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Activation procedures of Ni-W-Pt based catalysts, prepared by means of a hybrid technique: sol-gel and
incipient wetness impregnation, were investigated in terms of their activity in reaction of n-hexane
isomerization in a continuous fixed-bed quartz reactor operating at atmospheric pressure, by changing
operating conditions such as time on stream, SiO,/Al,03 and Hj/n-hexane ratios. This study aims to
understand the effects of the pretreatment conditions, such as calcination and reduction temperature,
over some properties of these catalysts and to analyze the relationship between the metal content, the

Key V.V"“’S’ acidity (strength) of the samples and their catalytic performance.

Platinum . .- . . . .
Tungsten-oxide The chemical composition of the prepared solids have bas characterized by inductively coupled
Nickel plasma-atomic emission spectroscopy (ICP-AES), their specific surface areas were measured using BET

method, while their reduction behavior was characterized by temperature-programmed reduction and
their acidity was assessed by means of ammonia temperature-programmed desorption. The collected
data revealed that both BET surface areas and catalytic activity as well as surface acidity of these solids are
strongly dependent on their pretreatment conditions. Besides, the reduction behavior of the prepared
materials was related to nickel and platinum amounts, the higher the concentrations of these species the
easier the reducibility of the samples. On the other hand, it was found that all (Ni,Pt, ) catalysts deactivate
with time on stream, with the conversion remaining steady after 100 min. Moreover, the obtained results
on (Nij,Pto 4)ac catalyst showed that the SiO,/Al,0O5 ratio and H, partial pressure affect isomerization
selectivity positively while opposite effect was observed for activity (conversion). In addition, the main
products in n-hexane hydroconversion were found to be monobranched isomers which dominate all
practical conversions and their formation increases together with that of multibranched ones. Besides,
the cracked products are not produced in significant amounts until about 30% conversion.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction boiling range can be produced by alkylation (a very costly
technology) or by isomerization of n-paraffins [8,9].
Nowadays, the skeletal isomerization for normal paraffin to

isoparaffin is regarded as one of the important technologies for

The health hazards associated with lead emission and the use of
catalytic converters in most cars have required the reformulation

of gasolines [1]. Consequently, today most petroleum refineries are
facing the challenge of producing motor gasoline having all the
desirable properties and also comply with the ever-increasing
environmental regulations on automotive emissions [2-4]. These
regulations promote the utilization of clean gasolines with high
RON and with low content of aromatics (benzene in particular) [5],
of olefins and of sulfur compounds [6,7]. Hydrocarbons of gasoline
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RON improvement in oil refining [5,10,11] and it is one of the
largely used petrochemical processes. It is well known that low
temperatures are preferred for alkane isomerization processes
because the equilibria favors branched (high-octane-number)
products [12], thus in order to achieve maximum isomer yields, the
isomerization of n-paraffins must be carried out at the lowest
possible temperatures over highly efficient catalysts [13]. Iso-
merization reactions are currently carried out very successfully
using bifunctional supported platinum catalysts (reaction tem-
perature 383-453 K [14]) [15-19]. Despite the higher yields of
branched isomers owing to the lower temperatures of the process,
these catalysts are very sensitive to poisons such as water or sulfur
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compounds, and can cause corrosion and pollution problems
[20,21]. In this mean it is of paramount importance to prepare and
elaborate new environmentally benign catalysts which can replace
these commercial catalysts (Pt supported on acidic alumina). In
this respect, sulfated zirconia (SZ) was proposed as an alternative
in isomerization processes [22]. Although the SZ catalysts have
proved to be very active initially, they suffer from fast deactivation
owing to reduction of sulfate groups, sulfur loss, and coke
deposition. A solution to this problem has not yet been reported
in the open literature [11]. Consequently, more active catalysts are
needed that can operate at low temperatures while being
environmentally friendly. Extensive research has been done in
the search for such catalysts [23]. To contribute to this field, our
group has proposed the use of nickel-tungsten based catalysts;
however the collected data showed that the rate of hydrogenolysis
reactions on these materials was high which leaded to a decrease
in isomer yields [24,25]. Based on the fact that the performance of
the doubly promoted catalyst shows further improvement in
catalytic activity, stability, and selectivity of iso-alkane over the
singly promoted catalyst in n-alkane isomerization reaction [26],
we have tried to incorporate platinum to our Ni-W based solids.

The preparation method of catalysts is as important as the
chemical composition; it determines not only the initial dispersion
but also the metal-support interaction. This interaction may
modify the acid sites of the support and the electronic properties of
the metal [27,28]. Besides, it is well established that a calcination
step, prior to the catalyst reduction, is needed in order to stabilize
the catalyst. Such relatively high-temperature treatment of the
catalyst may have an effect on both the metal function (metal
sintering [29]) and the acid function (dehydroxylation of Bronsted
sites). The reduction step strongly influences the final particle size
of the active metal [27]. Accordingly, to manufacture catalysts in
an efficient and reproducible process, it is essential to gain the
control over these parameters. Several types of preparation
techniques have been reported in the literature: mechanical
mixing of metal compound and support, ion exchange processes,
coprecipitation of metal oxides and support, impregnation and
incipient wetness processes [30-32], solid-solid wetting [33],
grafting of metal alkoxide precursors onto a metal oxide support
alkoxides [34,35] and sol-gel procedure [36,37]. Taking into
account all these facts, the objective of our research was the
incorporation, by different methods, of platinum in Ni-WO,/SiO--
Al,05 catalysts and the attempt to study the effect of pretreatment
conditions on the activity of the prepared solids.

