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5.0 CATALYST CHARACTERIZATION

5.1 Objectives

The physical and acidic properties of the catalysts in Table 3 were characterized in order
to- investigate the effects of the catalyst preparation conditions cn their physical and acidic
prope_m's. The catalyst conditions refer to the pracipiiaton method, the nature and amount of
added anion and/or hydrogenation metal, and calcination temperature. The physical properties
included sulfate content, crystallography, specific surface area, pore volume and area
distributions, thermal stability the number and nature of acid sites.

Sulfate contents were evainaied in terms of the sulfur content which was measured by a
sulfur analyzer. The average particle size and crystallography of catalysts were characterized by
X-Ray Diffraction (XRD). Their specific surface areas, and pore volume and are2 distributions
were measured by liquid nitrogen adsorption. The nature of the acid sites of the catalysts was
identified upon examining the infrared spectrum of adsorbed pyridine. The number of acid sites
and acid strength were measured by the method of temperature-programmed desorption of
pyridine (TPD).

5.2 Background

The acidity of zirconium oxide (ZrQ,) is weak. It was reported”? that the highest acid
strength (H,) of the acid sites of ZrQ, calcined in air at 773 K for three hours was 1.5 with the
rumber.of acid sites of 0.06 mmole g* for H, < 1.5 and 0.280 mmoie g* for H, < 4.0. Its acidic
properties can be improved greatly by addition of anions such as $O,, MoO,” or WO, !1@1%%,
The acid strength of a sulfate promoted zirconium oxide can be greater than that of 100% sulfuric
acid“"®; it is considered a strong solid superacid. Addition of the anion also affects the
crjrstallogra.phic phase transformation of ZrQ, leading to formation of high surface area and a
thermally stable crystalline phase (tetragonal form)®*”, Impregnation of the crystallized form
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of ZrO, with a sulfate group does not create strong acid sites, calcination leading to the tetragonal

form does for strong acid sites.

5.3 Experimental
5.3.1 Chsracterization of the Physical Properties
5.3.1.1 Crustalline Structures and Average Particle Size.
These were deter-.ained using a Philips X'Pert X-ray diffractometer. Cu-Kea radiation at
30 kV and 25 Ma was used. Sample preparation consisted of sprinkling and spreading the catalyst
poﬁrder on 2 double sided adhesive tape on a microscopic slide. XRD scans were carried out
between 20 and 60 degrees, 26 at a rate of two degrees per minutc.
The crystaliine structure was identified by the wavelengths (1) and the intensities of the
XRD peaks. The average crystallite size was determined by line b_roadening, and calculated using
the Scherrer equation®?*:
' t=0.9A/[B cos3)
where t is the thickness of the crystal, and B is the angular width of the diffraction peak in
terms of 26, measured at half its maximum intensity.
5.3.1.2 BET Surface A P Volume and A Distributi
The specific surface area of the catalysis was measured using the method of nitrogen
physisomtion. A small amount of sample (0.5 g) was preheated in a sample holder under vacuum
for two hours, and cooled to room temperature. The sample holder was then quenched into liquid
nitrogen (-198.5°C). Nitrogen adsorption was carried out by mtroducing nitrogen gas into the
system over a range of pressures at less than one atmosphere to avoid nitrogen adsorption of
multimolecular layers on the catalyst surface. The amount of nitrogen physically adsorbed on
the catalyst surface was measured after the system reached equilibrium. The surface area was
calculated using the BET equation. The measurement of the pore characteristics (distribution of
incremental pore volume and incremental pore area) of sulfaie promoted oxides was also based

on the principle of liquid nitrogen physisorption at higher nitrogen pressures, where capillary
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condensation occurs. The pore volume and pore area distributions were evaluated using a
Micrometrics 2600 Surface Area Analyzer.
5.3.1.3 Suifur Analysis,

The amount of sulfur in the sulfate-promoted metal oxides was determined using an SC-
132 svlfur analyzer. The dried sample was weighed, placed in a high'temper’ature fumace, and
burned completely in a flow of oxygen. The suifate group in the sample was dissociated into S0,
during combustion. The SO, adsorbed IR energy at z specific wavelength of the IR spectrum, and
its concentration was detected by an IR detector. Typically, prior to the beginning of an analysis,
samples of known sulfur contents were used for calibrating the sulfur determinator.
5.3.1.4 Thermgz! Stabiiity, _

A Hi-Res 2950 thermogravimetric anzlzes (TGA) was used 1o study the thermz] stability
of sulfate-promoted zirconium oxide. The temperature and amount of decompositicn of the sulfate
group during calcination were determined in this way.

