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Effect of operational conditions during n-hexane isomerization over
platinum on tungsten-oxide-promoted zirconia
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The influence of total pressure, temperature and H,: N, molar ratio on both catalytic activity and selectivity during n-hexane
isomerization over platinum impregnated on tungsten-oxide-promoted zirconia was studied. It was found that the increase in pressure
up to 6 kgem—2 increases catalytic activity. The higher the temperature, the larger the catalytic activity. Selectivity to isomers remains
practically constant, only decreasing when temperature is increased above 225°C. In the absence of hydrogen, a rapid deactivation is

observed as well as a different product distribution.

Keywords: platinum on tungsten-oxide-promoted zirconia, isomerization, operational conditions, n-hexane

1. Introduction

Theisomerization of linear alkanes has taken importance
during the last years as away to improve the octane number
in reformulated gasolinesin view of the regulations that de-
crease their aromatic content. The isomerization reaction is
favored at low temperatures due to thermodynamic restric-
tions. Catalysts such as sulfate-promoted zirconia (with or
without platinum) [1-3] have been proposed for the reac-
tion. Sulfur leaching during reaction [4], which induces a
change from tetragonal to monoclinic phase of zirconia[5],
has been observed on these catalysts. Hino and Arata [6,7]
proposed some years ago a new catalyst for isomerization
of akanes: tungsten-oxide-promoted zirconia. This mater-
ia, with the addition of platinum, has proven to be active,
selective and stable for the isomerization of n-hexane [8],
n-heptane and higher hydrocarbons [9]. Preparation con-
ditions appeared to be very important in order to obtain
a good catalytic activity [8,10]. Nevertheless, there is no
information available about the optimal operational condi-
tions to achieve the best cataytic activity, selectivity and
stability.

The objective of this paper is to study the influence
of total pressure, temperature and hydrogen partial pres-
sure on catalytic activity and selectivity of platinum over
tungsten-oxide-promoted zirconia during the n-hexane iso-
merization.

2. Experimental

Zirconium hydroxide was prepared from an aqueous so-
lution containing 11% zirconium oxychloride by adding
dropwise an ammonium hydroxide solution up to pH 10,
as previoudy described [11]. An ammonium metatungstate
solution of adequate concentration such as to obtain about
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15 wt% tungsten over the dried hydroxide, was added by
the incipient wetness technique. The sample was placed in
a desiccator for 12 h, then in a stove at 110°C for 12 h
and finally calcined at 700°C in an air stream for 3 h. This
material will be called WZ. After calcination, the sample
was impregnated by the incipient wetness technique with a
hexachloroplatinic acid (Alfa Chemicals, 40 wt% platinum)
solution of a concentration such as to obtain a catalyst con-
taining about 0.4 wt% platinum. The material was dried in
a stove at 110°C for 12 h and then calcined at 500°C for
3 hin an air stream heating at 2°Cmin~1. This catalyst
will be identified as Pt + WZ.

The platinum and tungsten contents were measured
by inductively coupled plasma optical emission spec-
troscopy (ICP-OES), tungsten at Galbraith Laboratories.
Catalyst characterization was made by nitrogen and hy-
drogen chemisorption, X-ray diffraction and laser Raman
spectroscopy, as previously described [8].

The catalytic behavior during the n-hexane isomeriza-
tion was studied in a flow fixed-bed tubular reactor; 1 g of
catalyst sieved to 35-80 mesh was charged for each test.
The catalyst was calcined at 500°C for 3 hin an air stream,
cooled overnight to room temperaturein a nitrogen flow and
then reduced with hydrogen (22 cm®min~!, 1 kgcm—2)
at 250°C for 1 h. The reaction was performed feeding
n-hexane (Merck p.a) at WHSV 4 h—! and H,: n-hexane
molar ratio 7 during 240 min. Operational conditions used
were: temperature from 175 to 250°C, total pressure be-
tween 1 and 11 kgem—2 and different hydrogen partial
pressures obtained by dilution with nitrogen. n-hexane and
reaction products were analyzed by on-line gas chromato-
graphy using a 30 m long, 0.32 mm O.D., Heliflex bonded
FSOT RSL-150 (Alltech) column, operated isothermally at
30°C. From these data, catalytic activity and selectivity
to the different reaction products (on a carbon basis) were
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Table 1
Platinum and tungsten contents and properties of Pt + WZ.
Tungsten (%) 18
Platinum (%) 0.4
Surface area (m? g—1) 98.0
ZrO, crystalline structure Tetragonal
Swa (tungsten atoms x nm—2) 5.2
Platinum dispersion (%) 24

calculated. n-hexane and its isomers were identified us-
ing a Shimadzu QP-2000 mass spectrometer coupled with
a Shimadzu 14 APT gas chromatograph.

