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Ni-Pt/H-Y zeolite catalysts with different Ni contents were prepared and applied to the hydroisomerization of n-hexane and n-heptane in
the temperature range 225-375 °C. ESCA studies show the complete reduction of Ni species up to 0.3 wt% Ni addition over 0.1 wt% Pt/H-Y
and further addition leads to the occurrence of unreduced nickel species as NiAl,O4. A TEM study shows the formation of bimetallic (Ni—Pt)
particles of nanoscale size and the average particle size is found to increase with increasing Ni loading. Acidity measurements by NH;-TPD
and pyridine-adsorbed FTIR spectroscopy show the increasing occupation of acid sites by the added nickel when increasing the nickel
loading. The catalytic activity of Ni-Pt/H-Y zeolite and Pt/H-Y catalysts was compared and it was found that addition of Ni up to
0.3wt% increases the n-hexane and n-heptane conversion, multibranched isomer selectivity and sustainability of the catalysts due to
better metal-acid synergism, complete reduction of Ni species and the formation of catalytically active Ni-Pt bimetallic particles. Further
Ni addition leads to a decrease in conversion and multibranched isomer selectivity and an increase in the cracked products, which may
be due to the presence of unreduced Ni species and pore blockage by larger-sized bimetallic particles formed.
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1. Introduction

More stringent limits on the amount of aromatics
included in gasoline have resulted in a renewed interest
in the skeletal isomerization of n-alkanes with a view to
using the branched isomers as octane-enhancing compo-
nents. Efforts have been made to develop catalysts that
are effective at lower temperature, since lower temperature
favors branched isomers at equilibrium. The progression
has been from Pt/Al,O; to Pt/chlorided Al,O5, which
are active for isomerization at 450-500 and 350-400 °C,
respectively. Recently, Pt/H-zeolite catalysts [1,2], which
are active in the range 200-250 °C have been extensively
studied [3,4]. Also, Pt/sulfated ZrO, [5],Pt/WO,—ZrO,
[6] and related materials have been used as isomerization
catalysts. Weisz [7] proposed a classical bifunctional
mechanism for alkane isomerization over solid acid
catalysts. According to him, isomerization proceeds via
dehydrogenation—isomerization—hydrogenation in which
isomerization is the rate-limiting step. Various mechan-
isms have been proposed in contrast to Weisz’s classical
mechanism for n-alkane isomerization. A bond shift
rearrangement involving a a,a,y-triadsorbed species [8],
1,3-diadsorbed species [9], penta-coordinated carbonium
ion [10] and protonated cyclopropane (PCP) structure as
intermediates [11] for n-alkane isomerization have been
reported. Also, a hydride transfer type [5], acid-catalysed
chain reaction [12] and dimerization—cracking [13]
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mechanism were observed over various Pt/acidic supports.
Noble metals supported on zeolites such as Y, USHY [14],
mazzite [15], mordenite and (3 [3] are considered as poten-
tial commercial catalysts for C5/C4 paraffin isomerization
reactions. Also, very recently Pt-supported silicoalumino-
phosphates [16-19] and mesoporous molecular sieves
[20,21] have been used for n-alkane hydroisomerization.
Generally, enhanced activity and selectivity in
isomerization reactions were observed over bimetallic
bifunctional catalysts compared with monometallic
bifunctional catalysts [14]. Ward [22] reported that the
property of the first dispersed metal is influenced by the
addition of the second metal due to the formation of
metallic clusters. Nickel was first introduced as the
second metal by Vazquez et al. [23], who studied n-heptane
isomerization and cracking over Ni-Mo/H-Y zeolite.
They found that the Ni/(Ni+ Mo) atomic ratio of the
catalyst had a strong influence on the activity. Maximum
activity in n-heptane conversion was observed over a
catalyst with Ni/(Ni+ Mo)~0.5. Also, the introduction
of a small amount of Pd to Pt/H-3 and Pt/H-Y zeolite
catalysts enhances the activity and isomerization selectiv-
ity in n-heptane isomerization [14]. Further, it was
observed that the introduction of Pd not only increases
the Pt dispersion and stability of the catalysts, but also
suppresses the undesired hydrogenolysis and cracking
activity. Similarly, Jao et al. [24] studied n-hexane and n-
heptane isomerization over 0.2wt% Pt and varying
amounts (0, 0.26, 0.5 and 1.5wt%) of Ni on H-mordenite.
They observed that the addition of Ni up to 0.5wt% not
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only enhances the conversion and rate of branched isomer
formation but also suppresses fuel gas formation. The
improved catalytic performance by the addition of Ni
was accounted for in terms of an increase in the number
of metallic sites/acid sites (Vy/N) ratio.