This study is a continuation of our earlier work [38] on Ni-Pt-W
based solids. We reported in Part 1 that the activities as well as the
density of acid sites of the catalysts prepared by a sol-gel method
noted (Ni Pt,)sc, where the platinum was incorporated before
calcination, depend strongly on their calcination temperature and
that the reducibility of these samples do not exhibit the PtO
reduction peak, this behavior was ascribed to the platinum-
tungsten interaction, which was dependent on the pretreatment
conditions. The aim of this study is to investigate (NiiPt,)ac
catalysts, prepared by a hybrid method, sol-gel and incipient
wetness, where the platinum was incorporated after calcination, to
quantify and relate their catalytic performance with their
pretreatment conditions.

2. Experimental
2.1. Catalyst preparation
A series of nine catalysts noted (Ni.Pt,)ac where x and y indicate

the percentage of nickel and platinum in the catalyst (Table 1), and
AC indicate that the incorporation of Pt was done after calcination,

Table 1
Physico-chemical properties of the (NiPt,W/ASA)ac samples (noted (Ni,Pty)ac)

Catalyst % Ni % Pt % W  Si0,/Al,03
Theoretical Practical Theoretical Practical
(Niq2Pto) 12 12.00 0.0 0.00 10 1.83
(NiiaPto1)ac 12 12.00 0.1 0.10 10 1.83
(NijoPtog)ac 12 12.00 04 0.39 10 1.83
(NigaPty)ac 12 11.96 1.0 0.98 10 1.83
(NiysPto) 15 14.96 0.0 0.00 10 1.83
(NiysPto1)ac 15 14.94 0.1 0.1 10 1.83
(NiysPtoa)ac 15 14.96 04 0.38 10 1.83
(NiysPti)ac 15 14.96 1.0 0.99 10 1.83
(Niy7Pto) 17 16.90 0.0 0.00 10 1.83
(Niy7Pto1)ac 17 16.85 0.1 0.09 10 1.83
(Nig7Ptoa)ac 17 16.85 0.4 0.38 10 1.83
(Nij7Pti)ac 17 16.87 1.0 0.98 10 1.83

having the same amount of tungsten (10%) and a constant SiO,/Al,03
ratio (1.83), was prepared by using an hybrid method: sol-gel and
incipient wetness impregnation. A sol was obtained by mixing,
under vigorous stirring, an aqueous solution of nickel nitrate
(Ni(NO3),-6H,0) preliminarily acidified by nitric acid with the
required amounts of aluminum sulfate (Alx(SO4)3-18H,0) and
sodium tungstate (Na,WO,). To the sol obtained, under vigorous
stirring, an aqueous solution of sodium silicate (Na,SiO3) was added.
To exchange undesirable ions, such as Na*, the prepared gel was
activated, under reflux conditions in a thermostat, with ammonium
sulfate (liquid to solid ratio of 30) at 60 °C over a period of 48 h (this
unit operation was repeated several times), washed with hot water
(60 °C), dried at 120 °C for 4 h and finally calcined at 500 °C for5 h. A
heating rate of 10 °C/min was used. After calcination, the obtained
solids were impregnated with a solution of hexachloroplatinic acid
containing the appropriate concentration of Pt, the time of
impregnation was 6 h. The samples thus prepared were dried at
120 °C overnight and calcined in the temperature range 300-700 °C
for 5 h. A heating rate of 10 °C/min was used.

For comparison purposes, Pt-free catalysts containing 12, 15,
17% Ni and 10% of tungsten supported on amorphous silica-
alumina were prepared as described in Refs. [39,40].

2.2. Catalyst characterization

The nitrogen physisorption measurements were performed at
the temperature of liquid nitrogen (77 K) and the specific surface
areas of the catalysts were calculated using the BET method. Prior
to measuring the adsorption, all samples were degassed at 350 °C
for 30 min, and then reduced at 430 °C, with hydrogen, for 1 h.

The samples were digested with mixed acids, and their
chemical compositions were determined by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES).

The relative differences in the reducibility of the prepared
catalysts, related to the oxidation state, dispersion, and metal-
support interaction, were studied by means of temperature-
programmed reduction (TPR) by hydrogen using an Ohkura TP
2002 S equipped with a thermal conductivity detector. Initially
samples were exposed at 500°C to an air flow for 3 h and
subsequently cooled to room temperature. Next, they were
analyzed with a reducing gas Ar/H, (95/5 volumetric ratio) in
the temperature range 100-600 °C, heating at 5 °C/min.

The acidity of the catalysts was measured by ammonia thermal-
programmed desorption (TPD of NH3). Prior to TPD experiments,
all the samples were treated in situ in an oxygen flow at 500 °C for
3 h, then outgassed in helium flow at 300 °C, and finally reduced in
hydrogen flow at 430 °C for 2 h. After reduction, the sample was
further dried in flowing He at 300 °C for 1 h and then cooled to
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room temperature. When the system became steady, ammonia
was passed at 100 °C for 30 min (using a 10% NHs/He carrier gas).
The samples were then purged, at the same temperature, with
helium flow (100 ml/min) for 1 h. The TPD spectrum was obtained
by heating the sample from 100 °C to 700 °C at a heating rate of
10 °C/min under a He flow. Ammonia desorption was continuously
measured by means of thermal conductivity detector, and the
water evolved was trapped in a KOH trap located immediately
before the TCD.

