enhanced activity. sample Pt precursor Pt loadingDxidation and  Percentage
Our goal therefore was to carefully examine the variation (Wt%) reduction Pt dispersion
of isomer selectivity with conversion in different zeolites at temperature? C
various SfAl ratios and also in USY and ZSM-12 catalysts EY-1 HoPtCly 0.5 450 -
with enhanced activity. The other objective of this study is EY-2 ~ HPCh 10 450 13
to evaluate the performance of Pt/H-ZSM-12 as a potential g:i gtgsg“g:z 1(5) jgg f5
hydroisomerization catalyst and compare it with P-loaded gy Pt(NI—b)ZCI; 10 400 _
zeolite Y, beta, and mordenite and ZSM-5 catalysts. EZ12.1 HPICk 05 450 18
EZ12-2 Pt(NH)4Cl, 05 450 20
EZ12-3 P{NH)4Cl,  0.75 450 -
2. Experimental EZ12-4 Pt(NH)4Cl» 0.5 400 -
EZ12-M Physical mixture 450 -
with PYSIO,

2.1. Catalyst preparation

EZ12-M is a mechanical mixture of 0.5 wt% Pt/Si@nd the enhanced
~ The details of the samples used in this study are listed ?,f/t's"g ir?c'jv'éézn:g :‘eghier\i‘};‘; u':;r dfhe experiment a mixture of 100 mg
in Table 1 and 2 The ZSM-12 samples were synthe-
sized hydrothermally using tetraethylammonium hydrox-
ide (TEAOH) as the template. The procedure used for the was done by wet impregnation usingP{Clk (Aldrich) or
synthesis of ZSM-12 has been described in detail else- Pt(NHz)4Cl2 (Johnson Matthey). The impregnated catalysts
where[18]. The beta zeolite samples were also synthesizedwere dried overnight in an oven at 120. Oxidation and
in our laboratory with TEAOH as the template. The template reduction of the catalysts to disperse the metal was done in
was removed from the synthesized zeolites by calcination in situ before starting the reaction.
air at 550°C for 4 h. Y and USY zeolites (CBV series) as The enhanced activity USY sample studied was the CBV-
well as ZSM-5 (CBV-8020) were obtained from Zeolyst In- 500 sample (SiAl = 2.6) from Zeolyst International. Remy
ternational. Mordenite was kindly donated to us by UOP. et al. [14] have shown that CBV-500 possesses dramati-
Dealumination of the as-received mordenite (Mor-10) was cally enhanced activity compared to the parent nondealumi-
carried out using 1 N HCI at 9CC for 4 h to yield the nated sample. A ZSM-12 sample with enhanced activity was
Mor-35 sample. For samples not in ammonium or proton prepared by calcining the synthesized zeolite/ 5= 35)
form, a cation exchange was performed with 2 N /0H containing template at 85 in a flow of air, under care-
solution at 90C for 4 h. For the Y-zeolite sample (CBV- fully controlled conditions. The activity of this sample was
100), the ammonium exchange was performed three times.compared with other ZSM-12 samples by carrying out an
Finally, the zeolites were converted to their protonated forms n-hexane cracking reaction at 420. The sample calcined
by calcination in air at 500C for 1 h. Platinum loading  at 850°C showed a hexane cracking activity about 5 times
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higher than the regular ZSM-12 sample calcined at850
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oxygen for 1 h at 450 (or 400%, followed by purging with

Several different catalyst samples were prepared using thesdiigh-purity helium for 15 min. The reduction of the cata-

enhanced activity USY and ZSM-12 zeolites by varying the
platinum precursor and the amount of Pt loading. The oxi-

lyst was carried out at 450 (or 400% in high-purity H for
1 h at atmospheric pressure. The WHSV for theptane

dation and reduction temperature was also varied in certainhydroconversion experiments was 7h unless otherwise

cases. The details of these catalysts are providddlite 2
The enhanced activity USY atBM-12 catalysts have been
named EY-1 through 5 and EZ12-1 through 4, respectively.
The ZSM-12 catalyst named EZ12-M is a mechanical mix-
ture of 0.5 wt% Pt/Si@ and the enhanced activity ZSM-12
ina 2:1 ratio.