Malyala et al. [25] compared Ni and Ni—Pt supported on
Y-zeolite for acetophenone hydrogenation and found that
Ni—Pt/Y-zeolite was more active, selective and stable than
Ni/H-Y zeolite catalysts. Further they concluded that a
strong synergistic effect of Pt in the Ni—Pt bimetallic
catalyst is responsible for the higher activity observed.
Jordao et al. [26] studied n-hexane isomerization over 1
or 2wt% Ni and Pt in different proportions on HUSY
and found that the bimetallic Ni-Pt/HUSY containing
20-30% Pt showed higher activity and selectivity to high-
octane branched isomers than monometallic (Ni or Pt)
catalysts. In our previous study [27], n-hexane hydroiso-
merization was carried out over 0.1 wt% Pt and varying
amounts (0, 0.1, 0.3 and 0.5wt%) of Ni-impregnated H-3
and H-mordenite catalysts. It was observed that the addi-
tion of Ni up to 0.3 and 0.1 wt% over 0.1 wt% Pt-loaded
{ and mordenite, respectively, enhances the conversion,
dimethyl butane (DMB) selectivity and sustainability of
the catalyst. Further addition of Ni leads to a decreasing
trend in activity, DMB selectivity and stability and
enhances the undesired cracking. The improved catalytic
activity by Ni addition was accounted for in terms of
better metal-acid balance and formation of catalytically
active bimetallic (Ni-Pt) particles of nanometer scale.
Similarly, n-hexane conversion, isomerization and DMB
selectivity was found to increase with Ni addition up to
0.4wt% over 0.2wt% Pt-loaded SAPO-5 and SAPO-11
due to better metal-acid synergism [28]. Further Ni addi-
tion led to a decrease in the activity of the catalysts. Reports
[29,30] are available on Ni-containing isomerization cata-
lysts. There is a report [31] on alloy formation between
Ni and Pt with a common f.c.c. structure suggesting some
potential bimetallic interactions between these two metals
and hence allowing them to be catalytically active in hydro-
carbon reforming reactions. Few reports are available in
the literature about Ni addition as the second metal to
Pt, but the Ni concentration is kept in a fairly high range.
Hence, in the present study, Ni is introduced as the
second metal in a lower concentration range (i) to modify
the catalytic properties of Pt/H-Y zeolite in n-hexane and
n-heptane hydroisomerization and (ii) to study the isomer
selectivity and ratio among the isomers of hexane and
heptane at various reaction temperatures.

2. Experimental
2.1. Catalyst preparation
The sodium form of zeolite-Y (SiO,/Al,O; =6) was

supplied by United Catalyst India Ltd, India. H-Y was
obtained by repeated ion exchange with aqueous 1M

NH,4CI solution followed by calcination at 550°C for
6h. A part of the H-Y was loaded with 0.1 wt% Pt by
incipient wetness impregnation (IWI) and designated as
catalyst A;. Catalysts A,, A; and A, were obtained after
impregnation of A| with 0.1, 0.3 and 0.5 wt% Ni. Catalyst
Ajs was obtained by ion exchanging with 0.1 Pt and 0.3 Ni
and A4 by impregnating 0.4wt% Ni on H-Y. Aqueous
solutions of chloroplatinic acid (Sisco Research Labora-
tory; 2 x 10~* g Pt/ml) and nickel nitrate (Central Drug
House; 5 x 107* g Ni/ml) were used as sources of Pt and
Ni, respectively. The metal-loaded catalysts were dried at
120°C for 12h.

2.2. Characterization

The dried metal-loaded catalysts were activated at
550°C for 3h under a nitrogen atmosphere and reduced
at 475°C for 6-7h under flowing hydrogen (30 ml/min/
g). The reduced catalysts were used for further character-
ization as well as for catalytic studies. The states of Niand
Pt in catalysts A; and A, were determined by ESCA. The
ESCA spectra were acquired with a surface analysis
system (ESCA LAB-MK11, VG Scientific) using MgKa
radiation (1253.6eV) with pass energy of 50eV. All the
catalyst samples were insulators with a very small
amount of carbonaceous impurity on their surfaces. The
charging effect was corrected by setting the C s transition
at 284.6eV. Calcination and reduction were carried out in
the catalyst preparation chamber, and the catalysts could
be moved to the analysis chamber without exposure to air.
During the spectral acquisition the pressure of the analysis
chamber was maintained at better than 1x 107 torr.
Transmission electron microscopy (TEM) measurements
for catalysts A; and A, were carried out using a JEOL
200kV electron microscope. Catalyst sample powders
were dispersed on to “holy carbon” coated grids, which
were then introduced to the microscope column, which
was evacuated to less than 1 x 10~ torr. Specimens were
enlarged using thin photographic paper and the sizes of
metal particles visible in the photographs were measured
manually and averaged.