In 2 TGA experiment, a small amount (0.04 g) of zirconium precipitates in the presence
of sulfate and platinum (PUZr(OH)/SO, was placed in a sample holder, The sample holder was
then placed in a closed chamber over which nitrogen was continuously passed. The chamber was
then heated from room temperature to 973 K at a rate of five degrees per minute. Results were
presented in terms of the weight percentage of the remaining sample or the rate of the sample loss
versus temperature, as shown later.

5.3.2 Characterization of Acidic Properties
5.3.2.1 Nature of Acid Sites by FTIR.

FTIR was employed to study the binding structure between the sulfate group and zirconium
oxide. The nature of the acid sites of this catalyst was identified and its surface acidity and acid
strength qualitatively evaluated by a Matison Polaris FTIR spectrometer coupled with in-situ
pyridine adsorption. ‘

A self-supported thin wafer of the catalyst pressed from catalyst powder was placed into
an in-situ IR cell with CaF, windows. The cell was then heated to a desired temperature (-433K)
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in a continuous helium flow for two hours to remove moisture adsorbed on the catalyst surface.
Pyridine adsorption was carried out at 433 K using helium as a carrier gas which was first passed
through a saturator containing pyridine and then through the IR cell. All IR spectra were recorded
at 433 K with a resolution of 4 cm™ and 100 scans from 4000 to 400 cm™. They were represented
either in absorbance or transmittance bands between 2400 and 120C cm™. The nature of the acid
sites (Lewis and Bronsted acid sites) was determined by wavelengths of the pyridine chemisorbed
on the catalyst surface; the shift of the S=0O band after pyridine adsorption was used to
characterize the acid strength®”. The effect of hydrogen on the Lewis acid sites, pc .sibly
converting them to protonic acid sites, was studied by introducing hydrogen into the IR cell after
pyridine adsorption and then recording the IR spectra.
5.3.2.2 Temperature-Programmed Desorption.

The method of temperature programmed desorption (TPD) of basic molecules was used
to quantitatively characterize the number of acid sites and acid strength of catalysts.

Pyridine was chosen as the base in the TPD experiments. In a typical run, a smail amount
of sample (~50 mg) was weighed and preheated in air in 2 furnace at 723 K for one hour and a
half to remove the moisture. The sample was then transferred into a quartz tube, with a quartz
wool inside to support the sample. A thermometer was inserted into the quartz tube to monitor
the temperature in-situ of the sample. The latter was then preheated in a continuous helium flow
at 623 K. for twenty minutes to remove adsorbed moisture. Pyridine adsorption was carried out
at 433 K using helium as a carrier gas which passed through 2 saturator containing pyridine and
carried pyridine vapor to pass through the catalyst sample. After the camlyst surface was saturated
with pyridine (determined by GC when the concentration of pyridine in the carrier gas was
constant), the sample was purged with a helium flow for about 40 minutes to remove pyridine
physically adsorbed on the catalyst surface. The temperature-programmed desorption of pyridine
was carried out by increasing the temperature from 433 to 733 K within 20 minutes under flow
zate of helium of 30 mi per minute. The desorbed pyridine was detected by an on-line Varian
3300 gas chromatograph (GC) with a thermal conductivity detector. The desorption peak area was
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related tc the number of acid sites, and the desorption temperature corresponding to the peak
maximum (T,) was used to characterize acid stength.

5.4 Resalts and Discussion
5.4.1 Effect of Addition of Sulfate Group on Properties ¢f Zirconium Oxide
The effect of incorporation of a small amount of a sulfate group on the physical and
structural properties of zirconium oxide (ZrO;) was studied by the several techniques described
earlier. Some properties of ZrQ, wiih and without an added sulfate group are sihown in Table 4.

Table 4. Effect of Addition of Sulfate Group on Some Properties of ZrQO,

Sulfur Specific Average JI

Cat. content | Crysteiline | surface area | particle size
No. Catalyst (wt.% ) form (m%/g) (nm)
Tetragonal
ZD Zro, 0.0 | @13K) 47.0 13.2
Tetragonai
SZD2 ZrO./SO, 2.71 873 K)* 83.4 8.4 k