2.3. Catalytic test

The catalytic experiments were performed in a continuous
flow fixed-bed quartz reactor, loaded with 1g of the catalyst,
operated under isothermal conditions, and heated by a controlled
temperature electrical oven. The n-hexane conversion was studied
at atmospheric pressure, 250 °C, weight hourly space velocity
(WHSV)=4h~! and a molar ratio of hydrogen/hydrocarbon
(Hz/n-hexane) = 5.

The reaction products were analyzed on-line by gas chromato-
graphy.

Catalytic activity is expressed in term of conversion, which is
defined as the fraction of the n-hexane which has reacted, whereas
isomerization selectivity was defined as the yield of Cg isocompo-
nents divided by n-Cg conversion.

3. Results and discussion
3.1. Chemical composition

Table 1 summarizes the theoretical and practical chemical
composition of the prepared solids. From the collected data, it can
be said that the practical chemical compositions were slightly
lower than the theoretical ones, especially for catalysts with 17%
Ni, which means that there was a loss in nickel and platinum
during the preparation and treatment procedures.
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3.2. BET surface area

Fig. 1 gives the evolution of the BET surface area of the prepared
samples with their calcination temperature. The results show
clearly that regardless the nickel and platinum amounts, the BET
surface area of the (NixPt,)ac samples increased with increasing
calcination temperature, passed through a maximum then
decreased. The phenomenon being dependent on nickel and
platinum contents; the higher the platinum amount the lower the
calcination temperature at which the maximum BET surface area
was obtained. Besides, for Pt-doped catalysts, the higher the nickel
amount the lower the value of the BET surface area.

3.3. Acidity

The acid strength and concentration of the prepared catalysts
are detected by the temperature and amount of ammonia
desorption from their NH; adsorbed samples measured by TPD
with on-line titration and displayed in Fig. 2. The results show that
the acidic properties of the prepared samples may be considerably
modified by varying the pretreatment conditions. From Fig. 2(a)
which displays the dependence of the weak acid sites concentra-
tion of the most important prepared samples on their calcination
temperature, it can clearly be seen that, whatever the nickel and
platinum loadings, the weak acidity, peak desorption temperature
in the TPD curve (not shown) ranging from 130 °C to 220 °C,
increased with calcination temperature, passed through a max-
imum then decreased. In addition, for the same Pt content this
acidity was enhanced by a rise in Ni loading till a maximum at 15%
Ni then it decreased, whereas increasing the platinum concentra-
tion induced a decrease in the calcination temperature showing
the maximum of the weak acidity. Besides, the effect of platinum
on the density of the weak acid sites was dependent on nickel
concentration, for samples with 12% Ni, the Pt addition leaded first
to arise in weak acidity then to a decrease, while for materials with
15 and 17% Ni, the weak acid sites concentration was enhanced by
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Fig. 1. Dependence of the BET surface area of the prepared catalysts on their calcinations temperature.
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Fig. 2. (a) Dependence of the weak acid sites concentration of the prepared catalysts on their calcination temperature. (b) Dependence of the medium acid sites concentration

of the prepared catalysts on their calcination temperature.

arise in platinum loading. This infers that nickel and platinum as
well as calcination at lower temperature generate acid sites of
lower acidity. Similar results were reported by Boskovic et al. [41]
during their study on the n-hexane isomerization over Pt-Na(H)Y
catalysts. According to the open literature, these results may be
explained by the formation of Pt(OH)" in the Bronsted acid sites
which can account for the lower strong acidity shown by the
catalysts [28], or by the fact that platinum activates hydrogen and
the hydrocarbon and create Bronsted acid sites and carbenium ions
[42], this was inferred from the ability of the tungstate species,
which are present at intermediate coverage, to form W>"OH groups
under reducing conditions. Furthermore, the results found in the
case of (Niq»Ptq)ac catalyst may be explained by the fact that these
latter species (W>*OH groups) were reduced to metallic tungsten
at the optimum reduction temperature of this solid which leaded
to a lowering in the number of weak acid sites. Finally, we have to
mention that from Fig. 2(a), it is obvious that the week acidity plot

has a similar shape and tendency to that obtained in Fig. 1 (BET
plot), which means that the weak acidity tendency is due basically
to the specific surface area modification.