The total acidity of the catalysts was measured by TPD
of ammonia by a TGA method following the experimental
procedure reported in our previous studies [27,28]. Instead
of ammonia, adsorption was carried out with pyridine
vapor and the FTIR spectra were recorded for catalysts
Ay, A; and A, using a KBr pellet technique [28] in
absorbance mode with a Nicolet (AVATAR) spectro-
meter. The BET surface area measurements for all the
above catalysts were carried out using a Sorptomatic
1990 CE instrument following the BET procedure using
nitrogen as adsorbant at liquid nitrogen temperature.

2.3. Catalytic studies

Reduced catalysts (1.5 g each) were packed in a fixed-
bed continuous down-flow quartz reactor placed in a
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tabular electric furnace. After activation at 550 °C for
3h, the reaction was carried out from 225 to 375°C in
steps of 50°C. The reactants n-hexane and n-heptane
were separately fed into the reactor by a syringe pump
at a predetermined flow rate. The LHSV of both n-
hexane and n-heptane in all the catalytic runs was kept
at 1.33/h. Pure hydrogen gas (20 ml/min/g) was also
passed along with the reactant for all the catalytic runs.
The products were collected at a time interval of 1h
under ice-cold conditions and were analyzed by gas
chromatography (HP5890) using a FID. The identifica-
tion of the products was done by GC-MS (Shimadzu
QP 5000). The material balance calculation showed
that more than 95% of the feed was recovered as
products.

3. Results and discussion
3.1. Characterization

The ESCA spectra of Ni and Pt in catalysts A; and A,
are shown in figure 1. In the case of Pt, two sharp peaks
are observed with binding energy values around 71.0 and
74.5¢V, which correspond to the core level Pt 4f7,, and
Pt 4f5), transitions, respectively. In the case of Ni, a
peak observed at a binding energy of 852.3eV is the
indication of the presence of nickel in the metallic state
(Ni metal: 852.3eV; NiO: 853.3eV; NiAl,O4: 857.2¢eV
in Phi ESCA data book). A broad peak observed for
catalyst A, at a binding energy of 857.0eV indicates
the presence of NiAl,O, from which the reduction of
Ni?" to Ni” is very difficult as reported by Minchev
et al. [32]. Narayanan [33] reported that the reduction

of Ni in the zeolite system is difficult, with a marked
amount of nickel remaining unreduced and multiple
species of Ni being formed during reduction. Platinum-
catalyzed reduction of Ni** to Ni’ in Ni-Pt/Y-zeolite
catalysts was observed by Malyala et al. [25] from their
XPS studies on Ni/Y-zeolite and Ni—Pt/Y-zeolite systems.
In the present case also, the added Pt (0.1 wt%) facilitates
the reduction of Ni*™ up to 0.3wt% and a further
increase in Ni addition leads to the occurrence of
unreduced Ni as NiAl,O,4. Similar observations were
made in our previous studies on Ni-Pt/H-3 and Ni—Pt/
H-MOR [27] and Ni-Pt-loaded SAPO-5 and SAPO-11
[28] systems.

The TEM images of catalysts A; and A4, which differ
by 0.2wt% Ni loading, are shown in figures 2(a) and
2(b), respectively. The black dots appearing on the
support matrix are assumed as bimetallic particles con-
sisting of Pt and Ni. Jao et al. [24] observed a decrease
in Ni reduction temperature with increasing Pt concen-
tration from their TPR study of Ni-Pt/H-MOR systems
and presumed a catalytic reduction of Ni due to mobile
platinum oxide particles colliding with each other by
thermal migration. Further they concluded that the
nickel oxide particles are catalytically reduced by
prereduced Pt particles. The average particle sizes of
catalyst A; and A, are found to be 5.23 and 8.3 nm,
respectively. It is observed that the average particle size
increases with increasing nickel addition which is similar
to the observation made in our previous studies on Ni—
Pt/H- and Ni-Pt/H-MOR [27] and Ni—Pt/SAPOs [28]
systems. The size of these bimetallic particles may not
be smaller than the pore size of zeolite-Y (7.4 A). Further
it is assumed that these particles may mainly be located
outside the pores of zeolite due to thermal mobility as

Pt 4f Ni 2p,,

=
s
2
o
h]
£ .

/\/\ e~

1 1 1 1 ll,l ] i ] 1
70 72 74 76 848 852 856 860

Binding energy (eV)

Figure 1. ESCA spectra of catalysts A; and Ay.
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Figure 2. TEM images of catalyst (a) A; and (b) A4.

reported by Canizares et al. [34] in Ni/H-mordenite
catalysts.