a: the temperatures given in the brackets are the calcination temperatures

Note that these two catalysts were calcined at different temperatures. These temperatures
were so chosen that ZD and SZD2 had the same crystalline structure, the tetragonal form, making
comparison between them more meaningful. A large increase in surface area with a decrease in
particle size was observed when 2 small amount of the sulfate group was added to ZrQ,; this
agrees qualitatively with experimental findings in the literaure™ . The XRD patterns of ZD and
SZD2 after calcination at 773 and 873 K, respectively showed that they were in the tetragona!
form. The monoclinic form was not found in the case of ZD. Results reported in the literature®”
claimed that ZrO, calcined at 773 K consisted of a mixtﬁre of tetragonal and monoclinic forms;
a higher calcination temperature (973 K) was required to convert the tetragonal form into the
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monoclinic one. Also noteworthy is that the calcination temperature necessary for a complete
transformation of the amorphous form to the tetragonal crystalline one was at about 100 K higher
for the sulfate-treated ZrQ, than for the sulfate-iree ZrQ,. This indicates that the phase
transformation of the sulfated zirconium oxide from the amorphous form to the tetragonal one
requires a higher thermal activa_ttion, as observed also by cther researchers®. The distribution
of the pore volume is very broad, as indicated by the diameter of the pores which range from 21
to 1083 A, and a large portion of the pore volume is in the mesopore regior (20 - 500 A). In
terms of the pore area distribution, most of the BET surface area of this catalyst is located in a
narrow range of the mescpore region, 21 - 60 A, with a very small portion being located in the
larger pore area region.

Formation of acid sites of SZD2 upon addition of a sulfate groui: was investigated using
FTIR. Before calcination, the absorption bands of the sulfate group cculd not be identified. The
peak at 1610 cm was attributed to adsorbed molecular water. After alcination,' besides a
bending vibration of adsorbed molecular water at 1610 cm”, four additional strong vibration peaks
were observed at 1240, 1140, 1020 and 924 cm™. These four peaks are assigned to the
asymmetric and symmetric stretching frequencies of the S=0 and S-O groups of the chelating
bidentate sulfate ions coordinated to zirconium cations (Zr**) in zirconium oxide®”. The sulfaie
groups bound to the zirconium cations were formed during calcination which converted the
amorphous zirconia to the crystalline one, ZrO,.

The nature of acid sites was examined using platinum doped and sulfate-promoted
zirconium oxide (SZD1). The catalyst was heated in-situ under 2 helium flow at 423 K while IR
spectra were recorded after various heating times. These IR spectra showed that the intensity of
the band corresponding to molecular water decreased substantially and 2 new band at 1378 cm”
appeared, which was characteristic of the asymmetric stretching frequency of the S=0 covalent
bond®. This change of the IR specirum is due to the removal of molecular water absorbed on
the catalyst surface during heating, which transformed the catalyst from one with a chelating

inorganic complex to one with an organic sulfate.
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Afier SZD1 was heated in-siny under a helium flow at 423 K for 60 minutes, pyridine was
introduced using hefium as a carrier. The presence of pyridine in this catalyst resulted in a shift
in the asymmetric stretching frequency of the =0 bond from 1378 cm™ to 1338 cm™, with three
new adsorption bands appearing at 1537, 1491 and 1444 cm™. This shift is believed to be cue to
the fact that when pyridine was adsorbed on the central zirconium cation, it changed the nature
of the S=0 tond from a higialy covalent double bond to one with less double bond character. In
fact, the magnitude of this shift was used by other researchers for evaluating the acid strength of
sulfate-promoted metal oxides'™. ’

The nature of the acid sites on SZD1 can be icentified from the three pyndme adsorption
bands appearing at 1444, 1491 and 1537 cm™, respectively. They are assigned to the pyridine
chemisorbed oa the Lewis acid sites (L-Py), both the Lewis and Brénsted acid sites (L+B-Fy},
and the Bronsied acid sites (B-Py)"'"''?, respectively.

5.4.2 Effect of the Preparaticn Procedures on Properties of PUZrO,/SO,
5.4.2.1 Precipitation Metheds. ' '

Two PYZr0,/SO, catalyst samples, SZD1 and SZD22, were prepared from Zr(SO,), H,0
using heterogeneous and homogeneous methods, respectively. Some selected physical and acidic
properties of these catalysts are shown in Table 5.

Table 5. Comparison of Selected Physical and Acidic Properties Between SZD1 and SZD22
Prepared by the Heterogeneous and Homogeneous Precipitation Methods

e — ==?
Physical Properties Acdic Properties
average
Cat. sulfur | surface area c—ystallme patticle size | T, acidity
No. | (wt.%) (mi.g") form (nm) @& | (mmolelg)
SZD1 2.71 83.4 tetragonal 8.4 563 0.358
SZD22 1.34 90.0 tetragonal 8.2 530 0.150

The nature of crystalline phases, specific surface area and average particle size of these two
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catalysts were close with a notable difference in sulfur content. On the other hand, their acidic
properties were strongly affected by the precipitation method, as revealed by TPD measurements.
The peak desorption temperature (T,) of SZD1, which is related to acid strength, was about 30
K higher than that of SZD22. This indicates that the acid strength of PY/Zr0,/SO, synthesized by
the hetemgeneou§ precipitation method (SZD1) was higher than ihe one obtained by the
homogeneous method (SZD22). The number of acid sites of SZD1 was also larger than that of
SZD22, which was probably aitributad to the fact thai the suifur conient of SZD22 was lower than
that of SZD1. The experimental results indicate that the heterogeneous precipitation method is
better than the homogeneous one to synthesize the P/ZrQ,/SO, catalyst with higher acid strength
and acidity.