On the other hand, from the dependence of the amount of
medium acid sites, peak desorption temperature in the TPD curve
(not shown) ranging from 300 °C to 320°C, on the samples
calcination temperature, it can clearly be seen from Fig. 2(b) that,
in the case of catalysts with 12% Ni, regardless the platinum
concentration, the number of medium acid sites decreased with
calcination temperature to reach a minimum, then it was
enhanced till a maximum and afterwards it decreased again by
a rise in calcination temperature. It is noteworthy that the
maximum location of the medium acid sites is shifted toward
lower temperatures by increasing the platinum content. These
results may be explained by the fact that calcination at lower
temperature generates acid sites of lower acidity (Bronsted acid
sites) and consequently the amount of medium acid sites will be
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lowered. Besides, as mentioned by Romero et al. [43], with
increasing calcination temperature, Lewis acid sites (strong sites)
are formed as a result of dehydroxylation processes, thus the
number of medium acid sites will be enhanced. Finally, a rise in the
calcination temperature (above 500 °C) causes the increase of the
crystallite size, as would be expected due to the major extension of
sinterization, which leads to a partial block of the catalysts pores
by large nickel particles that hinder the ammonia to enter them.
Same results, concerning the decrease of stronger acid sites with
calcination temperature, were reported by Romero et al. [44]
during their study on the effects of the nickel incorporation
method on the properties of bifunctional catalyst Ni/HZSM-5. In
addition, the collected data show that, for catalysts with 15% Ni
(solids with 17% Ni behave similarly), whatever the platinum
loading, the increase of calcination temperature results in
substantial drop of the amount of medium acid sites, the
phenomenon is more noticeable for solids with 17% Ni. These
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results may be explained by the fact that in the case of samples
with high nickel loading (15 and 17%), the calcination temperature
leading to sinterization will be shifted toward lower temperatures
and consequently the number of medium acid sites will be
lowered. On the other hand and according to Jao et al. [21] and
Lucas et al. [45], the decrease in the medium acid site density could
be due to the acid sites to be partially covered by the metal
particles.

3.4. Reduction behavior

The TPR profiles of the (Ni,Pt, )ac catalysts are given in Fig. 3(a-
c). As it can clearly be seen, the reduction profiles of (NiPt,)ac
samples, characterized by multiple reduction peaks with poor
resolution, evidence their complex reduction behavior. They
exhibit a sharp peak which intensity is increasing with platinum
loading; this increase is not proportional to the Pt content rise. The
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Fig. 3. (a) TPR profiles for (Ni;Pty)ac samples calcined at their optimum calcination temperature. (b) TPR profiles for (Ni;sPty)ac samples calcined at their optimum calcination
temperature. (c) TPR profiles for (Niy7Pt,)ac samples calcined at their optimum calcination temperature.
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peak maxima are shifting to higher temperatures with an
increment in nickel content and toward lower values with
increasing platinum concentration. This first hydrogen consump-
tion is followed by a steady increase in the base line which is
shifting to lower temperatures with increasing platinum concen-
trations. The increase in the base line is followed by either two
peaks (the case of (Ni12ptoy1 )Ac, (Ni15ptov1 )AC; (Ni17Pt0'1 )AC and
(Niy7Pto4)ac catalysts) or a shoulder and a peak (the case of
(Niq2Pto 4)ac, (Nig2Pty)ac and (NiqsPto 4)ac catalysts) or a very large
peak (the case of (Ni;5Pt;)ac and (Ni;7Pt;)ac catalysts). While the
base line was shifted toward lower temperatures with increasing
Pt content, the second peak maxima (NiO reduction peak) shifted
toward lower values till 0.1% Pt then toward higher temperatures
with a rise in platinum amount, whatever the nickel content.
Furthermore with an increment in Pt concentration, the third peak
maxima (WO, — W peak) was shifted to lower temperatures in the
case of (Nij2Pty)ac solids, whereas its position shifted to higher
temperatures till 0.1% Pt then toward lower values with increasing
Pt for the other (Ni Pty)ac (x # 12) samples.

In a previous paper [39], we have reported that, in the case of Pt-
free catalysts (Ni-WO,/SiO,-Al;05 solids noted (NiyPtp)), the Hy-
TPR spectra appear as a combination of the corresponding
monometallic (Ni/SiO,-Al,03 and WO,/SiO,-Al,03 materials)
spectra, although they present some differences; they display
small shifts of the tungsten species hydrogen consumption
maxima toward lower temperatures and of the nickel species
reduction peak toward higher temperatures. In addition, we have
also ascribed the increase in the base line to the reduction of
tungsten oxide species of various reducibilities, while the low-
temperature peak was assigned to the reduction of the nickel oxide
and the high-temperature peak was ascribed to a further reduction
of the tungsten oxide species. In the case of (Ni;;Ptg), the large peak
was the result of the superimposition of two reduction peaks, the
first of the NiO and the second of the WO, species. Based on these
observations and on the maxima of TPR peak values given in
Table 2 as well as on the finding of Wong et al. [26] who mentioned
that platinum reduction usually occurs at a temperature between
100 °C and 200 °C, we can establish that the first peak can be
clearly ascribed to the reduction of platinum oxide “PtO” [46,47].
This low reduction temperature, when compared to other catalysts
[48], indicates a low Pt-WO, or Pt-support interaction, same
observations were reported by Vaudagna et al. [49] in the case of
WO,-ZrO, and Pt/WO0,-ZrO, catalysts. As mentioned above, this
peak is shifting to higher temperatures with an increment in nickel
content, which infers that platinum reduction occurs hardly in the
presence of nickel, this phenomenon could be related to the Pt-
WO, interaction and to the fact that nickel ameliorates the
tungsten dispersion. Thus, with increasing Ni content, the tungsten

Table 2

TPR peak maxima and optimum calcination temperatures for the (NiyPt,)ac catalysts

will be well dispersed and consequently the platinum-tungsten
interaction will be stronger and the Pt reduction peak will shift
toward higher temperatures. In contrast, the peak shifted toward
lower temperatures with a rise in Pt content which suggest that Pt
reduction occurs more readily in solids with less dispersion.

