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Abstract—Nickel impregnated Pt/t#-and Pt/H-MOR catalysts with different Ni content were prepared and subjected
to hydroisomerization of n-hexane in the presence of flowingall The states of Pt and Ni were identified by ESCA.
The particle size measured by TEM shows that average patrticle size increases with increasing Ni loading. The acidity of
the catalysts was measured by TPD of ammonia. The catalytic activity of Ni containing and Ni frB8eurt/Rt/H-
MOR catalysts was compared and found that addition of Ni up to a threshold value (0.3 Wt&hidod.1 wt% for
MOR) increases the n-hexane conversion and dimethyl butanes selectivity due to better metal-acid synergism and
decreases the amount of cracked products. When the Ni amount exceeds the threshold values the conversion decreases
and cracked products increase. Further the Ni impregnation of Pt containing acidic supports increases the sustainabil-
ity of the catalysts and was found to favor the protonated cyclopropane (PCP) intermediate mechanism in n-hexane
isomerization 3 zeolite was found to be a better potential support than mordenite and the isomerized product mixture
shows better octane number.
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INTRODUCTION acid sites should be nearer so as to prevent an increase in the local
concentration of alkenes. Guisnet et al. [1986] used Pt/H-Y cata-
Modern combustion engines require fuels with high research oclysts to isomerize n-heptane and arrived at the conclusion that when
tane number (RON). An environmentally sound way to increasethe acid sites/metal sites,(N,,) are six and less than six isomer-
the RON of gasoline is by hydroisomerization of linear alkanes.ization proceeds without cracking and vice-versa whgN,Ns
Weisz and Prater [1954] in their study of skeletal isomerization of33 and above. According to Corolleur et al. [1972], isomerization
n-alkanes on Pt dispersed acidic support (f¥ftoncluded abi-  of hexanes is typically structure sensitive for the selectivity; hence
functional mechanism involving three consecutive steps, namelythe cyclic mechanism is largely predominant on highly metal dis-
dehydrogenation of alkanes, isomerization of the resulting olefinpersed catalysts, while the bond shift mechanism is the major one
and hydrogenation of the isomerized olefin to iso-alkane. Iglesia ebn supported metals of larger size particles. Degnan and Kennedy
al. [1993] conducted a number of isomerization reactions using nf1993] concluded in their heptane isomerization over physical mix-
alkanes over Pt/sulfated zirconia and reported a hydride transferes of PYAIO; and zeolite H3 that better synergism exists be-
type mechanism for the reactions. According to their mechanismiween metal and acid sites when the ratio of Pt/Al (framework Al)
hydrogens adsorbed on Pt particles serve as hydride donors and ie-six. Avery and Anderson [1966] have pointed out that alkane iso-
act with the isomerized carbenium ions to form product moleculesmerization is accompanied by hydrocracking and the activation en-
Further, they concluded that the hydride transfer is the rate detelergies for the two processes are identical, suggesting that both prob-
mining step rather than the rearrangement of alkyl carbenium ionsably proceed via a common intermediate.
which is in contrast to the Weisz [1954] classical bifunctional mech- Lee and Rhee [1997] compared the activities of the impregnated
anism. Tiong Sie [1992] introduced a new type of mechanism fromcatalysts (0.5-2 wt%) Pt/l3-and (0.5-2 wt%) Pt/H-MOR in n-hex-
their study of isomerization of n-alkanes over acids, according tcane isomerization and found a higher yield of high RON value di-
which a protonated cyclopropane (PCP) structure forms as intermethyl butanes (DMBSs) over PtfBithan over Pt/H-MOR, because
mediate carbenium ion in isomerization and cracking on the acidnore acid sites are accessible to bulky reaction intermediate® in H-
sites. Blomsma et al. [1997] prepared a series of catalysts by loAding
Blomsma et al. [1995] in their study on isomerization of n-heptanezeolites with Pt, Pd and Pt-Pd combinations via both ion exchange
over Pd impregnated B-catalysts observed a bimolecular mecha- (IE) and incipient wetness impregnation (IWI1) technigues and found
nism (G, intermediate system) leading to more cracked productsthat bimetallic Pt-Pd zeolites are more active and selective in n-hep-
Chu et al. [1998] proposed an acid catalyzed chain reaction withane isomerization. Further they reported an improved dispersion
the only role of the metal to hydrogenate alkenes in n-hexane isoef platinum in presence of 20 mole% of Pd (Pt+Pd=100%) and
merization over Pt/HB. Further they suggested that the metal and suppression of both undesirable hydrogenolysis and dimerization
cracking. The large platinum particles catalyze heptane hydrogenol-
To whom correspondence should be addressed. ysis and the lack of intimacy between metal-acid sites favors the
E-mail: eswarchem@hotmail.com dimerization cracking at the acid sites. It is found that the property
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of first dispersed metal is influenced by the addition of second metthe template molecules. The purity of the crystalline product was
al due to the formation of bimetallic clusters. confirmed by XRD. The sodium form of zeolfSiG/Al ,O,=
Lugstein et al. [1997] impregnated Ni over H-ZSM-5 and found 10) was supplied by United Catalyst India Ltd, India. B&#nd