2.2. Catalyst characterizations

X-ray diffraction (XRD) was employed for identifica-

specified, and bl/n-C7 was 16; conversion was varied by
varying the temperature in the range from 210 to 360

The same catalyst sample wased to obtain the data at dif-
ferent temperatures. The first analysis was performed after
1 h on stream and subsequent analyses (with reaction occur-
ring at different temperatures) were performed after at least
45 min had elapsed at the set temperature. No deactivation
of the catalysts was observed after 1 h on stream. Repeat
experiments confirmed that the data obtained were closely
reproducible. Product identification was accomplished us-

tion of the synthesized zeolite phases and quantification ofing a gas chromatograph (Hewlett-Packard, 5890 Series 1)
the crystallinities of dealuminated zeolites. The XRD pat- equipped with a mass spectrometer (Hewlett-Packard, 5972
terns were collected with a Siemens D-500 powder X-ray Series Il). Separation was achieved using a capillary col-
diffractometer using Cu-K radiation. The bulk SiAl ra- umn (SUPELCO Petrocol DH50.2). The concentrations of
tios of the zeolites were determined by inductively cou- products were obtained by using a calibration factor for each
pled plasma (ICP) spectroscopy. bHstepwise temperature  product.

programmed desorption (STPD) was used for the measure-

ment of acid site densitjd9]. To check for the presence of

extraframework aluminum, FTIR measurements were per- 3. Results

formed on selected samples using a Bio-Rad FTS-40 spec-

trometer equipped with a high temperature flow cell having 3.1, ,-C; conversion versus temperature

CaFk, windows. After purging with helium at 500, the
sample was cooled down to 150 and pyridine was ad-
sorbed until saturation was delied. The sample was then ¢, gitferent Pt/H-zeolites having similar Sl ratios has
purged with helium for 1 h to remove the physisorbed pyri- paan compared iffig. 1 It can be seen that ZSM-5 and

dine and a spectrum was collected. A spectrum was alsOpeta zeglite which have a three-dimensional pore structure
collected after desotjon of pyridine at 200C. Nitrogen oqire a much lower temperature to achieve a certain con-

The variation ofn-heptane conversion with temperature

adsorption isotherms were measd for selected samples at
77 K using a Micromeritics ASAP 2000 instrument; sam-
ples were degassed at 28D for 2 h. Dispersion of platinum

on the catalysts was determined by hydrogen chemisorp-
tion. The analysis was carried out using a Micromeritics
Autochem 2910 automated catalyst characterization system.
Before analysis the catalyst was first oxidized in situ at
450°C for 1 h and then reduced at 450 for 4 h. The ox-
idation and reduction conditions were the same as that used
to activate the catalyst before the reaction. After reduction,
helium was allowed to flow over the catalyst at 4&8Dfor

1.5 h. The catalyst was cooled down to°&Dand a 1 ml
pulse of 10% hydrogen in argon was repeatedly injected un-
til no hydrogen was chemisorbed. The volume of hydrogen

chemisorbed was determined by summing the fraction of < 20 |

hydrogen consumed in each pulsée€lplatinum dispersion
was calculated assuming a H:Pt stoichiometry of 1:1.

2.3. Catalytic experiments

Then-heptane hydroconversion experiments were carried

version level than one-dimensional mordenite and ZSM-12.
It has been suggested that in one-dimensional zeolites like
mordenite and ZSM-12, the reaction essentially occurs in

%

on

eptane convers

<

100

80 1

60 -

40

0

A ZSM-5-40
® Beta-30

O Mor-35

O ZSM-12-31
X Y-30

220

240

260

280

300

Temperature, °C

320

340

360

Fig. 1. Variation of then-heptane conversion with temperature for vari-

out in a fixed-bed flow reactor system loaded with 50 Mg o5 pyH-zeolite catalysts with comparablg/iratios. WHSV= 7 h~1,
of the catalyst at a pressure of 100 psig (6.9 bar). The cat-H,/n-C7 (molar) = 16, total pressure= 100 psig, and 0.5 wt% Pt loading

alysts were activated in situ by oxidation with high-purity

(using HPtCk) on all catalysts.
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a region close to the pore mouth, resulting in a lower ac-
tivity [2,9,20] Differences in activities of the various zeo-

lite catalysts could also be attributed to intrinsic differences
in zeolite acidity. However, recent explanations for the dif-
ferences in activity of various zeolites in hydroisomeriza-