Additional TPD runs for SZD1 and SZD22 were carried out under similar conditions to
check the reproducibility of measurements for the acidity and acid strength of these two camalysts.
5.4.2.2 Effect of Caicination Temperature,

Calcination temperature is important as it dictates the degree to which the amorphous
phase of such catalysts is converted to crystalline forms. It also affects the sulfur content. The
effect of calcination temperature was examined by calcining platinum doped and suifate-promoted
zirconium hydroxide at various temperatures. The results are shown in Table 6.

Table 6. Effect of Calcination Temperature on the Physical Properties of Pt/ZrO,/SO,

[———————————"" "

Catalyst Calcination Sulfur content | Crystalline | Average particle ﬂ
No. Temperature (K) (wt. %) form size (nm)
SZD5 773 4.32 A not applicable
SZD6 823 4.07 A+T 8.4
| szps 873 1.58 T 7.0 |
SZD7 923 1.51 T 7.6 ||
|L SZD8 | 973 1.16 T 8.4 "

A: the amorphous form; T: the tetragonal form
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Sulfur is evidently lost upon calcination. The loss was negligibly small whea the
calcinztion temperature was below 823 K but it became severe when the calcination temperature
was above 873 K. In this later case, more than 70% of the sulfur contained in the catalyst was
lost. On the other hand, the TGA profile of the amorphous Pt/Zr(OH),/SO, recorded from room
temperature to 973 K indicated that the weight loss of the catelyst started in the temperature range
between 373 and 473 K, which is related to the amount of the piaysically adsorbed water and
that of the water generated by ihe decomposition of Zr(OH), into ZrQ, and H,0. The weight ioss
from 573 to 823 K was insignificant; it became important (6.85% of the weight of the initial
sample was lost) when temperature was between 873 and 973 K. This' later was revealed by a
peak which appeared in that temperature range in the TGA profile. This observation indicated that
when the calcination temperature exceeded 873K, a significant amount of sulfur was lost gue to
thermal d=composition of the sulfate group. _

The XRD profiles of platinura doped and sulfate-promoted zirconium hydroxide before and
after calcination at different temperatures were ob:amed Before calcination, the précipitates were
amorphious. When they were calcined at 773 K (SZDS), XRD pattern did not eventually change,
indicating that they did not crystallize at that temperature. On the other hand, ZrG, without a
sulfate treatment was found to be only in tetragonal crystalline form when calcined at the 773K
for the same period of time. The presence of the sulfaie group in the zirconia precipitates
evidently retards crystallization of Zr0./SO,. The XRD spectra also show that the phase
transformation of the Pt/ZrQ,/SO, from the amorphous form to the tetragonal one occurred when
the calcination temperature reached 823 K. The tetragonal crystalline structure developed further
with increasing calcination temperature. ‘When temperature was above 873 K, it was completely
converted into the tetragonal form. It was also in the tetragonal form after calcination at 973 K.
By contrast, ZrQ, without sulfate treatment was converted from the tetragonal into the monoclinic
form at 973 K“9. '

The average particle size of the PUZr0O,/SO, catalysts increased visibly with increasing
calcination temperature when the laiter was above 873 K. This finding agrees reasonably well
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with the experimental fact that the surface area of such a catalyst decreased when it was calcined
at a temperature above 873 K016128,
5.4.2.3 Effect of the Nature of the Anion,

1t is known that when an anion (e.g. SO*, WO; or MoQ,) is introduced to certain metal
oxides, their surface acidities are strongly enhanced®® %, Their effect on the acidic propertes
of Pt/ZrO, was determined by TPD. The experimental results are shown in Table 7.

Among the various anions, the sulfate group gave the best performance in terms of the
increase in acidic properties of the PUZrQO,. This may be due to a stronger inductive effect of
SO,% in the formation of the sulfur surface compiex compared to WO, and MoO,;  The XRD
profiies of the PU/ZrQ, promoted by SO.*, WO; and Mo, were obiained. The Pt/ZrO, promoted
with WO, was in the tetragonal form, and so was the PVZrO, promoted with MoO,. The PUZrG,
without anion treatment was in the monoclinic form when it was calcined at 973 K. This leads
to the conclusicn that during calcination at high temperziures, the presence of WO; or MoO,

stabilizes the tetragonal phase of the PUZrOz, as does SO"‘. A similar conclusion has been drawn
by other researchers®®-1%.