The desorption of ammonia was carried out over the
reduced catalysts by a TGA method and the amounts of
desorbed ammonia are presented in table 1. There are
two weight losses occurring at two different temperature
ranges due to the desorption of absorbed ammonia. The
first and second weight losses occurring in the range
150-180 and 270-300 °C, respectively, may be due to the
desorption of ammonia absorbed on weak and strong
acid sites, respectively. The amount of ammonia desorbed
and the desorption temperature are considered as the
indexes of total acidity and acid strength of catalysts
[35]. It is observed from table 1 that the amount of
ammonia desorbed at lower temperature is always
found to be greater than that at higher temperature.
Further, on increasing the Ni addition, the total acidity
of the catalysts is found to decrease. The decrease in
acidity with increasing nickel addition can be accounted
for in terms of occupation of some of the acid sites by
the added nickel species. On similar lines, the current
observation is explained in terms of increasing occupation
of acid sites of the supports by the increasing Ni addition,
a process that may occur in parallel with Ni combining

with Pt particles and the growth of Ni—Pt particles. The
occupation of acid sites by added Ni has already been
observed over Pt—-Ni/H-MOR [24] and Ni—Pt-loaded H-
8, H-MOR [27] and SAPOs [28] catalysts. The desorption
temperature is not affected by the increasing Ni addition
indicating the Ni addition does not affect the strength of
acid sites. In the case of catalysts prepared by the ion
exchange method and Ni-only-loaded catalysts, no signif-
icant change in total acidity is observed. The pyridine-
adsorbed FTIR spectra (not shown) of catalysts A, A;
and A, show a sharp peak around 1545cm™! indicating
the presence of pyridine adsorbed on Brensted acid sites
of zeolite-Y. The presence of Lewis acid sites is indicated
by another sharp peak around 1455cm™". The increasing
addition of Ni did not affect the position of these peaks,
but the intensity of the peaks was found to decrease
indicating that the number of both Brensted and Lewis
acid sites decreases with increasing Ni loading. The
decrease in the number of acid sites may be due to the
occupation of acid sites by the added Ni species as
observed in NH;-TPD studies. A broad peak observed
around 1490 cm ! indicates the physically adsorbed pyri-
dine. The occupation of acid sites and increasing particle
size by added nickel species is further supported by the

Table 1
Physicochemical properties of Ni-Pt/H-Y zeolite catalysts

Catalyst Si0,/Al,04 Pt Ni Surface area NH;-TPD (mmol/g) Total acidity Particle size (nm)
(Wt%) (Wt%) (m?/g) (mmol/g) from TEM ©
LT? peak HT" peak

A 6 0.1 - 340 0.423 0.140 0.563 nd

A, 6 0.1 0.1 342 0.410 0.124 0.534 nd

As 6 0.1 0.3 326 0.386 0.110 0.496 5.23

Ay 6 0.1 0.5 311 0.357 0.104 0.461 8.3

As¢ 6 0.1 0.3 328 0.364 0.117 0.481 nd

Ag 6 - 0.4 335 0.346 0.126 0.472 nd

* Low-temperature peak.

b High-temperature peak.

¢ nd, not determined.

d Prepared by ion exchange method.
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Table 2
Product distribution (wt%) and product ratios in n-hexane hydroisomerization at various temperatures (LHSV =1.33/h, H, flow rate =20 ml/min/g, mass
of catalyst=1.5g, time on stream =1h)

Product 225°C 275°C 325°C 375°C

A Ay Ay AL A A A AL A A A A A A A A
2MP 105 123 144 123 140 155 176 150 160 172 190 175 170 175 195 170
3MP 56 67 83 75 80 102 128 106 85 100 125 115 102 120 145 123
20DMB 10 20 25 15 26 42 56 47 45 58 76 50 50 70 93 85
23DMB 10 15 15 10 22 30 45 33 33 45 58 47 40 57 67 52
Cracked products 2.5 30 33 42 47 53 60 70 65 70 73 85 80 85 85 102
Conversion (Wt%) 20.6 255 30.0 265 315 382 465 40.6 388 445 522 472 442 507 585 532
MPs/DMBs 805 54 567 792 458 356 30 32 314 264 235 298 30 232 212 213
2MP/3MP 187 18 173 164 175 151 137 141 188 172 152 152 166 145 134 138
23DMB/22DMB 10 075 0.6 066 084 071 08 070 073 077 076 094 08 081 072 0.1
2MP/23DMB 105 82 96 123 636 516 391 45 484 382 327 372 425 30 291 326
DMB selectivity 97 137 133 943 152 188 217 197 201 231 256 205 203 250 273 257
I/C 724 75 80 53 57 62 675 48 496 53 615 45 45 496 588 421

decreasing trend observed in BET surface area (table 1) on
increasing Ni addition.