tion have focused on the adsorption enthalpies of the alka-

nes in the zeolitd21]. In general, zeolites having smaller

281

in the case of Y zeolites, obtained with the Y-15 sample
appears to be around 61 mol%; when a plot is made with
wt% (not shown) the maximum is around 68 wt%, an ob-
servation also made by other researcH2824] For beta
zeolite Fig. 2b) the trend for variation of isomer yield with
conversion and the maximum isomer vyield is very similar
to that obtained over the Y zeolites. Patrigeon et[25]

pores have been found to possess a higher adsorption enhave also reported that the same maximum isomer yield is

thalpy. This results in an ineased concentration of the re-
actants within the pores, whiddads to higher isomerization
rates[16,21] Therefore, the smaller pores present in ZSM-5

obtained over Y and beta zeolites. In the case of ZSM-12
catalysts Fig. 29, the maximum isomer yield achieved is
around 66 mol% (73 wt%). This is significantly higher than

and zeolite beta would result in a higher adsorption enthalpy the maximum obtained over the “open” pore systems like Y

and highem-heptane loadings, which would explain their
higher activity compared to nndenite. Moreover, it is also

and beta zeolites. Interestingly, the yield of dibranched iso-
mers is also high over the ZSM-12 catalysts and comparable

possible that the beta and ZSM-5 samples studied had en+to that obtained over beta and Y zeolites, especially at the
hanced activity. Even for enhanced activity catalysts, the higher conversions.

high activity has been explained using the high initial heat

of alkane adsorption, which increases the concentration of3.2.2. Mordenite and ZSM-5 catalysts

the reactant in the zeolif@6]. A reasoning based on the ad-

The results of the mordenitand ZSM-5 catalysts are pre-

sorption enthalpy could again be used to explain the lower sented here in a separate section since they both show much

activity of the Y-30 catalyst. Our goal in this paper was to

lower isomer yields than the other zeolites studied. The

focus on the effect of differences in zeolite properties on the Pt/H-mordenite catalysts with different /&l ratios show
isomer selectivity. These results are discussed in the follow- different trends in the variation afC7 yield with heptane

ing sections.
3.2. Variation of isomer yield with conversion

Based on their performance in theC7 hydroconversion,

conversion, with the dealumated mordenite sample show-
ing a higher yield Fig. 3). Over the parent Mor-10 sample
the isomer yield was particularly low and it remained low
even when the Pt loading was varied (data not shown). To in-
vestigate the reasons for this difference, nitrogen adsorption

the catalysts studied in this work could be separated into studies were done to obtain information about the porosity
three distinct types. Further details of the performance of of the mordenite samples. The Mor-10 sample had a micro-

these catalysts are presented below.

3.2.1. Y (and USY), beta, and ZSM-12 catalysts

pore area of 346 &Yg and external surface area of 68 g,
determined by the-plot method. To check if this sample
was a steamed sample having extraframework aluminum, an

The zeolite catalysts discussed in this section show high FTIR experiment was performed on this sample. The FTIR

isomer yields and for each zeolite changing thgABratio

does not appear to have an effect on the variation of the iso-

mer yield with conversion. The Y and USY zeolites, CBV-
100, CBV-720, and CBV-760, are well-known commercial
samples and have been well characterizédl MAS NMR

data of Remy et al[14] showed that the above Y-zeolite

samples have only a small amount of octahedral aluminum;

most of the aluminum is present in the framework, resulting

in Bronsted sites. The beta and ZSM-12 samples were di-

rectly synthesized, and after calcination at 36Go remove
the template, they are likely to contain only a small amount
of extraframework aluminum and consequently a very small
number of Lewis sites. For the ZSM-12 sampf#| MAS
NMR confirmed that almost all the aluminum was presentin
tetrahedral coordination in the calcined sampiy.

The hydroisomerization of-heptane was studied over
these zeolite catalysts, each at differen#$ratios, and the
total yield of branched €isomers (in mol%) obtained as
a function of heptane conversion is shownFig. 2 For a
particular zeolite, the yield of heptane isomers follows al-
most the same trend regardless of th¢ASiratio of the
zeolite. FromFig. 2g the maximum obtainable isomer yield

absorbance spectra of pyridine adsorbed on the Mor-10 sam-
ple did not show a peak at 1455 ch which is characteristic

of Lewis acidic extraframework aluminum. However, there
was a prominent peak at 1545 chindicating that the Mor-

10 sample had mostly Bronsted acidic sites.