‘Table 7. Effect of Additicn of Anions on the Acidic Properties of the Pt/ZrO, Catalysts

Catalyst Acidic properties “

Catalyst No. formula Anion | Acidity (mmoie/g) T, (K) }!
SZD4 PyZr0,/SO, SO | 0.358 63
TZD PYZrO,/ WO, WO, 10.14 556

MZD PYZrO,/MoG, | Mo(C, | 0.085 520 ||

5.4.2.4 Effect of the Concentration of Sulfuric Acid.

The effect of the concentratica of suifuric acid used for sulfation on the physical and acidic

properties of sulfate-promoted and Pt doped zirconium oxide metal oxides was investigated. To

that end, zirconium hydroxide precipitates were impregnated with sulfuric acid of vanous
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concentrations. The sulfur content and acidity of these catalysts are shown in Table 8.
Interestingly, the weight percentage of the sulfate adsorbed on the PYZrC, after calcination at 873
K differed only slightly for a relatively wide range of the sulfuric acid concentration (0.2 - 6.0N).
Although this finding was unexpected, it should be pointed out *hat in addition to the concentration
of sulfuric 2cid used for sulfation, the sulfur content also depends, possibly to a great extent, on
the calcination temperature. This latter statement is supported by the resuits i Tabie 6. It was
also reported“® 1 that, at calcination temperatures below 873 K, the sulfur contents increased
with increasing concentration of sulfuric acid; at a calcination temperature above 873 K, the sulfur
contents became relatively insensitive to the concentration of sulfuric acid. The surface area of
the PUZsO/SO, impregnated with 1 N H,SO, (SZD3) was 107 m®/g, close to the result reported
in the literanr="S112: the calculated surface sulfur is 14.5-10° g/m®. This calculation was done
by dividing the amount cf sulfur in the catalyst by its surface area. If it is assumed that each
sulfur species occupies 25 A® (corresponding to 21-10° g/m)4® the sulfur adsorbed on the
surface of the PUZrO,/SO, catalyst would be close to a2 monolayer.

Table 8. Effect of the Concentration of Sulfuric Acid on the Properties of the PUVZrO,/SO,
Catalysts (calcined at 873 K in air for three hours)

H,SO, Sulfur Acidity (mmole/g)
Catalyst No. (N) (wt. %) Calculated" | Experimental
| szoo | o2 1.48 0.463 0.249
ﬂ SZDI10 0.5 1.51 0.472 0271 |
u $ZD3 1.0 1.56 0.488 0.358 ||
Ii SZDI1 3.0 1.58 0.494 0.263 H
uz SZD12 _6.0 1.56 0.488 0.323 ﬂ

a: the calculation was based on the assumption that each sulfate group incorporated in the
catalyst forms an acid site.

The number of acid sites of the PUZrO,/SO, catalyst increased with increasing HSO,
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conoenuatfon in the range of 0.2 - 1 N. With further increase in the H,SO, ccncentration. the
number of acid sites decreased first and then increased. The PY/Zr(Q,/SO, catalyst prepared by
impregnation of zirconium precipitates with 1 N H,SO, concentration gave the highsst number of
acid sites. The calculated number cf acid sites of the PUZrO,/SO, catalysts were higher than the
experimental ones determined by TPD. This may be understood by stating that the acid sites
distributed on the catalyst surface may possess different acid strengths with some weak acid sites
being unable to adsorb pynidine. On the other hand, not all of the adsorbed sulfate species wouid
form a bidentate complex with the zirconium cations responsible for generatior of highly acidic
sites. |
5.4.3 Properties of Pt and Sulfate-Promoted Mixed Zircomium and Hafnium Oxides
Piztinum and sulfate-promoted mixmres of zirconium and hafnium oxides,
PY/ZrO,-HfO,/SO,, were prepared by the heterogeneous coprecipitation method. Their acidic
properties were compared with platinum and sulfate promoteﬁ zirconium oxide and hafnium oxide,
respectively (Tabie ). | |

Table 9. Acidic Properties of Pt and Sulfate-Promoted ZrG,, HfOQ, and Their Mixtures
(calcined at 873 K for three hours)

[‘ Zr/(Hf+Z1) Acidic properties H
Catalyst Caralyst molar Acidity T, F
No. formula fraction (mmole/g) ) |
S$ZD3 PYZrQ,/SO, 1 0.358 553 u
SZHD1 Pt/ ZrO,-HfO,/SO, 0.3 0.228 543
SZHD? | PUZrO,HfO./SO, 0.5 0.215 533
H SZHD?3 P/ ZrQ,HfO,/SO, 0.2 0.198 533
[ SHD PYHIO,/SO, __0 0.186 533 |