significantly higher activity in n-heptane hydroconversion comparedmordenite samples were converted into ammonium form by repeated
with free H-ZSM-5 and CoHZSM-5. Rohschlager et al. [1984] re- ion exchange (3 times) with aqueous solution of 1 M ammonium
ported that nickel-substituted mica montmorillonite shows an en-chloride at 80C and then converted into proton forms by calcina-
hanced activity in n-hexane isomerization due to Bronsted acid siteson at 550C for 5 h. HB was loaded with 0.1 wt% of Pt by in-
of high acidity which is mainly formed during the reduction of oc- cipient wetness impregnation (IWI) technique and the resulting cat-
tahedrally coordinated lattice nickel. Malyala et al. [2000] comparedalyst is designated as./A part of catalyst Awas impregnated with
the activity, selectivity and stability of Ni and Ni-Pt supported Y- 0.1, 0.3 and 0.5wt% Ni by IWI method and the resulting materials
zeolite for hydrogenation of acetophenone and found that bimetalare designated as,A\; and A respectively. Likewise, the acidic
lic Ni-Pt catalyst was more active and stable on recycle due to strongupport mordenite was impregnated with Pt (0.1 wt%) and desig-
synergistic effect of Pt in Ni-Pt bimetallic catalysts. Jao et al. [1996]nated as catalyst,Bind B after impregnation with Ni of 0.1, 0.3
noticed that addition of moderate amount of Ni (0.5 wt%) to Pt (0.26and 0.5 wt% resulted in catalysts B, and B respectively. For
wt%)/H-MOR catalyst not only suppresses the fuel gas formationcomparison purposes, 0.1 wt% Pt 0.3 wt% N¥idnd 0.1 wit%Pt
but also facilitates the formation of branched isomers in n-hexan.1 wt% Ni/H-MOR catalysts prepared by ion exchange (IE) meth-
and n-heptane isomerization. They suggested that the decreasedd and are designated asahd B, respectively. Pt loading was
fuel gas formation with increasing Ni content of the catalysts is duedone by using aqueous solutions of chloroplatinic acid (Sisco Re-
to the increase in the metallic site/acid site ratjgl\). For a cat-  search Laboratory) (2xT@ Pt/ml). The chloroplatinic acid is pre-
alyst with higher (IN/N,) ratio, the diffusion path between two me- ferred to Pt(NE).Cl, in the present study as the latter leads to fine
tallic sites is shorter than for a catalyst with fewer metallic sites. TheyPt patrticle dispersion in the channels and hence less of skeletal iso-
attributed the difference in electronic properties of the Pt particlesmerized products in n-hexane isomerization and the former is ex-
in Ni-Pt catalyst from those of the Pt catalyst as the cause for thpected to give coarse particles of Pt outside the pores of supports
enhanced isomerization activity. Jordao et al. [2000] studied n-hexand hence more skeletal isomerized products. Nickel loading was
ane isomerization over 1 or 2% of Ni and Pt in different propor- done by using aqueous solution of nickel nitrate (Central Drug House)
tions supported on HUSY. It was observed that the bimetallic Ni-of concentration 5x16g Ni/ml. The metal loaded catalysts were
Pt catalysts containing 20 to 30% Pt show higher activity and sedried at 120C.
lectivity for high octane dibranched alkanes than Pt only contain-2. Characterization
ing catalysts. The higher activity of Ni-Pt catalysts were accounted®-1. ESCA
by i) the presence of Pt enhancing the reduction of Ni cations for- The states of platinum and nickel in the catalyst&AB, and B
ming more metal particles, ii) Ni particles serving as support forreduced at 47% for 6-7 h were determined by ESCA. The ESCA
the Pt atoms and iii) also by higher superficial energy generatedpectra were acquired with a surface analysis system (ESCALAB-
due to the interaction between Pt and Ni metal particles. MKII, VG-Scientific) by using the Mgk (1253.6 eV) radiation with
In the present work Ni was chosen as the second metal to hayeass energy of 50 eV. During the spectral acquisition the pressure
modified catalytic properties of the Pt dispersed fvegolite and of the analysis chamber was maintained at better than’TFef0
mordenite supports and to study the isomerization of n-hexane. R&Il the catalyst samples were insulators with a very small amount
ports on alloy formation between Ni and Pt, along with a commonof carbonaceous impurity on their surfaces. The charging effect was
fcc lattice structures are available in the literature [Bertolini et al.,corrected by setting the C1s transition at 284.6 eV. The catalyst sam-
1983]. The purpose of the study involves i) comparisgh afd ple powders were placed in a container and were mounted on a sam-
mordenite as acidic supports (with their different pore size arrangeple probe. Calcination and reduction were carried out in the catalyst
ments and number of acid sites) loaded with Ni and Pt in low conpreparation chamber. So, the catalysts could be moved to the anal-
centrations (0.1 wt% Pt and 0.1 to 0.5wt% Ni); ii) finding of Ni as ysis chamber without exposure to air.
to its nature with Pt in the bimetallics as Ni is supposed to suppresg-2. Temperature Programmed Desorption of Ammonia
hydrogenolysis and cracking similar to Pd in Pt Pd (same group As the acidic sites at the side pockets are inaccessible in the one
elements); iii) the effect of increasing Ni addition on the ratios of dimensional channels of H-MOR to bases like pyridine [Lee and
hexane isomers at different temperatures and boosting up of the oRhee, 1997] (kinetic diameter 5.85 A), adsorption of ammonia (ki-
tane number of the product mixture from n-hexane hydroisomernetic diameter 3.57 A) was carried out on each of the samples in a