The Mor-35 sample had an even larger external surface
area of 113 ri/g and micropore area of 2884y, sug-
gesting that acid leaching might have caused the formation
of mesopores. Dealuminatiof a zeolite by leaching with
HCl is known to remove all extraframework aluminyi26],
therefore, it is likely that the Mor-35 sample obtained by
leaching of Mor-10 with 1 N HCI Wl also primarily contain
Bronsted sites. Therefore, it appears that the higher isomer
yield over Mor-35 is obtained due to the creation of meso-
pores by acid leaching. For ZSM-5jg. 3 shows that the
maximum yield of heptane isomers is much lower than that
obtained over ZSM-12, Y, and beta catalysts. ZSM-5 has
a straight channel and a sinusoidal channel, and a bigger
space, larger than its pore opening, is available at the in-
tersection of these channels. The occurrence of equimolar
amounts of propane and isobutane in the products over the
ZSM-5 catalyst confirms that almost all the cracked products
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Pt/H-ZSM-5 catalyst. WHS\= 7 h™1, Hy/C7 (molar) = 16, total pres-
sure= 100 psig and 0.5 wt% Pt loading (usingPtCk) on all catalysts.

are obtained frong-scission of dibranched isomers. There-
fore, it appears that the low isomer selectivity of ZSM-5 is
due to the inability of the dibranched heptane isomers, which
form at the channel intersections, to come out of the pore.
The performance of ZSM-5 and mordenite is discussed in
more detail in the later sections.

3.2.3. Enhanced activity USY and ZSM-12

It is well known in the literature that subjecting a zeolite
to steam treatment can greatly enhance the catalytic activity
of the zeolite, which is generally attributed to generation of
extraframework aluminurfil2]. This behavior has been ob-
served even for a high silica zeolite like ZSM-5 after mild
steam treatmen27]. As noted earlier, one of our objec-
tives in this study was to determine how the isomer yield
is affected in these enhanced activity catalysts; the sam-
ples we studied were an enhanced activity USY (CBV-500)
and a ZSM-12 sample prepared in our laboratory. First, the
results obtained with the enhanced activity Y-zeolite (EY)
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USY catalysts £) EY-1, () EY-2, (A) EY-3, (O) EY-4, and (O) EY-5 catalysts. The Y-15 catalys#] is shown for comparison. WHS¥ 7 h™1, H,/n-C7
(molar)= 16, total pressure- 100 psig.

samples are discussed. Thedityi characteristics and cat-
alytic activity in heptane andecane hydroisomerization of compared to the samples listed Table 1 suggesting that
the CBV-500 sample have been reported by Remy §t4). migration of Pt to the external surface and sintering might
They observed a large amount of octahedral aluminum andbe occurring in these catalysthis is true for the catalyst
aluminum with unknown coordirten, in addition to frame- ~ samples prepared by loading Pt usingPtCl as well as
work tetrahedral aluminum, and the sample showed a dra-Pt(NH3)4Clo. However, it is unusual to note that increas-
matically higher turnover frequency (TOF) in heptane hy- ing the Pt loading from 0.5 to 1.0 wt% with JRtCk ac-
droisomerization compared to the parent nondealuminatedtually results in lower conversions at the same temperatures.
sample[14]. In our experiments, we observed that some The pH of the HPtCk solution used for impregnating plat-
of the catalysts prepared using the CBV-500 sample (EY-3 inum was around 3.2. Since extraframework aluminum can
and 4) are so active that they require abouf 80ower be removed by acid treatmej@6], it is possible that using
than the Y-2.5 catalyst and about 30 lower than Y-15 to H2PtCls somehow disrupts the extraframework aluminum,
achieve the same level of heptane converskig.(4g. van thereby affecting enhanced activity sites and lowering the
Bokhoven et al[16] have suggested that the increased re- activity of the catalyst. This is supported by the fact that in-
action rate in these catalysts is due to an increase in thecreasing the Pt loading usingPtCls decreases the activity
initial heat of alkane adsorption on the Lewis acid sites, even further. The temperature at which the oxidation and re-
which increases the conceation of reactants within the  duction treatment to disperse the platinum is carried out also
pores. Unlike the Y-zeolite and USY catalysts discussed in affects the catalyst performance. The EY-5 sample, which
the earlier section (which were all loaded with 0.5 wt% Pt had 1.0 wt% Pt loaded using Pt(N}4Cl, but oxidized and
using HPtClk), we found that the performance of the EY reduced at 400C, showed a much lower activity compared
catalysts was highly dependent on the Pt loading and theto the EY-3 catalyst.
precursor used. Therefore, the performance of the EY sam- The isomer yield also showed different trends with re-
ple was studied with different amounts of Pt, loaded using spect to heptane conversion over the EY cataly&i. @b);
the two different precursors—RtCl and Pt(NH)4Clo. the sample that showed a higher conversion at a particular
The variation of the heptane conversion with tempera- temperature (irFig. 49, also shows a higher isomer yield.
ture and the variation of the branched @eld with con- In the EY catalysts that show a lower yield, this behavior
version for the EY catalyst samples are showrFigs. 4a is an indication of the lack of balance between the metal
and 4h respectively. Both figures clearly show the differ- and acid function$28]. Therefore, using bPtCk to load
ences when different Pt precursors and loadings are usedPt on the enhanced activity USY sample does not result in
FromFig. 43 Pt(NHg)4Clo appears to be a better precursor an efficient hydrogenation/dehydrogenation function. Load-
than HPtCk for loading Pt, since it results in a more active ing platinum using Pt(NB)Cl, does not appear to affect the
catalyst. Increase in the Pt loading from 1.0 to 1.5 wt% us- enhanced activity zeolite and increasing the Pt loading to
ing Pt(NHg)4Cl> further improves the activity of the catalyst, 1.5 wt% gives the highest activity as well as isomer yield.
which suggests that a higher tiag of platinum is neces-  The maximum isomer yield oained with the EY-4 catalyst
sary to balance the high activity of acid sites. Dispersion is around 56 mol% (64 wt%), which is very close to that
measurements carried out on selected EY samipbdsd 29 obtained with the other Y-zeolite catalysts discussed earlier.