The number of acid sites of the PVZr0,/SO, catalyst (SZD3) was much higher than that
of the PYH{O,/SQ, catalyst (SHD). Its number of acid sites was reduced when HfOQ, was present.
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The acid strength, characterized by the peak desorption temperature (T,) of the PU/Zr0,/SO, was
also higher than that of the PrYHfO,/SO, and the mixtures, PVZrO,HIO/SO,.
The metal oxide that can be effectively promoted by a sulfate group to form strong acid

sites should have 2 metal atom with high electronegativity and high coordination number®”.
Zirconium and hafninm cations of the same group in the periodic table have the same charge,
same size and same electronegativity™”. The difference in acidic properties between sulfate-
promoted and platinum-doped zirconium oxide and hafnium oxide may be related to the different
structures of these two catalysts. The XRD pattern of the PUZrO,/SO, calcined at 873 K showed
a completely tetragonal form . The XRD pattern of PUVZr0,HiO,/SO, consisted of a mixture of
the tetragonal and monoclinic forms. However, the XRD pattern of the PUYH0O,/SO, catalyst
calcined at the 873 K was in the mixture of monoclinic form and amorphous. It has been
reported®® that the Zr(Q./SO, catzlyst in the tetragonal form was more active than that in the
monoclinic form or amorphous. This suggests that the PUH{O,/SO, catalyst in the mixture of
monoclinic form and amorphous might account for its low number of acid sites and weak acid
strength compared to those of the PUZr0,/SO, caialyst in the tetragonal form.
5.4.4 Effect of Addition of Hydrogenation Metals on the Acidic Properties of ZrO./SO,
Addition of a hydrogenation metal to the ZrO,/SO, catalyst not only prolengs its caialytc
life but also affects its acidic properties. FTIR technique was mainiy employed for this study.
The IR spectra of pyridine adsorbed on the Zr0./SO, doped with 1.0 wt. % of Pt (S§ZD14)
and 2.0 wt. % of Ni (SZD21) and the IR spectrum of the Zr0,/SO, catalyst (SZD2) were obtained.
After 60 minutes of in-situ preheating of these samples in the presence of helium, the band at
1616 cm™, corresponding to physically adsorbed molecular water, decreased substantally,
an¢ 2 new band at 1398 cm™ in the case of SZD2, and 1385 cm™ in the case of SZD21, due to
S=0 appeared. Upon introducing pyridine carried by helium, three new bands appeared in the
wavelength region between 1440 and 1550 cm; the ones at 1444, 1491 and 1537 cm™ were
attributed to pyridine chemisorbed on Lewis acid sites (L-Py), on both the Lewis and Bronsted
acid sites {(L+B-Py) and the Bronsted acid sites (B-Py), respectively. The band at 1398 cm?
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corresponded to the S=0 in the ZrO,/SO,; it shifted to 1373 cm’ when €.5 wt. % of Pt was added
to the Zr0,/SO,. After adsc:pﬁo;i with pyridine, this band shifted to 1330 cm™ in the case
of Zr0,/SO,, and to 1338 em™ in the case of Pt doped ZrO,/SO,. The amount of the shift in the
wavelength of the S=0 was lower in the case of the Pt doped Zr0,/SO,, indicating that the acid
strength of the ZrOy/SO, catalyst decreased upon addition of Pt. The amount of shift of the S=0
was used to quandfy the acid strength of sulfated metal oxides™,

The effect of the presence of hydrogen on the acidic properﬁes of the ZrQ,/SO, with or
without an added hydrogenation metwl was also studied by FTIR. The IR spectrum showed that
when hydrogen was introduced to the PUZr0,/SO, (SZD14), the band at 1491 cm™ due to the
L+B-Py increased significantly with a concomitant decrease in that at 1444 cm™ due to the L-Py.
This experimental finding agrees with published work®!**?, The conversion between the Lewis
and Bronsteu acid sites in the PYZr0,/SO, in the presence of hydrogen was explained by the
dissociation of the hydrogen molecules adsorbed on Pt into hydrogen atoms, their spillover onto
the ZrO,/SO, surface 2nd electron transfer from hydrogen atoms to the Lewis acid sites i)roducing '
protonic acid sites'?. Interestingly, the presence of hydrogen with ZrQ,/SOy in the absence of
a hydrogenaton metal did not have any effect on the bands of the L-Py and L+3B-Py mentioned
above (Figure 20a). This was also observed with NVZrQ/S0O,. The fact that platinum and nickel
did not play the same role with Zr0./SO, may be understood as follows: nickel is not as good a
hydrogenation metal as is platinum, so that there is little hydrogen spillover from nickel.