ization. guartz tube packed with 0.5 g of the catalyst. The initial flushing
out was carried out with dry nitrogen for 3 h followed by reduction
EXPERIMENTAL in flowing hydrogen (30 mli/min/g) for 6-7 h at 47&. Then the
system was evacuated (1.5%1rr) at 550C for 5 h and cooled
1. Catalysts Preparation to room temperature. Ammonia in vapor form was passed through
A sample of mordenite was synthesized from gel of/SI¢D, the catalyst bed repeatedly for saturation of adsorption. The extent

ratio 12.5 by adopting hydrothermal crystallization method. Waterof ammonia adsorbed over each catalyst was measured by TGA in
glass, sodium aluminate and tetraethyl ammonium bromide (TEABra TA3000 Mettler system. Nitrogen as purge gas was passed dur-
were the sources of Si, Al and template, respectively. The synthang the desorption of ammonia. The TGA study was conducted at
sized and dried material was calcined at®®5€r 8 h to remove  a heating rate of TC/min up to 650C.
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2-3. TEM Analysis

Transmission electron microscopy measurements for the cate
lysts A, A, B, and B reduced at 47% for 6-7 h were performed
with JEOL200KYV electron microscope operating at 200 KV. Cata-
lyst sample powders were dispersed onto “holy carbon” coated grids
which were then introduced to the microscope column, which was
evacuated to less than 1xIDorr. Specimens were enlarged by

using thin photographic paper. The size of the metal particles visibk’g
in the photograph is measured manually and the average value B3
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obtained by histogram method.
3. Catalytic Studies

The catalytic reactions were carried out in a fixed bed continu-—
ous down flow quartz reactor. 1.5 g of zeolites loaded with metal
was packed in the reactor and placed in a tubular furnace. The
action system was flushed with dry nitrogen for 3 h and then re-

ntensity (

778

Ag

duced at 47%C under flowing hydrogen (30 ml/min/g) for 6-7 h. As

After the reduction process, temperature was lowered to the reax

tion temperature. n-Hexane was fed into the reactor by a syring ! ! L L4

pump at a predetermined flow rate. The LHSV of n-hexane in all 70 72 74 76 © 848 852 856 860
the catalytic runs was kept at 1.33 iPure hydrogen gas (20 ml/ Binding Energy (eV)

min/g) was mixed with n-hexane vapor each time and the reactiorrgig. 1. ESCA spectra of catalysts A A,, B, and B,.

was carried out over each catalyst in the temperature range 225-

375°C in steps of 56C. The products were collected at ice-cold

condition and were analyzed by gas chromatograph (HP 5890) equigupport. This is similar to the result reported by Arribas et al. [2000]
ped with FID. The identification of products was done by GC-MS in their XPS study over [Bizeolite catalyst. The ESCA spectra of
(SHIMADZU QP5000). The total yield in the reaction each time Ni2p,, peaks of all reduced catalysts have two peak maxima with
was about 95% of the feed. When the reaction was carried out ibinding energies 852.3 and 854.0 eV indicating the presence of me-
the reactor without the catalyst, no conversion of the feed was oltallic nickel and NiO, respectively. A broad peak seen around 857.0
served indicating that there is no thermal effect on the isomerizaeV in A, and B catalysts indicates the presence 6f alid the for-

tion reaction. mation of NiALO, from which the reduction of Niis very diffi-
cult (Ni metal: 852.3 eV; NiO: 853.3 eV; Nif,: 857.2 eV in Phi
RESULTS AND DISCUSSION ESCA data book). The satellite peak some times appearing at 864
eV that is missing in the present XPS spectrum may be due to the
1. ESCA very low concentration of NiO. Similar observations were reported