3. Reaults and discussion

The properties of Pt +WZ are presented in table 1. The
high surface area is related to the calcination temperature
that was selected because calcining at 700°C, the maxi-
mum activity (expressed as specific rate, moles of n-hexane
converted x (tungsten atoms density)~! x (time)~1) is
achieved [10]. The XRD pattern indicates that the zirconia
crystalline structure is tetragonal. The surface density of
tungsten atoms, Swa, corresponds to about a tungsten ox-
ide monolayer over zirconig, according to Iglesiaet a. [9].
Because of the preparation technique, platinum preserves
its metallic properties, it chemisorbs hydrogen indicating
a 24% dispersion. For platinum over sulfated zirconia,
platinum does not present metalic properties due to the
coverage by either a platinum oxide layer [12] or by sul-
fur species [13]. Laser Raman studies have shown that
tungsten species present are WO;3 crystallites as well as an
amorphous phase in octahedral coordination [10].

Under the different operational conditions used studying
the n-hexane reaction, an induction period of about 30 min
was observed. This induction period was previoudy at-
tributed to atransient in which intermediate oxidation states
of WOs, the active sites, are generated by the simultaneous
presence of hydrogen and n-hexane [10]. These interme-
diate oxidation states may act as redox sites and transform
hydrogen atoms (generated on metallic platinum) into acid
protons, as proposed by Iglesia et a. [9].

The effect of total pressure on catalytic activity and on
selectivity to isomers and to cracking products, at 200°C
and at constant hydrogen : n-hexanemolar ratio, isshownin
figure 1 (a) and (b). An important increase in specific rate
is observed when increasing pressure up to 6 kgcm=2, de-
creasing dightly at pressures higher than 8.5 kgcm—2. The
selectivity to isomers does not change significantly, reach-
ing maximum values between 6 and 8.5 kgcm—2, corre-
sponding to minimum values of the selectivity to cracking
products. The data presented correspond to 100 min on
stream, the specific rate and both selectivities remaining
constant up to the end of the runs.

The higher the temperature, the larger the specific rate.
Above 225°C, the selectivity to isomers decreases with a
corresponding increase in the selectivity to cracking prod-
ucts, as presented in figure 2 (a) and (b). Pt-+ WZ is oper-
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Figure 1. (a) Specific rate (moles of n-hexane converted x SVT,,} xh=1) as

afunction of total pressure. (b) Selectivity to isomers (LJ) and to cracking

products (57) as a function of total pressure. Activity test a 200°C;
WHSV = 4 h—1; H, : n-hexane (molar) = 7; TOS = 100 min.

ated at a lower temperature than platinum-loaded zeolites
[14,15] allowing a higher selectivity to dimethylbutanes, the
n-hexane isomers having the highest octane number. More-
over, Pt +WZ is more interesting than the oldest chlorided
alumina catalysts that present corrosion problems.

It has been previously found that the presence of hydro-
gen is important not only for catalyst stability, but also
for catalytic activity during the n-hexane reaction over
platinum-promoted sulfated zirconia [16]. For Pt + WZ
we have observed a similar effect: both catalytic activity
and selectivity to isomers decrease when hydrogen is di-
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Figure 2. (a) Specific rate (moles of n-hexane converted x S\Ej xh=1) as

a function of temperature. (b) Selectivity to isomers ((J) and to cracking

products (57) as a function of temperature. Activity test at 6 kgecm~—2;
WHSV = 4 h—1; H, : n-hexane (molar) = 7; TOS = 100 min.

luted with nitrogen, as presented in figure 3 (a) and (b).
The effect is more noticeable when hydrogen is completely
replaced by nitrogen. When hydrogen is present, although
at alow Hy:N; ratio, the activity and selectivity remain
practically constant up to the end of the experiments. Nev-
ertheless, in the absence of hydrogen, an important decrease
in conversion and a change in the selectivity to isomers are
observed, as shown in table 2. This behavior is similar
to that found using WZ in the presence of hydrogen, also
shown in table 2.
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Figure 3. (a) Specific rate (moles of n-hexane converted x S\;,i xh=1) as

afunction of the Hy : N, molar ratio. (b) Selectivity to isomers (1) and to

cracking products (57) as a function of the Hy : No molar ratio. Activity

test at 200°C; 6 kgem—2; WHSV = 4 h—1; H; (or Hy + Ny) : n-hexane
(molar) = 7; TOS = 100 min.

We have previously proposed [10] in accordanceto Igle-
sia et a. [9] that the reaction scheme for n-hexane isomer-
ization over Pt + WZ in the presence of hydrogen involves
the dissociation of hydrogen on platinum followed by its
transformation into active sites by interaction with WO3
species. Both platinum and WO; species are related to
isomerization activity.