5.5 Summary
We have demonstrated that addition of SO, WO, and MoOQ;, to platinum promoted

zZirconium oxide is instrumental in changing both physical and acidic properties. Small amouats
of these materials (-2%) on the zirconium oxide significantly increased its surface area and
improved the thermal stability of its tetragonal phase. As a result, its surface acidic properties
increased greatly. Among these anions, the sulfaie gave the best promotional effect on acidic

properties of zirconium oxide. It was found that the method of preparation of catalyst, the nature
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of the anion and that of hydrogenation metal were also important for modifying the physical and
acidic properties of the catalyst. A PUZrO,/SO, sample prepered by heterogeneous precipitation
with 1 N sulfuric acid for sulfation and calcination for three hours at 873 K gave better acidic
properties. We have found that, in the presence of hydrogen, protonic acid sites could be formed
on platinum doped Zr0,/SO, but not on nickel doped Zr0,/SO,. ‘
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6.0 ACTIVITY OF ANION-MODIFIED METAL OXIDES FOR HYDROCRACKING
AND HYDROISOMERIZATION OF ALKANES

6.1 Objectives

The activity of anion-modified metal oxides for hydrocracking and hydroisomerization of
long chain hydrocarbons was measured experiraentally. Normal hexadecane was chosen as a
model compound to represent the behavior of F-T waxes. A baich reactor was used to carry out
the reactions. The main objectives of this study were:

(1) to investigate the effect of catalyst preparation conditions on the catalytic activity for
the hydrocracking and hy aroisomerization of n-hexadecane. These catalyst preparation cenditions
included the nature of the starting zirconia precursor, the precipitation method, the nature and
amount of anion, and the calcination temperature. It was also hoped to gain an insight into the
relationship between catalytic activity and acidic properties of P/ZrO,/SQ,.

(2) to study the effect of addition of various hydrogenation metals cn the catalytic activity
and product selectivity of Zr0O,/SO, toward hydrocracking and hydroisomerization of n-
hexadecane. )

(3) 1o determine the activity of sulfate promoted bimetallic oxides (Pt/Zr0,-HfO,/SO,) for

hydrocracking and hydroiscmerization of n-hexadecane.

6.2 Background

Addition of a sulfate group to certain metal oxides such as ZrO,, HfO, and TiO, enhances
their surface acidity significantly®™™™®. Consequently, their catalytic activity for acid-catalyzed
reactions increases to a grea: extent. Hino and Arata® found that sulfated zirconium oxide
catalyst could be used to isomerize light alkanes at low temperatures (-423 K). Formation of
multibranched isomers was favored at these low temperatures. Hosoi et al.“*!7:!'? reported that
incorporation of certain transition metals such as Pt, Pd and Ni on Zr0O,/SO, enhanced catalytic
performance for isomerization of n-pentane in the presence of hydrogen; a2 major purpose of the
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meial was to prevent deactivation of the catalyst due to coke formation. Wen et al.*'* found that -
PVZrO/SO, was highly active in. hydrocracking and hydroisomerization of n-hepiane
and n-hexadecane under relatively mild reaction conditions (383 - 443 K; 200 - 300 psig of
hydrogen pressure) obtaining a high selectiﬁty ( > 90%) 1o hydrocracied isoparaffins. In terms
of catalytic activit)ll and product selectivity, the P/ZrO,/SO, catalyst seemed to be promising for
upgrading F-T waxes to obtain liquid fuels.

It is believed that the catalytic activity of P/ZrO,/SO, for acid catzlyzed hydrocracking
and hydroisomerization of hydrocarbons is related to its acidic properties. The jat'er can be
affected by several parameters, such as the preparation procedure, the amount and nacure of the
anion and the hydrogenation metal. A main objective of our work was to explore the effects of
these parameters on the catalytic activity and product selectivity of the PUZrO,/SC; catalyst for
hydrocracking and hydroisomerization, and to gain insights into the relationship between the

catalyst activity and acidic properties of this metal oxide.