3.2. Catalytic studies

The n-hexane and n-heptane hydroisomerization
reactions were carried out separately over the reduced
catalysts at LHSV=1.33/h in the temperature range
225-375°C in steps of 50°C. The product distributions
for m-hexane and n-heptane hydroisomerization are
presented in tables 2 and 3, respectively. It is invariably
found that 2-methyl pentane (2MP), 3-methyl pentane
(3MP), 2,3-dimethyl butane (23DMB) and 2,2-dimethyl
butane (22DMB) are the major products in n-hexane

2,3-dimethyl pentane (23DMP), 2.4-dimethyl pentane
(24DMP), 2,2-dimethyl pentane (22DMP), 3,3-dimethyl
pentane (33DMP) and 2,2,3-trimethyl butane (223TMB)
are the major products in n-heptane hydroisomerization.
The formation of these products indicates the pre-
dominance of skeletal rearrangement in both n-hexane
and n-heptane isomerization. Smaller amounts of
cyclized, cracked and aromatized products were observed
irrespective of the catalyst and reaction conditions.

The effect of temperature on n-hexane and n-heptane
conversion over all the catalytic systems is shown in
figures 3(a) and 3(b), respectively. It is found that both
the n-hexane and n-heptane conversion increases with
increasing temperature over all the catalytic systems.

hydroisomerization and 2-methyl hexane (2MH), The maximum conversions of n-hexane and n-heptane
3-methyl hexane (3MH), 3-ethyl pentane (3EP), over all the catalytic systems are observed at 375 °C for
Table 3

Product distribution of n-heptane hydroisomerization at various temperatures (LHSV = 1.33/h, mass of catalyst=1.5g, H, flow =20 ml/min/g, time on
stream = 1 h)

Product 225°C 275°C 325°C 375°C

A A A A A A A AL A A A AL A A A Ay
OMH 90 97 126 110 120 136 153 148 130 150 160 152 133 158 155 150
3MH 65 78 105 83 93 110 125 117 110 125 123 120 120 135 123 125
3EP - - - - 10 14 20 15 15 20 23 10 20 25 20 15
23DMP 10 20 32 25 32 40 60 38 42 50 67 43 50 58 75 53
24DMP 05 10 20 10 15 23 35 23 20 28 43 30 32 40 51 38
22DMP - 10 10 05 10 15 20 10 15 20 26 20 20 27 38 23
33DMP - - - - - 05 05 05 05 10 15 10 05 10 18 L5
223TMB - - - - - - - - - - - - - 05 1.0 05
Others 25 30 40 48 50 65 70 72 68 72 78 90 90 90 90 103
Conversion (Wt%) 19.5 245 333 281 330 408 488 428 405 475 535 475 470 549 580 527
2H/3H 138 124 12 132 133 123 122 126 LIS 122 13 126 110 117 126 1.2
Mo/Mu 103 43 37 48 365 296 248 368 310 273 20 273 255 235 155 230
2MH/23DMP 90 485 393 44 375 275 255 389 309 30 238 35 266 272 20 283
Mu selectivity (%) 7.7 163 186 142 181 203 245 177 202 227 282 216 227 256 331 254
I/C 68 706 732 48 56 527 597 494 495 56 585 427 422 51 544 411
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Figure 3. Effect of temperature on (a) n-hexane and (b) n-heptane hydroisomerization over various catalysts: () A, (H) A,, (A) Az, (X) Ay, (%) As, (@) Ag.

the reaction temperatures studied. However, the
isomerization selectivity in both n-hexane and n-heptane
conversion over all the catalytic systems is found to
decrease with increasing reaction temperature and is
found to be a minimum at 375°C. In the case of n-
hexane, catalyst A; shows 20.6 wt% conversion with
87.8% isomerization selectivity at 225 °C. On increasing
the temperature to 275, 325 and 375°C, the n-hexane
conversion is increased to 31.5, 38.8 and 44.2 wt% with
corresponding isomerization selectivity of 85.0, 83.2
and 81.9%, respectively. Similarly, for n-heptane 19.5,
33.0, 40.5 and 47.0 wt% conversion with corresponding
isomerization selectivity of 87.1, 84.8, 83.2 and 80.8%
were observed at 225, 275, 325 and 375 °C, respectively,
over catalyst A;. It is observed that the n-hexane conver-
sion is always higher than that of n-heptane at a fixed
reaction temperature over all the catalytic systems.