At short time on stream (TOS), the activity of Pt +WZ,
run with nitrogen during the n-hexane isomerization can
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Table 2
n-hexane conversion (X') and selectivity to isomers (Si) for Pt +WZ run
with nitrogen [Pt + WZ(N2)] and WZ run in the presence of hydrogen
[WZ(H2)] during the n-hexane reaction at different TOS.

TOS X (%) Si (%)

(min) Pt+WZ(N2)  WZ(Hp) Pt+WZ(N2)  WZ(Hp)
15 11.0 12.0 74 87
21 5.0 7.0 83 %
40 24 55 83 95

110 16 30 80 9%
200 13 22 80 95

be associated to the fact that reduced platinum sites over
Pt + WZ can dissociate and store (during the reduction
step) H atoms required for hydrogen transfer and carbo-
cation desorption [9]. Hoang and Lieske [17] observed
a hydrogen uptake after hydrogen treatments of ZrO, and
Pt/ZrO,. The uptake increases with temperature. Desorp-
tion was observed at the uptake temperature when changing
the surrounding atmosphere from hydrogen to inert gas.
Platinum promotes this process, possibly via a spillover
mechanism. The mechanism proposed is the same reported
by Dal’Agnol et al. [18], who considered an increase in
the concentration of surface OH~ groups due to the sur-
face reaction Zr—-O—-Zr + H, — ZrOH + Zr - - - H. For WZ,
the isomerization capacity in the presence of hydrogen at
short TOS can be aso explained by considering that some
WO, species, which are rapidly deactivated, may produce
hydrogen dissociation.

Product distribution as well as the n-hexane conversion
for different operational conditions, at 100 min on stream
are presented in table 3. The main product is 2-methylpen-
tane (2MP) followed by 3-methylpentane (3MP) and 2,3-
dimethylbutane (23DMB). 2,2-dimethylbutane (22DMB) is
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producedin small amounts. Propane, isobutane and pentane
(mainly isobutane) are the only cracking products present,
as methane and ethane were never detected. This result is
indicative that cracking proceeds via the 8-scission of bi-
or trimolecular intermediates [19,20]. Methylcyclopentane
(MCP), cyclohexane (CH) and higher hydrocarbons (Cr.)
are also produced. Platinum does not show hydrogenolytic
activity, although it could be expected for the metal disper-
sion value. Hydrogenolysisis a demanding reaction requir-
ing an ensemble of several metal atoms as active site [21].
Larger metal ensembles are required for hydrogenolysis
than for isomerization [22]. Then, it can be considered
that platinum is highly dispersed. Regalbuto et a. [23] re-
ported a decrease in CO chemisorption upon introduction
of W over Pt/SIO,. It was argued that decoration of plat-
inum crystallites by WO, moieties was causing a partia
physical blockage of the adsorption sites. Hoang-Van and
Zegaoui [24] adso found, using platinum on WO, (for re-
duction temperaturesin the 200400 °C range) that tungsten
suboxides are formed at the P=WO,, interface. These sub-
oxides can migrate onto platinum particles, preferentialy
near the support surface. For our catalyst the chemisorp-
tion capacity and the absence of hydrogenolysis can be
associated to a well-dispersed metal which could be par-
tially covered by WO, moieties considering the tungsten
loading.

The product distribution remains constant with TOS and
it issimilar for the different pressures and temperatures be-
low 225 °C when both platinum and hydrogen are present.
Cracking products increase at 250 °C. The larger the con-
version, the higher the 22DMB (isomer of high octane
number) fraction. For example, with increasing temper-
ature, conversion increases from 9.5 to 69.1% while the

Table 3
n-hexane conversion (X), product distribution and isomer ratios for different operational conditions.?