The ESCA spectra of Pt and Ni species in reduced form in catby Minchev et al. [1980] in their XPS studies on the reduction of
alysts A, A, B; and B are shown in Fig. 1. In the case of Pt, two NiY-zeolites wherein they observed remarkable amount of nickel
major peaks are observed irrespective of the support and the amoweaimaining unreduced. The XPS study on Ni-Mordenite by Naray-
of nickel. The peaks with binding energy values of 71.0 and 74.5anan et al. [1984] also showed that the reduction of Ni in morden-
eV are corresponding to the core levelREnd Pté ,transitions, ite is rather difficult and during reduction multiple species of nickel
respectively, indicating the presence of platinum in metallic state.are formed. But Malyala et al. [2000] concluded from their XPS
However, the presence of Pt in higher oxidation state cannot be distudy on Ni/Y-zeolite and Ni-Pt/Y-zeolite catalysts that the addi-
carded because of the possibility of overlap wittpAtansition of tion of Pt causes the reduction of'Nd NP. Thus in the present

Table 1. NH,-TPD of Pt, Ni-Pt impregnated H{3 (A series) and H-MOR (B series) catalysts

Catalyst  SIQALO, Pt Ni Surfazce area NHs-TPD mmole/g Total acidity ~ Particle size (nm)
(wt%o)  (wt%) m’/g LT-Peak  HT-Peak mmole/g TEM
A, 10 0.1 - 565 0.775 0.189 0.964 nd
A, 10 0.1 0.1 527 0.763 0.172 0.935 nd
A, 10 0.1 0.3 477 0.710 0.140 0.850 455
A, 10 0.1 0.5 476 0.575 0.130 0.705 10.78
B, 125 0.1 - 463 0.728 0.416 1.144 nd
B, 125 0.1 0.1 405 0.644 0.212 0.856 3.71
B, 125 0.1 0.3 360 0.634 0.177 0.811 542
B, 125 0.1 0.5 326 0.625 0.172 0.797 nd

3Low temperature peakligh temperature peak, nd-not determined.
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Fig. 2. TEM pictures of catalysts (a) A (b) A, (c) B, (d) B..

case too the added Pt is supposed to favor the reduction of nick& TEM Analysis
cations in the region 0-0.3 wt% of Ni above which NiO is observed The TEM picture of catalysts,fmaximum activity in A series),
(for 0.5wWt%) in A series catalysts. In B series NiO formation is A, (less active though Ni content is more),(Baximum activity

observed by adding 0.3 wt% Ni itself. in B series) and B(less active though Ni content is more) reveal-
2. Temperature Programmed Desorption of Ammonia ing the activity changes due to different Ni loadings are shown in
The desorption of ammonia was carried out over A A&% A, Figs. 2a-d, respectively. The average particle sizes determined are

and A) and B (B, B,, B, and B) series catalysts by TGA method. presented in Table 1. The particles are supposed to be bimetallic
Table 1 depicts the temperature of desorption and the amount aflusters. Jao et al. [1996] in their TPR spectra characterized by a
ammonia desorbed over both series of catalysts. There are two tersingle peak of Ni(0.5) Pt(0.26)/H-MOR observed a decrease in Ni
perature ranges at which desorption occurs. Both A and B serieseduction temperature with increasing Pt concentration and pre-
catalysts show their first weight loss in the temperature range 200sumed a catalytic reduction of Ni due to mobile platinum oxide par-
250°C and their second weight loss occur at two different temper-icles colliding into each other by thermal migration and the nickel
ature ranges: 350-400 (A series) and 500-53C (B series). The  oxide particles catalytically reduced by prereduced Pt particles. The
temperature of desorption and amount of ammonia desorbed, theverage particle (cluster) sizes of catalystamd B are 4.55 and
indexes of strength and number of acid sites, respectively, as LeB.71 nm, respectively. fand B show an increased average parti-

et al. [1991] have suggested from their TPD study on Bts- cle size of 10.78 and 5.42 nm, respectively, on increasing the load-
tems, are more in the case of mordenite based Pt, Pt-Ni systenigy of Ni by 0.2 wt%. Such particles may not be smaller in size com-
compared tg3 based Pt, Pt-Ni systems. Jao et al. [1996] reportedpared to the pores ffand mordenite and hence are located mainly
from their TPD of ammonia study with PtYMOR and Ni-PtMOR outside the pores due to thermal mobility as reported by Canizares
systems, a decrease in the number of acid sites with increasing Mt al. [1998] in Ni/H-Mordenite catalysts.

loading and accounted for their observation in terms of occupatiort. Catalytic Studies

of some of the acid sites of mordenite support by nickel species when The product analysis in n-hexane isomerization over AXA
increasingly loaded. From the decrease in total surface acidity witth\,;, and A) and B (B, B,, B;, and B) series catalysts at 225-3%
increase in Ni loading, it is observed that the conclusion of Jao efre shown in Tables 2 and 3, respectively. It is invariably found that
al. [1996] is again proved. This is further supported by the fact thaP-methyl pentane (2MP), 3-methyl pentane (3MP), 2,3-Dimethyl
surface area measured (Table 1) decreases with increasing Ni loaldutane (23DMB) and 2,2-Dimethyl butane (22DMB) are the major
ing. Further, the decrease in number of acid sites is more proproducts indicating the skeletal rearrangement of n-hexane. Smaller
nounced in B series than in A series. amounts of cracked and cyclized products were also observed irre-
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Table 2. Product distribution (wt%) and product ratios in n-hexane hydroisomerization over A series catalysts
LHSV=1.33 h*, H, flow rate=20ml/min/g, wt. of catalyst=1.5g