show that the Pt dispersion on these samples is quite low
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Fig. 5. (a) Variation of.-heptane conversion with temperature and (b) total yield-o66mers as a function af-heptane conversion, for the enhanced activity
ZSM-12 catalysts.W) EZ12-1, (\) EZ12-2, (O) EZ12-3, (J) EZ12-4, and @) EZ12-M. The ZSM-12-45 catalysk{ is shown for comparison. WHSV
=7h1, Hy/nCy (molar)= 16, total pressure= 100 psig.

The difference between EY and other Y-zeolite catalysts is stantial improvement thateeds to be made to achieve a

that in addition to requiring a higher metal loading, the EY maximum vyield close to that of ZSM-12-45. Further opti-

(CBV-500) catalysts also appear to be quite sensitive to the mization of the Pt loading (using Pt(N§4Cl2) and pretreat-

Pt precursor used and the pretreatment conditions. ment conditions for the enhanced activity ZSM-12 catalyst
The performance of the enhanced activity ZSM-12 sam- iS necessary to obtain a better balance between the metal

ple was also studied with Pt loaded using different pre- and the acid functions and thiptimized catalyst can be ex-

cursors. FTIR of pyridine adsorbed on the enhanced activ- Pected to show a higher activity and isomer yield than the

ity ZSM-12 sample confirmed the presence of Lewis acid EZ12-3 catalyst.

sites, by the appearance of a peak at 1455%rithe vari-

ation of the heptane conversion with temperature a@d . .

yield with conversion for the enhanced activity ZSM-12 4 Discussion

catalysts, EZ12-1 to EZ12-4 and EZ12-M, are shown in

Figs. 5a and 5bprespectively. It can be clearly seen in

Fig. 5athat the EZ12 catalysts @pared by loading Pt us-

ing Pt(NHg)4Cl2 show a significantly higher activity than the

ZSM-12-45 catalyst, which is shown for comparison. How-

ever, the EZ12-1 catalyst prepared byPtClk loading and

a mechanical mixture of thenanced activity ZSM-12 with

Pt/SiQ (EZ12—-M) are not more active. Examination of the

isomer yields over these EZ12 catalydtgy( 5b) shows that

For the Y and ZSM-12 zeolites that did not show en-
hanced activity, as well as beta zeolites, a loading of 0.5 wt%
Pt using HPtCls was enough to achieve good metal/acidity
balance and the performance of these catalysts showed that
they were close to the “ideal hydrocracking” behavior. Re-
gardless of the $Al ratio and the reaction temperature, each
zeolite gives a specific maximum isomer yield. For the zeo-
lites with enhanced activity, it was observed that the catalyst