Based on the observations quoted in the previous section, the
increase in the base line could be assigned to the reduction in
several steps of WO, species, the second peak to the reduction of
the nickel oxide and the third maxima to a further reduction of the
tungsten oxide species. As earlier mentioned, the base line was
shifted toward lower temperatures with increasing Pt content
which indicates a platinum reduction catalytic action. Similar
results were reported by Drago and Kob [50] during their study on
the acidity and reactivity of sulfated zirconia and metal-doped
sulfated zirconia, where they have shown that, whereas the W>*
signal of the tungsten phase appears only at reduction tempera-
tures of 473 K on the unpromoted WZ catalyst, it appears on the
promoted PtWZ catalyst already at room temperature, which lead
them to conclude that promotion by platinum has a significant
effect on the reducibility of the surface tungstate phase of the
catalyst by H,. In addition, Kuba et al. [23] have mentioned, during
their study on the structure and properties of tungstated zirconia
catalysts, that the addition of platinum leads to lower reduction
temperatures, evidently because of spillover of hydrogen adatoms
(formed by H, dissociation on platinum) onto condensed WO,
clusters.

On the other hand and as earlier mentioned whatever the nickel
content, the NiO reduction peak position was shifted toward lower
values till 0.1% Pt then toward higher temperatures with a rise in
platinum amount. As mentioned by Telkar et al. [51], the addition of
platinum to Pt-free solids leads to the stabilization of Ni® state under
reducing conditions, which is probably the cause of lowering the
value of the NiO TPR-peak maxima. Besides, the NiO TPR-peak
maxima shift toward higher temperatures could be explained by the
combination of two factors; the synergism between Pt-WO, and Ni-
WO, interactions and the amelioration of tungsten dispersion by
nickel. At higher nickel loading and lower platinum content,
tungsten and platinum are well dispersed, thus the Pt-WO,
interaction is so strong so as that the Ni-WO, interaction will be
weakened and the NiO peak shift toward lower temperatures will be
more marked. With increasing Pt content, the Pt-WO, interaction
will be weakened and the peak shift will be less noticeable (see
Fig. 4a: 51(425 — 365 =60 °C) > S, (425 — 395=30°C) > S5 (425 —
405=20°C) for samples with 17% Ni and S;(410-370=
40°C) > 55(410 — 390 = 20°C) > 55(410 — 404 = 6°C) for solids
with 15% Ni). Moreover, at lower nickel concentrations (12%), the
tungsten is less dispersed and consequently the Pt-WO, interaction
will be less effective especially for 1% Pt (Fig. 4a:

Catalyst Optimum calcination TPR peak maxima and increase in base line

temperature (°C) ; - - -

Increase in the base line (°C) First peak (°C) Second peak or shoulder (°C) Third peak or shoulder (°C)

(Ni2Pto) 525 280-370 / 420 460
(Niq2Pto1)ac 500 265-358 195 400 450
(Niq2Pto.a)ac 480 250-355 185 410 430 (shoulder)
(Ni12Ptq)ac 470 232-307 162 365 (shoulder) 418
(Ni;5Pto) 500 265-375 / 410 440 (shoulder)
(Niy5Pto,1)ac 460 260-340 207 370 460
(Niy5Pto4)ac 450 251-360 194 390 430 (shoulder)
(Niy5Ptq)ac 440 230-340 172 404 (large peak) /
(Niy7Pto) 450 260-375 / 425 (large peak) /
(Ni17Pto 1)ac 400 258-318 228 365 465
(Ni17Ptoa)ac 390 252-316 212 395 445
(Niy7Ptq)ac 380 225-294 190 405 (large peak) /
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Fig. 4. (a) Variation of NiO reduction peak shift with Ni and Pt concentrations. (b) Variation of PtO and NiO reduction peak positions with the calcination temperature.

S5 = 420 — 418 = 2 °C).In addition it was earlier mentioned that the
third peak (WO, — W) was shifted to higher temperatures till 0.1%
Pt then toward lower values with increasing Pt for the other
(NixPty)ac (x # 12) samples. The phenomenon could be explained by
the combination of two factors, the Pt-WO, interaction which is
translated by the WO, peak shift to higher temperatures and the
WO, reduction catalyzed by hydrogen spillover caused by platinum
which is translated by the WO, peak shift toward lower
temperatures. At higher nickel loading and less platinum concen-
trations, the first effect (Pt-WO, interaction) is more pronounced,
with decreasing Ni and increasing Pt, especially for (Ni;2Pt)ac, the
latter effect (hydrogen spillover) will be more noticeable at the
detriment of the first one.

Concerning the variation of the NiO reduction peak with
calcination temperature, the collected data (the most relevant
results are shown in Fig. 4b) show that all samples displayed

virtually identical trends with increasing calcination temperature,
in that the NiO peak is initially shifted toward higher temperatures,
then its position becomes nearly constant and finally it shifts
toward lower temperatures. The phenomena being dependent on
nickel and platinum amounts, the higher the nickel and platinum
loadings the lower the calcination temperature at which the
position of the NiO peak reaches its maximum value. This finding
may be explained by the fact that the reduction of the large nickel
particles and/or particles that interact weakly with the support is
easier than the reduction of nickel that interacts strongly with the
support [45]. Consequently the first particles type will display
lower reduction temperature as compared to the latter one. In
addition, larger nickel particles were formed when the nickel
loading increased which lead to the weakening of the Ni-WO,
interaction (the nickel-tungsten interaction is more noticeable
when the two species are well dispersed) and to the boosting of the
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nickel hydrogenation ability. Consequently, dissociative H, che-
misorption is easier on these large nickel particles. Since H atoms
are better reducing agents than H, molecules, the large particles
formed at high nickel content are reduced at lower temperatures.