225°C 275°C 325°C 375°C
Products
A, A, A, A, A, A, A, A, A, A, A A, A, A, A A,
2MP 10.1 12.7 135 10.7 20.2 234 24€ 19.2 212 255 254 19.Cc 22.€ 254 26.E 19.Et
3MP 60 71 83 6.0 121 13 15& 11t 137 16.c 16.E 12€ 14.€ 17.c 17.8 13.7
22DMB 20 23 32 22 66 80 9.0 57 8.8 10.2 12.c 9.0 10k 12.Cc 14.Cc 10.
23DMB 1.0 16 23 15 43 59 73 47 6.2 90 98 73 8.3 10.6 122 9.2

Crack. Products 16 15 15 21 24 22 23 31 42 40 38 51 46 45 45 53
Conversion (wt%) 20.7 25.2 28.8 228 45€ 53.2 587 442 544 64.7 67.E 53.C 60.€ 69.5 75.C 58.E
MPs/DMBs 536 5.07 396 451 296 267 246 295 233 216 192 193 197 187 169 174
2MP/3MP 168 178 162 178 166 1.69 158 166 155 159 153 150 154 149 148 142
23DMB/22DMB 05 0.69 0.71 0.68 0.65 0.73 081 0.82 0.70 0.88 0.81 081 0.79 0.88 0.87 0.85
2MP/23DMB 102 79 596 7.1 47 396 336 4.08 343 283 259 260 272 239 217 217
DMBs Selectivity 14.5 154 19.C 16.4 23.¢ 26.C 27.7 23E& 27.E 29.€6 322 30.7 31.0 32t 34¢ 341
IIc 11.¢ 15€& 182 9.7 18.C 23.2 24% 1325 11.3 1517 16.7 939 1217 14.4 15.22 10.0

Table 3. Product distribution (wt%) and product ratios in n-hexane hydroisomerization over B series catalysts
LHSV=1.33 h*, H, flow rate=20 ml/min/g, wt. of catalyst=1.5 g

225°C 275°C 325°C 375°C
Products
B, B, B, B, B, B, B, B, B, B, B, B, B, B, B, B,
2MP 13.0 155 15.C 11&5 164 18.C 17.Zz 154 18.3 20.8 20.1 16.Cc 20t 22.& 21.2 16.C
3MP 75 93 88 6.3 95 11.C 101 86 111 13.€ 127 95 12L& 15E& 152 9.0
22DMB 25 43 34 20 42 6.2 48 4.2 70 86 80 57 95 116 82 7.2
23DMB 1.3 27 20 10 26 45 30 28 48 63 51 38 57 89 6.3 55

Crack. products 4.2 46 48 53 53 50 52 55 58 52 54 60 58 53 55 63
Conversion (wt%) 28.5 36.4 34.C 26.1 38.C 44.7 40.2 36.E 47.C 54t 513 41C 54.C 64.1 56.E 44.C
MPs/DMBs 539 354 44 593 348 271 35 342 249 230 25 268 217 186 251 1.90
2MP/3MP 173 166 1.7 182 172 163 170 1.79 164 152 158 168 1.64 147 140 1.77
23DMB/22DMB 052 0.62 058 05 061 0.72 0.62 066 0.68 0.73 0.63 066 0.6 0.76 0.76 0.76
2MP/23DMB 10.0 574 75 11t 63 40 573 55 3.81 330 395 421 36 267 3.3 290
DMBs selectivity 13.3 19.2 15.8 114 17.& 23¢9 192 191 251 273 255 231 281 31.¢ 25.€ 28.¢€
IIc 578 691 6.08 392 6.16 794 675 563 7.10 948 85 58 83 111 9.27 5098