2MP MP 22DMB

Operational conditions X Product distribution (%) P  DMB  2OMB
% ¢C3 C Cs 2MP 3MP 23DMB 22DMB  MCP CH Czy
T =200°C; Hy:nCg =7
P (kgem=2) 3.0 207 02 11 04 512 312 12.7 25 0.3 02 02 16 6.5 0.2
45 369 01 06 02 525 319 10.8 35 0.2 01 01 16 7.9 0.3
6.0 477 01 03 02 511 319 12.2 38 0.2 01 o1 16 6.8 0.3
85 476 01 02 02 512 319 12.2 36 0.3 01 02 16 6.8 0.3
11.0 416 04 09 04 512 303 12.2 4.2 0.2 01 01 17 6.7 0.3
P =6kgcm 2, Hy:nCs =7
T (°C) 175 95 01 10 03 513 344 104 0.9 0.8 04 04 15 82 0.1
190 259 07 03 01 533 319 10.9 22 0.3 02 01 17 7.8 0.2
200 477 01 03 02 511 319 12.2 38 0.2 01 01 16 6.8 0.3
225 504 07 14 07 493 305 12.0 49 0.1 01 03 16 6.7 04
250 691 32 56 28 448 276 9.1 59 0.2 02 06 16 7.9 0.6
T =200°C; P = 6 kgcm—2
Hz:N (molar) 1 477 01 03 02 511 319 122 38 0.2 01 01 16 6.8 0.3
0.50 373 01 07 04 517 318 11.6 31 0.2 01 03 16 7.2 0.3
0.33 347 03 18 11 495 301 13.0 32 0.2 01 07 16 6.0 0.2
0.25 201 03 23 12 506 296 124 23 0.3 02 08 17 6.5 0.2
0 16 02 26 28 328 367 8.7 0.8 6.9 05 80 0.9 8.0 0.1

aTOS: 100 min.
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22DMB fraction increases from 0.9 to 5.9%. According to
the thermodynamic equilibrium, the formation of 22DMB
is markedly unfavored by increasing temperature [25]. This
means that kinetic factors favor the formation of 22DMB
when increasing temperature. When hydrogen or platinum
are not present (meaning that dissociated hydrogen is not
available) the behavior is different, as presented in tables 2
and 3. The fraction of 2MP, 22DMB and 23DMB are |ower
and those of MCP and C7, are higher and increase with
TOS. It can be supposed that the carbocation correspond-
ing to 2MP could be cyclized and desorbed as MCP. It is
possible that the 2MP corresponding carbocation is ster-
icaly favored for cyclization referred to the carbocation
that produces 3MP. Moreover, it has been reported that
under certain conditions surface intermediates of isomer-
ization are desorbed as MCP rather than as isomers [26].
In the absence of hydrogen the intermediates also remain
longer on the surface producing more polymerized species
(Cr).

The product distribution observed under the different op-
erational conditions, in the presence of hydrogen, as well
as the 2MP/3MP, MP/23DMB and 22DMB/23DMB ratios
(shown in table 3) are similar to those obtained under the
same conditions using platinum over sulfate-promoted zir-
conia (PtSZ) as catalyst [16]. In the presence of hydro-
gen, the 2MP/3MP ratio practically reaches the equilib-
rium vaue (1.7 [25]) while the 22DMB/23DMB rétio is
far from the equilibrium (2.8 [25]). Consequently, a reac-
tion scheme similar to the one proposed for PtSZ [16] can
be considered. The positive effect of hydrogen can be as-
cribed to the necessary presence of dissociated hydrogen to
alow the carbocations desorption, thus producing a small
coke deposition that is always about 0.1%. A negative ef-
fect of hydrogen, indicating a classical bifunctional mech-
anism [27], was previously reported for n-hexane [28] and
n-heptane [29] isomerizations on Pt-containing zeolites. In
our case, the classical bifunctional mechanism needs further
evidence, because of both, the low temperature (that unfa-
vored dehydrogenation reactions) and the induction period
observed at the beginning of the run. The positive effect
of hydrogen may be associated with the generation of the
partially reduced WOj3 species in the presence of hydrogen
and n-hexane. These intermediate oxidation states were
previoudy proposed [10] as the active sites for n-hexane
isomerization over Pt + WZ.

Taken into account that when the H,: N, ratio is only
0.2, theincrease in activity is important, we can agree with
Iglesia et al. [9] that hydrogen dissociation is not the lim-
iting step in the reaction mechanism. But according to our
results, theisomerization may not bethe (only) rate-limiting
step, as proposed by van Runstraat et al. [30] for n-hexane
isomerization on platinum-containing zeolites. They argued
that differences in activity might be a combination of dif-
fusion and adsorption effects. For our catalyst, diffusion
effects may be neglected because the mean pore diameter
of the catalyst is about 100 nm [10].
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4. Conclusions

The operational conditions are very important for cat-
alytic activity of Pt + WZ during the n-hexane isomeriza-
tion in the presence of hydrogen. Activity increases with
temperature in the whole range (175-250 °C) studied while
when increasing pressure the activity increases only up to
6 kgem~2, showing a slight decrease for pressures higher
than 8.5 kgcm—2. The selectivity to isomers decreases for
temperatures above 225 °C. The presence of both platinum
and hydrogen is essential to keep catalytic activity and se-
lectivity. In the absence of one of them, a rapid catalyst
deactivation occurs. Hydrogen has a positive effect on cat-
alytic activity and a classical bifunctiona mechanism can
be neglected.
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