Concerning the dependence of the PtO reduction peak on the
samples calcination temperature, the collected data (Fig. 4b) show
that whatever the calcination temperature, the PtO peak location is
nearly constant for catalysts with 12% Ni, whereas for solids with
15 and 17% Ni, the PtO peak location decreases slightly and then
increases with increasing calcination temperature. The phenom-
enon being dependent on the platinum concentration, the higher
the platinum content the lower the calcination temperature at
which the PtO reduction peak position begins to shift toward
higher temperatures. The results found in the case of (Nij2Pty)ac
solids, may be related to the fact that a rise in calcination
temperature induces a well dispersion of nickel and platinum.
However, the dispersion of nickel induces a lowering in Pt-W
interaction, whereas the platinum dispersion leads to an enhance-
ment in Pt-W interaction. Thus, the balance between the two
effects will govern the reduction of platinum. Since for catalysts
with 12% Ni the peak reduction remains constant, the two effects
are well balanced. For solids with 15 and 17% Ni, the first stage will
be explained by the Ni-W and Pt-W interaction balance, while the
second stage (the shift of the PtO reduction peak toward higher
values) may be assigned to the fact that the higher calcination
temperatures lead to the sintering of nickel which is translated by a
lowering of Ni-W thus Pt-WO, interaction effect will be more
strong and more noticeable and the platinum reduction will occur
hardly.

3.5. Performance in n-hexane hydroisomerization

3.5.1. Evolution of catalytic activity with time on stream

Fig. 5 shows the dependence of (Ni.Pt,)ac samples catalytic
activity, expressed as the total conversion of n-hexane, on time on
stream (TOS) at atmospheric pressure, at a reaction temperature of

300 °C and with the following operating conditions: H,/n-Cs = 5;
weight hourly space velocity (WHSV)=4h~!. This dependence
was studied at samples optimum reduction and calcination
temperatures. Conversions changed with time on stream and
the same qualitative pattern was observed for each catalyst. The
data indicate a period of declining conversion followed by a period
of stabilization. Besides, the deactivation rates were higher with
Pt-free catalysts than with the promoted ones due to deactivation
by coking [25]. On the other hand, from the collected data it can be
clearly seen that the incorporation of platinum produced, in the
case of solids with 12 and 15 wt.% Ni, a large increase in steady
state conversion and a small decrease in the deactivation rate,
while it produced a noticeable decrease in stability for samples
with 17 wt.% Ni. The colleted data infer that the deactivation rate is
related to the density of medium acid sites. The (Ni;7Pty)ac
catalysts, with the highest number of medium acid sites (from 0.28
to 0.33 mmol NHs/g), display much higher deactivation as
compared to (Nij2Pty)ac having the lowest amount of medium
acid sites (from 0.12 to 0.15 mmol NHs3/g). Besides for catalysts
having the same number of medium acidity, the deactivation rate
increased with increasing the Pt content. This observation rules out
the dependence of the catalysts stability on the density of acid
sites, nickel and platinum content. Thus, the deactivation may be
due to a metallic function poisoning, or to a loss of the support
acidity, or finally, to a loss of the hydrogen dissociation capacity of
WO, species, which is rapidly deactivated by coke [52].

3.5.2. Effect of calcination temperature

Fig. 6(a) shows changes, over the most important prepared
samples, of n-hexane conversion over (Ni;2Pt, )ac solids (the other
prepared materials show almost identical trends), as a function of
calcination temperature at a reaction temperature of 250 °C, a time
on stream of 100 min and at different reduction temperatures
(260 °C and optimal reduction temperatures at which the three
oxides (PtO, W03 and NiO are reduced)). From the collected data it
can be said that regardless the reduction temperature as well as the
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Ni and Pt contents, all the prepared catalysts display similar
behaviors in that their catalytic activity increased with calcination,
passed through a maximum and then decreased. Calcination at
700 °C yielded the lowest activity. Besides, the calcination
temperature that gave the highest activity was different for each
sample, the lower the nickel and platinum amounts the higher the
calcination temperatures showing the maximum activity (Fig. 6b).
These observations suggest that the catalyst activities depend
strongly on the calcination temperature, reduction temperature as
well as on the nickel and platinum concentrations. In addition, the
shift of calcination temperature toward higher values with a
decrease in Ni and Pt amounts may be related to the interaction of
these metals with the support surface which is strong when the
active species are present in small amounts, similar observations
were previously reported by our group [38] during the study of the
effects of pretreatment conditions on the catalytic performance of
Ni-Pt-W/Si0,-Al,03 samples prepared by a sol-gel method and by
Hino and Arata [53] during their study on the isomerization of