spective of the catalysts and conditions of catalytic runs. in the side pockets. Thus, the type of synergism that is supposed to
From Figs. 3a and 3b, it is observed that nhexane conversion irexist overf3 is supposed to exist over mordenite demanding lesser
creases with increasing temperature over all the catalytic systemamount of Ni. i.e., 0.1 wt% to disperse Pt into fine particles. Further
The effect of Ni addition over Pt/-and Pt/H-MOR on n-hexane loading of Ni (>0.3 wt% oveB and >0.1 wt% over MOR) results
conversion is studied by comparing the conversion and product sén decreased conversion. The fall in conversion dn A series and
lectivities over Ni containing and Ni free catalysts at different reac-B; and B in B series catalysts is attributed to more of unreduced
tion temperatures. Thus, when the impregnated Ni is 0.3 wt% oveNi existing as shown by ESCA studies (Fig. 1). Furthermore, the
Pt/H-8 and 0.1 wit% over PYHMOR maximum conversions of n- TEM (Figs. 2a-d) analysis shows higher average particle sizes due
hexane (75% and 64.1%, respectively) are observed. The numbés increasing Ni loading. This gives the conclusion that more Ni
of acid sites ir3-zeolite is more than that in mordenite in unit area. loading above that inAn A series and Bn B series results in the
However the TPD-NKistudy shows that the strength of acid sites formation of bimetallic clusters with Ni partially existing as NiO.
in B-zeolite is relatively poorer than that of mordenite. For best syn-The formation of NiO is supposed to cause a decrease in the syn-
ergism, conversion and isomerization, the acid sites/metal sites ratiergistic effect and hence lesser activity. Thus fall in conversion of
should have a definite bare minimum (normally starts from 6 [from n-hexane is realized. Jao et al. [1996] have used Pt NiIHMOR cat-
Guisnet et al., 1986)). In the casegBpthere is a demand for a great- alyst system in the conversion of n-hexane and n-heptane and ob-
er number of metallic sites, which are finely dispersed Pt-Ni parti-served a similar trend of fall that occurs after the maximum con-
cles due to the addition of second metal, namely Ni. The same typeersions of 36 and 39.2 wt%, respectively, at 0.5 wt% Ni loading
of fine dispersion occurs over mordenite support, where the numever (0.26 wt%) Pt/H-MOR at 24CQ. The catalysts prepared by
ber of acid sites is less in the main channels and concentrated mdmn-exchange (Aand B) showed considerably lesser activity and
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Fig. 3. Conversion (wt%) of n-hexane over. Fig. 4. Effect of temperature on the selectivity of hexane isomers
(a) A series®) A; (@) A, (L) A;; (X)) Ay (%) Ag over catalyst (a) A : (b) B,.
(b) B series®) B;; (@) B,; (1) Bs; (<) By; (>¢) Bs (@) 2MP; (@) 3MP; (1) 22DMB; (<) 23DMB