he vield h H h h is very sensitive to the Pt precursor used and the pretreat-
the yields are much lower than that over the ZSM-12-45 o “conditions. The product distributions obtained over

catalyst, the closest being the EZ12-3 catalyst which gavegyme of the EY and EZ12 samples are compared with the
a maximum yield of about 52 mol%. The overall trends in v_15 3nd ZSM-12-45 catalysts akaheptane conversion of
variation of the activity and isomer yield of the EZ12 cata- gpout 75% iriTable 3 It can be seen that higher amounts of
lysts with respect to Pt loading and precursor are very similar methane and ethane are formed over the EY-5 catalyst which
to those observed for the EY catalysts, which again provessnows a low isomer yield, which could be an indication of
that HPtCl is not a good precursor for loading Pt on ze- the |ack of metal/acidity balance or lack of proximity be-
olites with enhanced activity. The platinum dispersions on tween the metal and acid sites. In the EY-4 catalyst, there
the EZ12 samples are again much lower than the dispersionss no methane or ethane formed and product distribution
on the ZSM-12 samples listed ifable 1 Also, similar to s closer to the Y-15 catalyst. In the case of ZSM-12, the
the EY-5 sample, the EZ12-4 sample, which was oxidized product distributions for ZSM-12—45 and the EZ12 catalysts
and reduced at 40@ shows a poor performance. The above are drastically different. Substantial amounts of methane,
data serve to illustrate the highly sensitive nature of the en- ethane, pentane, and even hexane are observed over EZ12-2
hanced activity catalysts. Even though the EZ12-3 catalystand EZ12-3 catalysts, which suggests hydrogenolysis; how-
showed a reasonably high isomer yield, there is still a sub- ever, the EZ12-3 catalyst which has a higher Pt loading than
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Table 3
Product selectivities (in mol%) at about 75%heptane conversion over selected Y-zeolite and ZSM-12 catalysts
Y-15 EY-4 EY-5 Z12-45 EZ12-1 EZ12-2 EZ12-3
Conversion (%) e 762 727 787 781 774 776
Methane ®@ 0.0 0.5 0.6 17 3.6 25
Ethane @ 0.0 0.2 0.2 0.7 41 33
Propane a 141 244 7.2 289 141 112
Isobutane B 134 221 59 249 74 6.1
Butane 08 0.4 13 11 26 6.1 5.0
2-Methylbutane a 0.1 0.2 01 0.3 0.8 0.6
Pentane a 0.2 0.1 0.1 0.5 33 28
2-Methylpentane a 0.1 0.1 01 0.2 0.6 05
3-Methylpentane ()] 0.0 0.0 0.0 0.1 04 0.3
Hexane oL 01 0.0 01 02 17 16
2,2-Dimethylpentane 9 5.6 37 45 18 26 29
2,4-Dimethylpentane B 56 35 5.8 28 37 42
2,2,3-Trimethylbutane 6 0.8 0.6 0.2 0.2 01 0.1
3,3-Dimethylpentane .8 32 22 27 11 13 14
2-Methylhexane 2B 236 17.3 292 145 212 245
2,3-Dimethylpentane I 6.8 45 81 36 48 53
3-Methylhexane 22 239 179 312 149 222 255
3-Ethylpentane ] 19 13 27 10 17 20
Methylcyclohexane a 0.2 01 0.2 0.1 01 0.1
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Fig. 6. (a) Best yields of monobrancheg Somers and (b) multibranched;@Gomers that could be obtained over the various Pt/H-zeolite catalysts in this
study. (J) ZSM-12-45, ) Y-15, (O) Beta-30, &) Mor-35, and @) ZSM-5-40.

the EZ12-2 catalyst gives lower amounts of these products.case of the enhanced activity USY, that the presence of en-
This observation again suggests that lack of intimate contacthanced activity is not affecting the selectivity properties of
between the metal and acid functions might be responsiblethe catalyst in hydroisomerization if good metal/acidity bal-
for this behavior. &Acording to Lago et a[27], the enhanced  ance is achieved.