n-butane over (WOs/ZrO, + Pt/ZrO,) catalysts. Besides, the col-
lected data show clearly that the platinum incorporation affects
differently the samples catalytic performance expressed as n-
hexane conversions. The phenomenon being dependent on the
catalysts composition as wall as on their reduction temperature,
for samples reduced at 260 °C (Fig. 5a), whatever the nickel
amount, a rise in Pt content induces a markedly increase in the
catalytic activity of the prepared solids which infers that the
incorporation of platinum on catalysts produces a beneficial effect
since it reduces the rate of deactivation and consequently increases
the catalyst activity. Similar observations on the beneficial effects
on the catalysts activities were reported in the case of zeolites [54-
57] and of sulfated or tungstated zirconia based solids [5,11,13,58-
65] catalysts where it was confirmed that platinum was effective in
preventing deactivation and consequently in enhancing catalyst
activity. However, it is noteworthy that the results displayed in
Fig. 5(a) may lead to wrong conclusions on the influence of
platinum on the activity of the catalysts because at this reduction
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temperature (260 °C) the nickel oxide was not reduced. Thus, it is
interesting to compare the effect of platinum incorporation on the
catalytic performance for samples reduced at their optimal
reduction temperatures (temperatures at which PtO, WO5 and
NiO were reduced). At these reduction temperatures, the results
displayed in Fig. 5(b) showed that the nickel content played an
important role in determining the effect of platinum addition. For
materials with 12% Ni, the activity increased with increasing Pt
content till 0.4% and then decreased, while solids with 15 and 17%
Ni behaved similarly in that their activities decreased with a rise in
platinum amount, the effect being more noticeable for the latter
samples. In previous papers [25,39], we have demonstrated that in
the case of Pt-free catalysts (NiyPtp), the amount of nickel giving
the optimal metal-acid balance was 15%, thus if the metallic
function is lower or higher than this value the -catalytic
performance will be lowered. This finding lead to the fact that
the Pt-doped catalysts can be divide into two groups, the fist one
containing the solids with 12% Ni and the second one containing
the materials with 15 and 17% Ni. For the first group, the nickel
value is less than the value giving the optimal metal-acid balance,
thus increasing Pt content from 0 to 0.4% will lead to an
enhancement in the metallic value and consequently to an
enhancement in the catalytic performance, a further increase in
Pt content (1%) caused a strong boosting in the metallic value so as
the catalytic activity will be lowered. For samples with 15 and 17%
Ni, the platinum addition will increase the metal content value
than the ideal one and consequently the catalytic activity will be
decreased.

Hereafter and for labeling purposes, we specify the wt.% of
either Ni or Pt immediately after the chemical symbol as
subscripts, and the optimum calcination temperature (in °C)
(see Table 2) as the label suffix. For example, the 12 wt.% Ni and
0.1 wt.% Pt catalyst that had been calcined at 500 °C was labeled as
(Niy2Pto,1)ac-500.

3.5.3. Effect of reduction temperature

The dependence of the prepared samples activities on their
reduction temperature was studied at 250 °C at their optimum
calcination temperature and over duration of 100 min. As it can
clearly be seen from the collected data displayed in Fig. 7 for
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Fig. 7. Effect of reduction temperature on the performance of (Ni;Pt,)ac catalysts.
Reaction temperature = 250 °C, calcination temperature = optimal, TOS = 100 min.

(Nij2Pty)ac catalysts (the other prepared samples behave simi-
larly), except for the (NijyPtq)ac catalyst for which the activity
increased with increasing the reduction temperature to reach a
maximum, then it was decreased till a minimum, afterwards it
raised to become finally constant, all the other prepared solids
displayed the same trends regardless the Ni and Pt contents, in that
their catalytic activities were boosted by a rise in the reduction
temperature to reach a maximum or a plateau and afterwards
decreased to become finally constant. The lowest activity was
obtained at a reduction temperature of 600 °C, this may be ascribed
to the fact that higher reduction temperatures induce a larger
extent of undesirable tungsten (and support) reduction [46].
Besides, the optimum reduction temperature was shifted toward
lower values with increasing Pt content, the effect being more
pronounced when the nickel amount was higher.

If we recall the TPR profiles, these results may be interpreted by
the presence of platinum and nickel having metallic properties and
by reduced tungsten oxide species generated by hydrogen
reduction, these reduced species being more active than the
tungsten trioxide (WO3) [47,48,66,67]. As mentioned by Drago and
Kob [50], the higher reducibility of the tungstate phase due to
platinum is potentially responsible for the strong enhancement of
the catalytic activity and selectivity observed. Besides, the
collected data may be ascribed to the synergism between
nickel-tungsten and platinum-tungsten interaction. It is well
known that the Pt-WO, interaction depends on the platinum and
tungsten particle size, the smaller the particle size the stronger the
Pt-WO, interaction and consequently the lower the Ni-WO,
interaction, thus at lower platinum loading the Pt-WO, interaction
is very strong, especially for solids with 17% Ni where the tungsten
is well dispersed (small particle size). Or we have previously
reported that the Ni-WO, interaction was translated by NiO
reduction peak shift toward higher temperatures, thus if this
interaction is weakened, the NiO reduction peak will shift toward
lower temperatures and consequently do the optimum reduction
temperature. The same result was reported by Larsen and Petkovic
[46] with platinum supported on tungstated zirconia catalysts, and
by Hua and Sommer [68] with alumina doped Pt/WO,/ZrO,
catalysts.

In addition, the results found in the case of the (Ni;yPty)ac
catalyst may be ascribed to the fact that the peak corresponding to
the reduction WOx-W appeared before the NiO reduction peak
thus we observed a minimum followed by an enhancement in the
catalytic activity.
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Of the formulations screened in this work, the catalyst with 12 %
of nickel and 0.4% of platinum (Ni;,Ptg 4)ac catalyst) showed by far
the best performance. Thus, it is interesting to study in more
details this system.