isomerization specificity compared to catalystsAd B at all the mers over Aand B catalysts is shown in Fig. 4a and 4b, respec-
temperatures studied. A similar observation was made by Chu dtvely. The selectivity of 2MP and 3MP decreases with increasing
al. [1998] in their n-hexane isomerization study over Pt/Hhey temperature over both catalysts. The decrease of 2MP selectivity is
observed that Pt/l8-by |IE method gave more cracked products much faster with temperature rise. But the selectivity of 2,3-DMB and
than by IWI method. The maximum activity of the catalysts (A 2,2-DMB isomers increases over bothaid B catalysts. Similar
and B) as observed in the conversion of n-hexane to isohexanes isend is observed over all other A and B series catalysts. The se-
supposed to be due to the best metal-acid synergism and the fdectivity of methyl pentane isomers (MPs) decreases while the dime-
mation of nanoparticles consisting of Pt and Ni as evidenced bythyl butane isomers (DMBS) increases with increasing temperature
TEM analysis. The monomolecular reaction mechanism operatesuggesting the transformation of methyl pentanes to dimethyl butanes.
under such synergistic conditions. Thus catalystmé B are sup- The effect of temperature on the ratios among the isomers of hex-
posed to exhibit best synergism favoring monomolecular mechaane over A and B series catalysts is shown in Tables 2 and 3, re-
nism resulting in the maximum skeletal isomerization of n-hexane.spectively. The equilibrium distribution ratios among hexane iso-
It is further observed from Tables 2 and 3 that the cracked productsiers reported by Condon [1953] and Chen et al. [1988] in their study
remain under control until the best synergism condition and increasesf n-hexane isomerization over Pt/mordenite catalysts are extended
thereafter. The cracking products over the catalysindl B are to identify the deviations of the present experimental results. The
minimum and it may be due to the lesser probability for crackingratios of MPs/DMBs over both catalytic systems show an opposite
of the olefinic intermediate during the migration from one metallic trend with respect to the equilibrium ratios which are 2.35 8225
site to another around the nanoparticle, and hence that would emand 4.1 at 37%C (Condon values [1953]) and 2.6 at 323 K and 3.5
counter the acidic sites. Similar result was reported by Guisnet eat 598 K (Chen et al. values [1988]) reported. The MPs/DMBs ratio
al. [1986] in n-heptane isomerization over Pt/H-Y catalyst in which observed over the catalyst &e at 3.96 and 1.69 and the same over
the cracking rate decreased with the increasing Pt content upto 1 wt®, are 3.54 and 1.86 at 2Z5and 373C respectively. Thus, when
and then became independent of Pt loading. temperature is raised the equilibrium ratio tends towards the ther-
The effect of temperature on the selectivity of individual iso- modynamic ratio. From the free energy consideration of the prod-
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ucts and reactants, the equilibrium ratio of MPs/DMBs should becatalysts even though the acidity of the former is higher than the
less than unity. The upward deviation of the observed MPs/DMBdatter. This is explained in terms of pore structure of the zeolites and
ratio at 225 and 37& from that of thermodynamic equilibrium  kinetic diameter of product molecules. The kinetic diameter of n-
ratios (<1) may be due to presence of proportionate kinetic effechexane is 4.8 A and that for MPs and DMBs are 5.5 and 6.2 A, re-
on the formation of products. Similar opposing deviations (with spectively. Mordenite has one dimensional channels of size 6.7x7.0 A
respect to Condon and Chen et al. values) in MPs/DMBs ratio wer¢l2MR) with side pockets (8BMR) at the walls of main channels, so
observed for n-hexane isomerization over Pt impregnated SAPCthat the bimetallic particles grow in size almost to fit the pore size
11 and SAPO-31 by Sivasankar and Sinha [1999]. Thus, it is evef mordenite channels during the reduction step. Hence acid sites
ident that acidity, pore size and particle size play their role in thelocated in the interior to the Ni-Pt nanoparticles in the pores would
ratios of isomers formed at different temperatures. become inaccessible to the reactants and the intermediates. But zeo-
The increasing addition of Ni upto 0.3 wi% for A series and upto lite-3 consists of intergrowth of linear channels (5.7x7.5 A) of 12MR
0.1 wt% for B series system decreases the MPs/DMBs ratio indiand tortuous channel (6.5x5.6 A) [Higgins et al., 1980] with their
cating the enhancement of DMBs selectivity by the addition of Ni. intersections. Hence, even if one of the channels is fairly blocked,
Further increase of Ni addition over both catalytic systems showshe reactant and intermediates can have access to metal or acid sites
an increasing trend in MPs/DMBs ratio. The decreasing selectivitythrough the other channels.
of DMBs over catalyst with higher Ni content,{(B, and B) may The 2MP/3MP ratios for catalyst Are at 1.62, 1.58, 1.52 and
be due to the hindrance to the movement of DMBs by larger sized.48 and that from catalyst Bes at 1.66, 1.63, 1.52 and 1.47 at
(10.78 nm for A and 5.42 nm for Boy TEM analysis) bimetallic 225, 275, 325 and 378, respectively. These values are close to
particles in and outside the pores. The amount of DMBs formedhe thermodynamic equilibrium ratios of 1.70, 1.60, 1.55 and 1.45
over mordenite catalysts is comparatively low with respggbtsed at the temperatures mentioned above. The relative formation of 2MP
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Fig. 5. Reaction mechanism for n-hexane isomerization.
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to 3MP as per thermodynamic equilibrium ratio indicates that the0.3 wt% and further increase of Ni increases the ratio (7.1,for A
1,2-alkyl hydride shift between 8 and 11 of Fig. 5 involved in the at 225°C. The same trend is observed in B series where 0.1 wt%
interconversion of 2MP and 3MP is extremely rapid [Chen et al.,Ni addition keeps the ratio low (5.7) and further addition of 0.2 and
1988]. The 2,3 DMB/2,2 DMB ratios on catalystli& in the range 0.4 wt% Ni takes the ratio to 7.5 and 11.5 qraBd B, respec-
of 0.70 to 0.87 and those from catalysli@between 0.62 and 0.68 tively, at 225C. At higher temperatures corresponding changes
at 225-375C temperature range. These observations show that deare marginal. It is concluded that the addition of moderate amount
viations are on the higher side at low temperature and on lower sidef Ni (0.2 wt%) in both catalytic system enhances the formation of
at high temperature to thermodynamic equilibrium ratios (0.55 at2,3DMB through formation of more protonated cyclopropane inter-
225 and to 1.0 at 37&). Furthermore, the 2,3DMB/2,2DMB in- mediate 7 and hence 8 in Fig. 5. The formation of cyclopropane
crease is lower to the thermodynamic ratio in the high temperatur@termediate is well supported by the comprehensive rules for car-
range over all the catalytic systems. Thus, there may be some inhenium ion rearrangement and cleavage putforth by Brouwer [1980],
bition to the formation of 2,2 DMB due to the involvement of a tran- according to whom the formation of 2,3 DMB proceeds through
sition from a more stable tertiary 2,3 dimethylbutyl carbocation (15the precursor of 2MP. The detection of cyclopropane derivative in-
in Fig. 5) to a less stable secondary 2,2 dimethylbutyl carbocatiortermediate (7 in Fig. 5) in the GC-MS accounts for the formation
(16 in Fig. 5) whereas 2,3 DMB is supposed to form from tertiary of products observed.
carbocation (15 in Fig. 5) straightaway. Based on all the above ob- It is observed from Tables 2 and 3 that the mere platinum im-
servations and discussions, a tentative mechanism for n-hexane ispregnated3 and mordenite boosted the selectivity of DMBs to a
merization can be proposed as shown in Fig. 5. maximum of 30% during the conversion of about 50%. Under the
The 2MP/2,3DMB ratio is an indication of the rate of branching same reaction conditions, catalystald B yield around 35% of
of hexane by the protonated cyclopropane mechanism, which i©MBs when the extent of conversion is more than 70%. Thus A
slower than alkyl hydride shift [Chen et al., 1988]. The influence and B bring about more of conversions without any loss of selec-
of Ni addition and the ratios of 2MP/2,3DMB at different tempera- tivity of DMBs, which are contributing to the octane number of the
tures are shown in Figs. 6a-b for A and B series catalysts, respecesulting product mixture very much. Thus the plots (Figs. 7a-b) of
tively. From figures it is observed that in A series, the 2MP/2,3DMB conversion Vs octane number calculated taking account of the oc-
ratio decreases (10.10 to 5.96) with increasing Ni addition from 0.1-
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tane number of each individual isomer multiplied by its wt% in the
mixture show that catalyst,Af A series and Bf B series are the