activity acid sites can be 45 to 75 times more active thanthe  The best yields of monobranched and dibranche&@-
normal acid sites. If this is the case, then a very strong hydro- mers that could be obtained with respect to conversion over
genation function in close proximity to the acid site would be various zeolite catalysts in this study are showrrigs. 6a
necessary to achieve an ideal hydrocracking catalyst, whichand 6k respectively. In these figures, the better isomer se-
explains why the enhanced activity catalysts are so sensitivelectivity of ZSM-12 can again be seen. The yield of mono-
to Pt precursor, loading and pretreatment conditions. Whenbranched isomers is higher over ZSM-12 and the yield of
a good metal/acidity balance is achieved in the enhancedmultibranched isomers approaches that of Y zeolite at high
activity USY, such as in the EY-4 catalyst, the maximum conversions. The open structures Y and beta zeolites show
isomer yield achieved was comble to that obtained over very similar trends. Only in the case of mordenite, as noted
the catalysts having mainly framework aluminum. Based on earlier, there was a substantial increase in the isomer yield
these observations it is reasonable to conclude, at least in thafter acid dealumination. It has been suggested that the lower
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selectivities for bulkier isomers in certain mordenite samples this catalyst. Patrigeon et gR5] studied Pt loaded silica—
could be due to channel blockage by extraframework speciesalumina and observed that the maximum yield over this cata-
in the poreg29]. This could very well be the case with the lyst was lower than that of Y zeolite only because of the very
Mor-10 sample. Therefore, it appears that the higher isomerhigh operating temperature which caused formation of aro-
yield over Mor-35 compared to Mor-10 is not due to a better matics instead of isomers. These observations seem to indi-
metal/acid balance or the lower acid site concentration, but cate that the maximum isomer yield for heptane conversion
might be due to the creation of mesopores which would in- over bifunctional catalysts consisting of open pore systems
crease the contribution of the external surface to the reaction,which do not show any shape selectivity is limited by the
and also improve accessibility of the acid sites and facilitate reaction kinetics itself, since the onset of hydrocracking re-
faster diffusion of the products. Tromp et §0] also ob- actions does not allow the isomers to reach thermodynamic
served an increase in selectivityyirCe hydroisomerization  equilibrium. It should be noted again that for this to be true,
after acid leaching of mordenite, and utilized a similar rea- the catalyst must be well balanced and behave as an “ideal
soning to explain their results. The maximum isomer yield hydroconversion catalyst”; i.e., the metal function should be
in Mor-35 is still much lower than that of the Y and beta strong enough to ensure equilibrium between a paraffin and
zeolite catalysts. The very low yield of dibranched isomers its corresponding olefin.
over ZSM-5 Fig. 6b) illustrates its shape-selective behavior. In zeolites that show shape selectivity, the pore structure
However, the cracked products obtained over ZSM-5 con- of the zeolite determines the kind of shape selectivity that
tained only a very small amount afbutane (not shown);  prevails, as was the case for ZSM-5 and ZSM-12. Therefore,
most of the G produced was isobutane, which indicated that for a shape-selective zeolite, any increase in contribution of
cracking was occurring by the more favorablge &d B- the external surface area to the reaction, and decrease in the
type B-scissions of the dibranched; @Gsomers. Therefore,  diffusion path length, such as creation of mesopores and
dibranched @ isomers are able to form inside the pores of nanocrystallinity, would cause the maximum isomer vyield
ZSM-5; this must be occurring at the channel intersections to change. In a zeolite such as ZSM-5, which shows an in-
as there would be large enough space available for the di-herent maximum isomer yield much lower than that of Y
branched isomers to form. However, these molecules are notzeolite, an increase in the external surface area and decrease
able to come out of the pore due to the narrower channelin the diffusion path length would result in an increase in the
openings. A product shape selectivity is therefore in effect isomer yield. In fact, this is what was recently observed for
in the case of ZSM-5. If extraframework (silica or Al) de- decane hydroconversion over nanocrystalline ZSF8%.
bris is present in the Mor-10 sample, then an effect similar However, for open pore systems such as zeolites Y and beta,
to that occurring in ZSM-5 would occur, which would ex- it appears that the creation of mesopores or preparation of
plain the lower isomer yield and the increased selectivity a nanocrystalline zeolite would not help in improving the
to cracked products. In ZSM-12, transition-state shape se-isomer yield well beyond the maximum obtained in Y ze-
lectivity, which slightly hinders the formation of dibranched olite. In ZSM-12, increase in contribution of the external
isomers and possibly also their further cracking is the rea- surface would cause its maximum isomer yield to decrease
son for the higher isomer yield. In another study on the and approach that of Y zeolite. Therefore, to obtain isomer
conversion of individual octane isomers over a ZSM-12 cat- yields higher than that of the opg@ore structures, the shape-
alyst [31], we observed that the less bulky isomers were selective properties of zeolites must be utilized.
the more favored products, and the bulkier 3,3-, 3,4-, and
2,3-dimethyloctane isomers were hindered. The backward
debranching reactions of monobranched isometis@g and 5. Conclusions
dibranched isomers to monobranched occurred to a substan-
tially greater extent over ZSM-12 compared to USY. These  The performance of large-pore zeolites having different
observations led us to suggest the above reason for the highe®i/Al ratios and activity charaetistics, and a ZSM-5 cat-
isomer yield over ZSM-12. alyst, was studied im-heptane hydroisomerization. In ze-
The maximum isomer yields over the open structures, olites that showed enhanced activity, the catalyst was very
zeolites Y and beta, are identical. Even the Y-30 catalyst, sensitive to the Pt precursor used and pretreatment condi-
a USY sample containing mesopores and reduced crys-tions and Pt(NH)4Cl, was found to be a better precursor
tallinity, shows the same trend for variation in isomer yield than HPtClk for loading Pt on these zeolites. If a suf-
with n-C7 conversion as the other Y and USY catalysts, re- ficient amount of metal is loaded on these zeolites using
gardless of the reaction temperature. This prompted us toPt(NHgz)4Cl2, and the catalyst is optimized to provide close
look at how non-zeolitic solid acids perform in the hydroi- proximity between metal and acid sites to ensure a strong
somerization of heptane. Pope et[2l] studied a Pt-loaded  hydrogenation function and good metal/acidity balance, the
chlorided alumina catalyst fot-heptane hydroisomeriza- variation of isomer yield with heptane conversion over these
tion and the maximum isomer yield obtained over this cat- catalysts is similar to that over the other zeolite catalysts that
alyst (68 wt%) was identical to that over Y zeolite; this do not show such enhanced activity. Therefore, for any zeo-
was despite the operating temperature being much lower forlite, the maximum isomer yield is obtained when the catalyst
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meets the criteria for the ideal hydrocracking catalyst, which [12] R.A. Beyerlein, C. ChoiFeng, B. Hall, B.J. Huggins, G.J. Ray, Top.
means that it is not possible to obtain isomer yields higher Catal. 4 (1997) 27. . _
than this maximum by modifying zeolite acidity character- [13] H.H. Kung, B.A. Williams, S.M. Babitz, J.T. Miller, W.O. Haag, R.Q.