The effect of Ni addition on n-hexane and n-heptane
conversion can be studied by comparing the activity of
Ni-Pt catalysts (A,, Az, A, and As) with that of Ni-
free catalyst (catalyst A;). The addition of 0.1 wt% Ni
over catalyst A; increases the n-hexane conversion and
isomerization selectivity significantly at all the tempera-
tures studied. Catalyst A, shows 25.5, 38.2, 44.5 and
50.7wt% n-hexane conversion with corresponding
isomerization selectivity of 88.2, 86.1, 84.2 and 83.2%
at 225, 275, 325 and 375°C, respectively, which are
significantly higher than that over catalyst A;. The
increasing trend in n-hexane conversion and isomeriza-
tion selectivity with increasing Ni addition continues
up to 0.3 wt% Ni addition. Maximum n-hexane conver-
sion of 58.5wt% with 85.4% isomerization selectivity
was observed over catalyst A; at 375 °C. Further increase
in Ni addition (catalyst A,) leads to a decrease in
conversion as well as isomerization selectivity at all the
temperatures studied. Catalyst A, shows 26.5, 40.6,
47.2 and 53.2 wt% n-hexane conversion with 84.1, 82.7,
82.0 and 80.8% isomerization selectivity at 225, 275,

325 and 375°C, respectively, which are considerably
less than that over catalyst Aj.

In the case of n-heptane, maximum conversion of
52.7wt% was observed over catalyst A; at 375°C. The
isomerization selectivity is also found to increase with
increasing Ni addition up to 0.3wt% similar to the
observation made for n-hexane isomerization. Catalyst
Aj; shows isomerization selectivity of 87.9, 85.6, 85.4
and 84.4% at 225, 275, 325 and 375°C, respectively,
which are considerably higher than that over catalyst
A|. Further increase of Ni addition (catalyst A,) leads
to a decrease in n-heptane conversion as well as isomer-
ization selectivity. The maximum activity and selectivity
observed on catalyst A; may be due to the better metal—
acid synergism between bimetallic (Ni-Pt) particles as
evidenced by TEM and the acid sites of the support.
These particles are assumed as bimetallic (Ni—Pt) in
nature. The TEM study shows that the average metal
particle size of catalyst Aj is 5.23nm and the ESCA
study confirms the complete reduction of Ni and Pt
species, which are active in hydrogenation—dehydrogena-
tion steps. The initial increase in conversion and isomer-
ization selectivity in both n-hexane and n-heptane
isomerization with increasing Ni addition up to
0.3wt% can be accounted for in terms of the added Ni
possibly increasing the number of active metallic sites,
which increases the metallic sites/acid sites ratio towards
the optimum value for the isomerization reaction [14]. A
similar observation was already made by Jao et al. [24]
that the addition of a moderate amount of Ni
(0.5wt%) to 0.2wt% Pt/H-MOR enhances the con-
version and rate of branched isomer formation and
suppresses fuel gas formation in n-hexane and n-heptane
hydroisomerization. On increasing the Ni addition to
1.5wt%, a decrease in conversion and isomerization
selectivity is observed. Further they surmised that the
increase in metallic sites/acid sites (Ny;/Np) ratio by Ni
addition is responsible for the observed enhanced
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Figure 4. Effect of temperature on the selectivity of (a) hexane isomers and (b) heptane isomers over catalyst Aj.

activity of 0.5Ni—-0.2Pt/H-MOR. Also in our previous
study [27], 0.3Ni-0.1Pt/H-3 and 0.1Ni-0.1Pt/H-MOR
showed an enhanced activity in n-hexane conversion,
DMB selectivity and sustainability of the catalysts.
Further addition of Ni leads to a decrease in conversion
and DMB selectivity and is accounted for in terms of
better synergism between catalytically active bimetallic
(Pt-Ni) nanoparticles formed and acid sites of the sup-
ports. Similar observations were observed over 0.4 wt%
Ni- and 0.2 wt% Pt-loaded SAPO-5 and SAPO-11 [28].

The effect of temperature on the selectivity of
individual isomers of hexane and heptane over the best
performing catalyst (A3) is shown in figures 4(a) and
4(b), respectively. Among the four hexane isomers, the
selectivity of 2MP is always found to be higher than
3MP, 23DMB and 22DMB at all the temperatures

studied. The higher selectivity of 2MP compared to the
other isomers indicates that 2MP is the precursor to
the other isomers as reported in our previous studies
[27,28]. The selectivity of 3MP is lower than that of
2MP. The higher selectivity of MPs compared with
DMBs at all the temperatures studied indicates that
monobranched isomers are primary reaction products
even though the formation of 3MP is assumed to be a
rapid 1,2 alkyl hydride shift in 2MP [34]. The selectivity
of 2MP and 3MP is found to decrease and that of
23DMB and 22DMB increases with increasing reaction
temperature. The decrease in 2MP selectivity is more
than that of 3MP. A similar trend is observed over all
other Ni-Pt (A,, A; and Aj5), Pt (A|) and Ni (Ay)
catalysts. The increasing DMB selectivity with decreas-
ing MP selectivity with temperature increase indicates
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the transformation of MPs to DMBs on increasing the
temperature.