ones producing products of well boosted octane number maintair
ing higher conversion, though, /& superior to Bon comparison.
The higher activity o-zeolite than mordenite may due to the three- &
dimensional pore structure, moderate total acidity, higher surfacc»i/
area and higher density of catalytically active acid sties. But morden.2
ite has one dimensional pore structure, and poorer metal-acid be @
ance may due to significant loss of metal sites by isolation in the §
side pockets of the 8MR and/or pore blockage of the linear 12MF
channel. Furthermore, a good measure of the performance of tr
catalyst for hydroisomerization can be arrived at from the ratios of
isomerized products to cracked products (I/C). A better isomeriza
tion catalyst yields products with higher I/C ratio at a specified con-
version. The effect of Ni addition on I/C ratio of n-hexane isometriza-

tion over A and B series catalysts at different temperatures is show,aig. 9. Time-on-stream behavior of n-hexane hydroisomerization
over both A and B series catalysts.
(@) A; (l)A; (A)A; (X)A; (<)By; (@)By,; (1)
B (m) B,

in Figs. 8a-b, respectively. The ratio passes through a maximum
(At 0.3wt% Ni for A and 0.1 wt% Ni for B series catalysts) with
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increasing the nickel addition over both catalytic systems. On A

(@) and B the selectivity of cracked products is less due to the better
- metal-acid balance. At still higher Ni content and temperature, the
cracking and hydrogenolysis activity set in due to larger nature of

60 1 ° nanoparticles and NiO formation. The amount of cracked products
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over mordenite based catalysts is higher than thataked cat-
alysts due to the higher number of acid sites of the former. This con-
clusion is also depicted in the figure referred above.

The sustainability of activity of these catalysts is studied by con-
50 | 8 ducting a time on stream study for a duration of 6 h (Fig. 9). Al
the catalysts show high activity during the first one hour and there-
after lose the activity slowly. Catalysts &nd B show the mini-
mum fall and Aand B show maximum fall in activity among the
catalysts studied. This clearly indicates that addition of Ni upto a
threshold level to Pt enhances the sustainability. Betweand?B,
again A is superior in showing minimum loss of activity with time.

CONCLUSIONS

The XPS study of Ni-Pt/HB-and Ni-Pt/H-MOR catalysts reveals
that Ni exists along with Pt on the support in bimetallic form upto
a definite wt% (0.3 wt% ovgs and 0.1 wt% over mordenite) beyond
which NiO forms. From the TEM analysis it has been found that
all the bimetallic particles are of nanoparticle size and their size in-
- creases with Ni loading. This observation on combination with XPS
reveals that catalyst containing 0.5wt% Ni over 0.1 wt93 &t
that containing 0.3 wt% Ni and above over 0.1 wt%Pt containing
mordenite, though having still larger nanoparticles, they do not show
expected activity on the basis of Ni loading due to NiO formation.
- From TPD study3 has been found to be possessing lower acidic
° strength compared to mordenite after the impregnation of Pt and

A L A ) Ni. Because of the best synergistic effect between 0.3 wt% Ni and

20 40 60 80 0.1 wt% Pt with3-zeolite, it is observed that there is maximum con-
Conversion (wt%) version of n-hexane leading to more of MPs and DMBs by proto-
Fig. 8. Effect of Ni addition on the I/C ratio over () A series and ~ Nated cyclopropane intermediate mechanism. Furthermore, the DMBs
(b) B series catalysts at different temperatures. formed over these catalysts at 325s the main cause for the max-
(®) 225°C; (L) 275°C; (<) 325°C; (@) 375°C imum boost up of the octane number of product mixture. Finally,
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the time on stream study gives the conclusion that addition of NiDeannan, T. F. and Kennedy, C. R., “Impact of Catalyst Acid/Metal Bal-
up to threshold value helps to sustain the activity compared to Ni ance in Hydroisomerization of Normal Paraffid$ChE J, 39(4),

free Pt impregnated or ion exchanged catalysts. 607 (1993).
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