6.3 Experimenial

n-Hexadecane (99%) was purchased from Aldrich Chemical Company, and used as
receiveq.
6.3.1 Experimental Setup

A horizontal shaking microreactor system (Figure 2), providing good catalyst-reactant
mixing and gas-liquid mass transfer, was used to carry out hydrocracking and hydroisomerization
experiments with n-hexadecane. The microreactor consisted of three portions: a horizontal reactor
tbe (1 in.0.d. x 4.625 in.), a verti¢al reactor stem (1/2 in.o.d. x 10 in.), and a meltiport valve
connected on top of the reacter stem. The horizonta! tube was sealed at one end, and the other
end was fitted with a cap to allow charging of the catalyst and discharging of the products. The
reactor stem isolated the multiport valve from the heating source (a fluidized sandbath), and
accommodated a pressure transducer, a thermocouple and a quick connector to allow for

meonitoring of the reaction variables and charging and discharging of gases.
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6.3.2 Reaction Procedure

In 2 typical experiment, one gram of catalyst was activated in a furnace at 723K for one
hour and a haif, then quickly transferred to a predried hot tubing bomb microreactor. After the
caralyst was placed in the horizontal reactor, the open end was immediately closed and the top of
the reactor stem plugged. The horizontal portion of the reactor was cocled to room temperature
with water. Upon removal of the plug, six grams of n-hexadecane was charged into the reactor

through the reactor stem. After connecting the muitiport vaive o the reactor stem, the reactor was
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Figure 2. Schematic Drawing of Microautoclave Reactor.
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mounted on the stand, purged with hydrogen (99.99%) three times, and then pr&ssuriied toa
desired pressure (360 psig). The reactor was shaken for about three tainutes at room temperature
at 160 cycies per minute to allow for pre-mctibn feed mixing and hydrogen dissolution in the
slurry. At time zero, the reactor was immersed in the sandbath which was preheated to the
reaction temperature (433 K).- Typically, the reactor reached the reaction temperature in three
minutes while being shaken at 160 cycles per minute during which the initial pressure increased
to about 440 psig at the reaction temperaiure of 433 K. After reaction, the reactor was removed
from the sandbath and quenched to a cooling water bath for about ten minutes. Because the yield
of gas products cbtained in our reactions was less than 3 wt. %, they were considered negligible
and were vented after cooling. The liquid products were filtered to remove suspended catalyst
powder and analyzed using an HP-5890 gas chromatograph through a 30 m x 0.25 mm i.d. DB-1
capillary column with an injection split ratio of 50 to 1. A flame ionization detector was used for
product analysis. The hydrocarbon components were identified upon comparing their retention
times with those known standards calibrated in the same GC. The coaversion was defined as the
disappearance of n-C16 in the liquid phase, isomerization as the mass of isohexadecanes (i-C16)
and cracking as the mass of compounds with carbon numbers less than 16. The selectivity of
cracking was the mass of cracked products (C5-C13) divided by the mass of n-C16 converted, and
correspondingly the selectivity of isomerization was the mass of i-C16 divided by the mass of n-
C16 converted.

6.4 Results and Discussion
6.4.1 Effect of Preparation Procedure on Catalytic Activity
6.4.1.1 Eif f the Precipitation Method and Nature of Zirconia
Four Pt-doped suifated zirconium oxide samples were prepared from different precursors
and under different precipitation conditions, as described in Table 3 of Section 4.3.3. Their
activity was tested using the hydrocracking and hydroisomerization of n-hexadecane as the reaction
model. The experimental results are given in Table 10.

=l
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Under the same r=action conditions, the Pt/ZrQ./SO, catalysts (SZD1, SZD2 and SZD4)
prepared by the heterogeneous method using Zr(SO,),4H,0, ZrOCl; and ZrO(NO,), as zirconia
precursors showed similar activities and product selectivities towards hydrocracking and
hydroisomerization of n-hexadecane. This indicates that the activity and product selectivity of
the PUZrC,/SO, catalyst evidently does not depend on the particular starting zirconia precursor.
As mentioned earlier, the use of Zr(SO,),4H,O as a zirconia precursor greatly reduced the
washing effort involved in the synthesis procedure. Thus, Zr(SO,},4H,0 was a good replacement
for the conventional zirconia precursors: ZrOCl, and ZrONO,),. Duplié.te runs for
hydrocracking and hydroisomerimlioh of n-hexadecane were carried out under similar reaction
conditions in the presence of the PU/Zr0,/SO, catalysts; these catalysts were prepared from the
same or different batch reacticns, using Zr(SO,),4H,0O as the zirconia precursor. The
experimentzal data obtzined were reproducible, within 4% of experimental error.

. The caralyst SZD22 prepared by the homogeneous precipitation m2thed showed a lower
activity than that of the catalyst SZD1 obtained by the heterogeneous precipitation method; both
SZD22 and SZD1 used Zr(SO,),-4H,0 as the zirconia precursor. The lower activity of SZD22
agrees with the finding that the number of acid sites and acid strength of SZII22 were much lower
than those of SZD1 (see Table 5 of Section 5.4.2.1).