In the case of heptane isomers (figure 4(b)), the 2MH
selectivity is found to be always higher than that of the
other isomers. On increasing the temperature, the selec-
tivity of monobranched isomers (2MH and 3MH)
decreases and the decrease is much faster for 2MH
than 3MH. A rapid 1,2 methyl shift is assumed to be
responsible for the interconversion of 2- and 3MHs.
Also, the selectivity of dibranched isomers 23DMP,
24DMP, 22DMP and 33DMP increases with increasing
temperature. Among the dibranched isomers, the selec-
tivity of 23DMP and 24DMP is found to be higher
than that of 22DMP and 33DMP. The tribranched
isomer 223TMB appears only at 375°C. 33DMP and
3EP do not appear at lower (225 °C) temperature over
all the catalysts. The increase in dibranched isomer
formation with increasing temperature indicates that
the dibranched isomers are secondary products formed
from primary monobranched products. A similar trend
in isomer selectivity is observed over all the other
catalysts. The increase of multibranched isomer forma-
tion and decrease of monobranched isomer formation
with increasing temperature suggests the transformation
of monobranched into dibranched and dibranched to
tribranched isomers with increasing temperature.

The effects of Ni addition on the ratios among the
hexane and heptane isomers at various temperatures
are presented in tables 2 and 3, respectively. In the case
of hexane, it is observed that the MPs/DMBs ratio is
found to decrease with Ni addition and the decrease is
continued up to 0.3wt% Ni at all the temperatures
studied, i.e. high-octane DMB formation is enhanced
by 0.3wt% Ni addition. The MPs/DMBs ratios over
catalyst A; are 5.67, 3.0, 2.35 and 2.12 at 225, 275, 325
and 375 °C, respectively, which is an opposite trend to
the extrapolated thermodynamic equilibrium values
(2.35 at 225°C and 4.1 at 375°C) of Condon [36] and
Chen et al. [37]. Further Ni addition (A,) leads to an
increase in the MPs/DMBs ratio, i.e. a decrease in
high-octane DMB formation. Similarly, in the case of
heptane, the monobranched/multibranched (Mo/Mu)
ratio is also found to decrease with increasing Ni addi-
tion up to 0.3wt% and increases thereafter. The Mo/
Mu ratios over the best performing catalyst (Az) are
3.7,2.48,2.0 and 1.55at 225, 275, 325 and 375 °C, respec-
tively, which are much different from the thermodynamic
equilibrium value (0.62 at 350 °C) reported by Vazquez
et al. [23]. The increasing selectivity of multibranched
isomers in both n-hexane and n-heptane hydroisomeriza-
tion up to 0.3 wt% Ni addition may due to the favoring
of a monomolecular mechanism by better metal-acid
synergism between the catalytically active bimetallic
(Ni—Pt) particles of nanometer scale formed and acid
sites of the support. The TEM study of catalyst A;
shows that the average particle size is 5.23nm. Also,
the ESCA study of catalyst A; shows the complete

reduction of Pt and Ni cations to the metallic state
which are active in the hydrogenation—dehydrogenation
steps of hydroisomerization. The decrease in multi-
branched isomer formation over catalyst A, may be
due to the formation of larger-sized (8.3 nm) bimetallic
particles as well as unreduced Ni as evidenced by TEM
and ESCA studies, respectively, which disturbs the
better metal balance leading to poor activity. The
catalysts with higher average particle size may hinder
the movement of bulky intermediate in the pores of
zeolite-Y. The pore size of Y-zeolite is 7.4 A. The kinetic
diameters of n-hexane, MPs, DMBs, n-heptane, MHs
and DMPs are found to be 4.3, 5.5, 6.2, 4.9, 5.6 and
7.0A, respectively. More hindrance to the movement of
multibranched isomers is expected in catalysts with
larger-sized bimetallic particles. Hence, the multi-
branched isomer selectivity is less over catalyst A, with
greater (8.3 nm) average particle size.

The 2MP/3MP ratios on catalyst A; are 1.73 and 1.34
at 225 and 375 °C, respectively, which are very close to
the thermodynamic equilibrium ratios (1.70 at 225°C
and 1.45 at 375°C) [35,37]. The 2MH/3MH ratios on
catalyst A; are found to be 1.26 and 1.14 at 225 and
375°C, which are also close to the thermodynamic
equilibrium value (0.81 at 350 °C) [23]. The closeness of
both 2MP/3MP and 2MH/3MH to the thermodynamic
equilibrium ratios indicates that the 1,2 alkyl hydride
shift involved in the interconversion of both 2MP and
3MP and 2MH and 3MH is extremely rapid [1,37]. The
23DMB/22DMB ratios over catalyst A; are 0.6 and
0.72 at 225 and 375 °C, respectively, which are close to
the thermodynamic equilibrium ratios (0.55 at 225°C
and 1 at 375°C) at lower temperature. The deviations
at higher temperature may be due to the suppression of
22DMB formation by the difficulty involved in the
transition of the more stable tertiary 2,3-dimethylbutyl
carbocation to the less stable secondary 2,2-dimethyl-
butyl carbocation. Also, the direct transformation
between methyl pentanes and 23DMB was reported by
Daage and Fajula [38] from their *C-labeled study on
n-hexane isomerization and cracking.