3.5.4. Effect of SiO5/Al;03 ratio

n-Hexane transformation over (NijpPtos)ac catalysts with
different SiO,/Al,053 ratios (1.83, 3, 5 and 7) at 250 °C is illustrated
in Fig. 8. The higher the SiO,/Al,05 ratio the lower the activity and
the higher the isomerization selectivity. In addition, the formation
rate of cracking products decreases, while the I/C (isomerized to
cracked products) ratio increases with increasing the Si/Al ratio.
These effects may be explained by the fact that in catalysts with
high SiO,/Al,03 ratios, the acid density is lower, so each
intermediate olefin formed at a metallic dehydrogenating site
comes into contact with very few acid sites between two metallic
sites, which could favorably lead to the formation of isomerized
products. In catalysts with lower SiO,/Al,O3 ratios, each inter-
mediate olefin comes into contact with more acid sites between
two metallic sites and thus the cracking tendency clearly
predominates.

3.5.5. Effect of Hy/n-Cs molar ratio

The variation of n-hexane hydroconversion rate with hydrogen
pressure was investigated at 250 °C by varying the hydrogen flow
rate and keeping the partial pressure of n-hexane constant so that
changing the H,/n-Cg molar ratio. The results are depicted in Fig. 9,
where it can be seen that increasing the H,/n-Cg molar ratio from 5
to 15 decreased the conversion and increased the selectivity to
isomers (I/Cratio increased). This behavior can be explained taking
in account two factors. First, and as mentioned in a previous work
[39] for Pt-free samples, the decrease in conversion was due to an
increase in the overall (Hy/n-Cg) space velocity, while the increase
in the I/C ratio was due to the fact that isomerization reactions are
faster than cracking reactions. Second, as cracking of isohexanes is
faster than cracking of n-hexane, cracking reactions predominate
at high conversions when isoproducts are present in large
amounts. In the case of Pt-loaded catalysts, the same results were
observed and thus they may be explained by the same facts.

3.5.6. Product distribution
Fig. 10 illustrates results of selectivity to isomerization products

versus conversion over (Nij>Ptg 4)ac catalyst at 250 °C and 100 min
TOS. Monobranched isomers appear from low conversions and
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their fraction increases up to a point where multibranched isomers
and cracking products start to be significant (30% conversion). They
dominate at all practical conversions and their formation increases
together with that of multibranched isomers. On the other hand,
the cracked products are not produced in significant amounts until
about 30% conversion. These results infer that isomerization first
leads to mono-branched isomers mainly then to multi-branched
ones and that the formation of cracking products apparently
succeeds the formation of branched isomers. Same results were
reported by Roldan et al. [69] during their study on the influence of
acidity and pore geometry on the product distribution in the
hydroisomerization of light paraffins on zeolites, and by Pope et al.
[70] during their study of catalysts formulations for isomerization
of C; hydrocarbons.

4. Conclusion

The present investigation describes a new route to synthesize
Pt-Ni-WO0,/Si0,-Al;05 catalysts. Our results show that the pre-
paration method and the pretreatment conditions have a great
influence over acidity, metal-support interaction and metal
reducibility. The most outstanding observations are:

o Whatever the nickel and platinum contents, the BET surface
areas of the catalysts prepared by the hybrid technique
((NixPt,)ac materials) increased with calcination temperature
to reach a maximum then decreased, the phenomenon being
dependent on nickel and platinum loadings. Whereas in the case
of the samples prepared by the sol-gel method ((NixPty)sc
materials), the BET surface areas were not influenced by the
calcination temperatures.

¢ As in the case of (NixPt,)sc solids, the activities of the (NiyPt,)ac
catalysts depend strongly on their calcination temperature; the
incorporation of Pt shifts the optimum calcination temperature
to lower values.

o The platinum incorporation affects differently the surface acidity
of (NiPt,)sc and (NixPty)ac samples.

e The reducibility of Pt-Ni-WO,/ASA catalysts is very different
whether the platinum was added before or after calcination. The
(Ni,Pt,)sc samples do not exhibit the PtO reduction peak, while
the opposite feature is observed in the case of (NixPty)ac solids.
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This behavior was ascribed to the platinum-tungsten interaction,
which is dependent on the preparative technique and on
pretreatment conditions. The Pt-WO, interaction is much lower
for (NixPt,)ac as compared to (Ni,Pt,)sc samples.

Comparing the maximum activity displayed by both series of

catalysts, (NiyPt,)ac samples exhibit much higher activities in n-

hexane isomerization as compared to (NiPt,)gc catalysts and to

Pt-free samples. Thus, it seems that platinum, added after

calcination, is necessary to obtain the best catalytic activity.

o All catalysts deactivate with time on stream, with the conversion
remaining steady after 100 min. The conversion drops severely in
the case of Pt-free catalysts due to deactivation by coking and
this activity drop is strongly temperature dependent. On the
other hand, the stronger deactivation of cracking reactions
compared to isomerization resulted in a net increase with TOS of
hexane isomers. Moreover, the bimetallic samples show better
stability when compared to Ni catalysts.

e For (Nij2Ptg4)ac, the catalyst showing the best performance with
a selectivity to isomers of 83% and a conversion of 34% at 250 °C,
an increase in SiO,/Al,03 ratio induced a decrease in both
conversion and cracking reactions, while selectivity to isomers as
well as I/C ratio increase. In addition, it’s suggested that the
hydroisomerization selectivity of n-hexane is significantly
affected by the hydrogen pressure.
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