istics. Interestingly, the maximum isomer yield obtained in Snurr, Top. Catal. 10 (2000) 59.
) aly, y [14] M.J. Remy, D. Stanica, G. Poncelet, E.J.P. Feijen, P.J. Grobet, J.A.

heptane hydroisomerizationlover open zeplit.e strgctures like™ "~ Martens, P.A. Jacobs, J. Phys. Chem. 100 (1996) 12440.
Pt-loaded Y and beta zeolite catalysts is identical to the [15] B.H. Wouters, T.H. Chen, P.J. Grobet, J. Am. Chem. Soc. 120 (1998)
maximum yield obtained over Pt/Alghand Pt/SiQ—Al,03 11419,

regardless of the activity of the catalyst. The presence of [16] J.A. van Bokhoven, M. Tromp, D.C. Koningsberger, J.T. Miller, J.A.Z.

mesopores in P/USY catalysts also does not affect the max- T;;erse' J.A. Lercher, B.A. Williams, H.H. Kung, J. Catal. 202 (2001)

imum isomer yield. However, the creation of mesopores or [17] J.F. Denayer, G.V. Baron, G. Vamisele, P.A. Jacobs, J.A. Martens,
preparation of nanocrystalline zeolite is likely to affect the J. Catal. 190 (2000) 469.

maximum isomer yield in zeolites that show shape selectiv- [18] S. Gopal, K. Yoo, P.G. Smirniotis, Micropor. Mesopor. Mater. 49
ity. Therefore, the best way to obtain isomer yields higher (2001) 149.

than that obtained over open solids is to employ the shape[lg] W.M. Zhang, E.C. Burckle, P.G. Smirniotis, Micropor. Mesopor.

selectivity of zeolites to suppress the formation of multi- Mater. 33 (1899) 173.
y PP [20] B.T. Carvill, B.A. Lerner, B.J. Adelman, D.C. Tomczak, W.M.H.

branched isomers that can easily undergo cracking. Sachtler, J. Catal. 144 (1993) 1.
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