Blomsma et al. [14] reported that 22DMB cannot be
formed by the dimerization—cracking (bimolecular)
mechanism. However, a considerable amount of 22DMB
is observed over all the catalysts at all the temperatures
studied. Hence, the n-hexane isomerization is considered
to follow the mechanism of carbenium ion rearrangement
and cleavage. According to the comprehensive rules of
Brouwer [39] for carbenium ion rearrangement,
carbenium ion isomerizations leading to a change in the
degree of branching occur through protonated cyclopro-
pane ring intermediates. Hence the 2MP/23DMB and
2MH/23DMP ratios are an indication of the rate of
branching of hexane and heptane, respectively, by the
protonated cyclopropane (PCP) intermediate formation
mechanism, which is slower than the alkyl hydride shift
mechanism according to Marin and Froment [40]. It is
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Figure 5. Effect of Ni addition on the I/C ratio of catalysts in (a) n-hexane and (b) n-heptane hydroisomerization at various temperatures: (#) 225°C,
(M) 275°C, (A) 325°C, (x) 375°C.

observed from tables 2 and 3 that the addition of Ni
decreases both the 2MP/23DMB and 2MH/23DMP
ratio up to 0.3 wt% and thereafter the ratio increases indi-
cating the favoring of the PCP intermediate formation
mechanism by Ni addition. The increase in 2MP/
23DMB and 2MH/23DMP ratio over catalyst A, indi-
cates that the catalyst with a high average metal particle
size and unreduced Ni not favoring the PCP mechanism
may be due to disruption of better metal-acid synergism.
Further it is observed that the addition of Ni up to
0.3 wt% increases the multibranched isomer selectivity in
both hexane and heptane isomerization at all the
temperatures studied. Catalyst A; shows the maximum
multibranched isomer selectivity of 27.3 and 33.1% at
375°C in n-hexane and n-heptane hydroisomerization,
respectively.

The suitability of any catalyst for isomerization
reaction is measured by its isomerization/cracking (I/C)
ratio. A good isomerization catalyst should have a very
high I/C ratio. The effect of Ni addition on I/C ratio in
n-hexane and n-heptane conversion at various tempera-
tures is shown in figures 5(a) and 5(b), respectively. It
is observed that increasing Ni addition up to 0.3wt%
increases the I/C ratio, which decreases thereafter. The
enhanced isomerization selectivity of catalyst A; may
be accounted for in terms of its better metal-acid
balance, bimetallic (Ni—-Pt) nanoparticle formation and
complete reduction of Ni and Pt species.

A time-on-stream study for a period of 6h at 375°C
was carried out over the catalysts for the reactions in
order to study the sustainability of the catalysts. All
the catalysts show a decrease in conversion with time
in both reactions. Here also, catalyst A; shows the
least decrease compared with the other catalysts. Cata-
lysts A; and Ag show a rapid decrease in both n-
hexane and n-heptane hydroisomerization with time.
The rapid decrease in activity can be accounted for in
terms of coke formation due to more cracking, which
may occupy the active sites leading to lower activity.

4. Conclusion

The TEM images of Ni-Pt/H-Y zeolite catalysts show
the formation of bimetallic (Ni—Pt) particles of nanometer
scale. Also, it is found that the average particle size of
bimetallic particles increases with increasing Ni loading.
The XPS study on Ni-Pt/H-Y reveals that complete
reduction of Ni occurs up to 0.3 wt% and further Ni addi-
tion leads to the occurrence of unreduced Ni as NiAL,Oy.
The acidity measurements of Ni-Pt/H-Y by NH;-TPD
and pyridine-adsorbed FTIR spectroscopy studies show
that the increasing addition of Ni decreases the total
acidity of the catalysts but does not affect the acidic
strength of Ni—Pt/H-Y catalysts. Because of the best
synergistic effect, the 0.3 wt% Ni-0.1wt% Pt/H-Y cata-
lyst shows an enhanced activity in both n-hexane and n-
heptane hydroisomerization. Further Ni addition leads
to a decrease in activity. Also, the 0.3 wt% Ni addition
enhanced the multibranched isomer selectivity, proto-
nated cyclopropane intermediate formation mechanism
and sustainability of the catalysts in both n-hexane and
n-heptane hydroisomerization. The enhanced activity of
0.3wt% Ni-0.1wt% Pt/H-Y may be due to better
metal-acid balance, formation of catalytically active
bimetallic (Ni—Pt) particles of nanoscale size and complete
reduction of Ni and Pt species.
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