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The regeneration of three different Pt/KL catalysts has been studied after
the n-hexane aromatization reaction in the presence of sulfur. It has been found
that regeneration in air of poisoned catalysts does not result in recovery of the
aromatization activity. After this regeneration, growth of Pt particles outside
the channels of the zeolite is observed. By contrast, regeneration with addition
of a halo-alcohol results in Pt redispersion and significant recovery of
aromatization activity. The preparation method employed and the presence of
Tm as a promoter plays an important role in the efficiency of the regeneration
procedure.

1. INTRODUCTION

It is well known that Pt/KL catalysts have exceptionally high activity and
selectivity for the aromatization of n-hexane to benzene. The principal drawback
of these catalysts is their high sensitivity to the presence of sulfur even in very
low amounts (e.g., ppb). Therefore, development of sulfur-resistant catalysts is a
major goal in this area. At the same time, the understanding of the regeneration
process is also an issue of great industrial relevance [1-3]. However, only a few
papers in the open literature [4] have focused on the effect of different
treatments after reaction under clean and sulfur-poisoning conditions. In a
recent investigation [5], we have pointed out that by varying the preparation
method of Pt/KL catalysts, one can greatly influence the size and morphology of
the Pt particles inside the channels of the zeolite, and these morphological
variations may have strong effects on the stability of the catalysts under both,
sulfur-free and sulfur-containing feeds. The vapor-phase impregnation method
(VPI) results in catalysts with smaller particles than those in the catalysts
prepared by incipient wetness impregnation (IWI). The characteristic
morphology produced by the VPI method was found to improve the performance
of the catalyst under clean and sulfur poisoned conditions, enhancing the
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catalyst's resistance to the formation of coke and decreasing the particle
agglomeration rate. Similarly, we [6] and others [7-8] have observed that the
addition of small amounts of thulium resulted in improved performance. We
have demonstrated [6] that the addition of Tm (VPI) results in an improvement
in metal dispersion. Also the Tm may act as a getter of sulfur, hence delaying the
effects of sulfur poisoning on the Pt metal. In this contribution we have
investigated different regeneration procedures on three Pt/KL samples, one
prepared by IWI, one by VPI, and a third one prepared by VPI containing Tm.

2. EXPERIMENTAL

1 wt % Pt/KL catalysts were synthesized by incipient wetness impregnation
(IWI) and vapor phase impregnation (VPI). The Tm-promoted catalyst was
prepared by sequential vapor phase impregnation. This method has been
described in detail elsewhere [6, 9]. Briefly, it consists of subliming acetyl-
acetonates of Pt and/or Tm in the presence of dry KLTL zeolite in vacuum.
Fresh and spent samples were characterized by EXAFS, TEM, and FTIR of
adsorbed CO. EXAFS experiments on in-situ reduced samples were performed
at the National Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory. EXAFS data were taken near the LIII-edge of Pt at liquid nitrogen
temperature and the EXAFS signal was extracted from raw data by a
conventional procedure[5]. The range in k-space utilized to do the analysis was
3.5-13.5A1. The FEFFIT fitting routine[l11] was employed to obtain the
structural parameters of the Pt clusters after the various regeneration
treatments. The Debye Waller factors for each bond type (o), the edge energy
difference (AE,), the coordination number (N), and the difference in the bond
distances (AR) with respect to the theoretical reference, were used as fitting
parameters. The aromatization of n-hexane was studied in a pulse reactor in the
temperature range of 400 °C to 500 °C, sending pulses containing around 6.57 x
10" moles of n-hexane in a Hz carrier. The catalysts were studied in the freshly
reduced state, after 9 h under steady state reaction, in the presence of 2 ppm S,
and after regeneration. Regeneration procedures were carried out using
oxidizing treatments with air and 1,3 dichloro-2-propanol. For both the
regeneration treatments, the samples were reduced in situ under Hz for 1 h at
500 °C. For the regeneration in air, the temperature was decreased to 400 °C
and the sample was exposed to air for 1.5 h. For the halo-alcohol regeneration
procedure, the sample was first treated with 5% O/He for 30 min at 400 °C. This
was followed by an oxychlorination step to obtain the redispersion of Pt particles.
The halo-alcohol was saturated with a continuos flow of He through a gas
bubbler and then diluted with a stream of 5% Oa/He at 400 °C. Then, the sample
was exposed to this mixture for 1.5 h. After that step, the halo-alcohol was
switched off and the catalyst was allowed to oxidize under 5% Os/He for another
30 min. The samples were then re-reduced at 500 °C for 1 h before the pulse
experiments.
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3. RESULTS

3.1. Catalytic Activity Measurements

The conversion of n-hexane was studied in the pulse reactor after the
various pretreatments. Fig. 1 shows the benzene yields obtained on the three
catalysts at 500 °C. In agreement with previous results [6], the fresh VPI and
Tm-VPI catalysts exhibited somewhat higher activity and selectivity than the
standard IWI Pt/KL catalyst. However, the greatest differences were observed
on the samples aged under sulfur and those regenerated in air alone or with the
addition of chloropropanol. In those samples, the VPI and particularly the Tm-
VPI show much better performance than the standard IWI catalyst.
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Fig. 1. Benzene yield for IWI, VPI and Tm-VPI catalysts at 500°C.

3.2. Catalyst Characterization

The characterization by EXAFS, TEM and Hz chemisorption conducted over
the three different catalysts indicate that the VPI method leads to the formation
of Pt clusters inside the channels of the zeolite much smaller than those
prepared by IWI. As summarized in Table 1, EXAFS shows lower Pt-Pt
coordination numbers, confirming the presence of smaller clusters.

Table 1
Structural parameters determined from EXAFS analysis.
Fresh . Poisoned . Reg-Air . Reg-Haloalcohol .
Pt-Pt | Pt-O | R(A) [ Pt-Pt | Pt-O | R(A) | Pt-Pt | Pt-O | R(A) | Pt-Pt | Pt-O R (A)
7.6 - | 274 | 82 - | 275 87 - 1274 ] 3.1 - | 2.66
WL | 025|273| - |035(271| - | 02 (270 38 | - |277
-- | 0.40 | 2.68
2.1 - | 281 ] 3.1 - 277 58 - | 274 2.8 -- | 2.78
VPL| 27 | - 1269 26 | - |267| - |06 |266| 29 | - |267
-- 0.6 | 267 | -- 0.5 |2.67 -- 0.6 | 2.66
2.2 - | 274 | 19 - 28 | 1.9 -- 28 | 25 -- | 278
'5‘;‘1 2.1 - | 261] 28 - | 269 33 - 269 25 -- | 2.66
-- 1.1 [239] - 095|267 - 09 | 269 | -- 09 | 2.64
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At the same time, the coordination of Pt with the lattice oxygen of the zeolite was
higher for the VPI catalyst than for the IWI, indicating a greater extent of
interaction with the zeolite walls. Similarly, the addition of Tm as a promoter
helps to obtain a higher dispersion of Pt, as reflected by lower coordination
numbers on the freshly reduced catalyst.
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Fig. 2. Fourier Transform obtained from EXAFS data for fresh, spent and
regenerated samples. (line with filled circles-IWI ; thick line-VPI ; thin line-Tm-
VPI).
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EXAFS has been used to investigate the changes in morphology of the Pt
clusters on the three different catalysts after the various treatments. Fig. 2
includes the Fourier transforms of the EXAFS data obtained on the IWI, VPI,
and Tm-VPI samples in the freshly reduced state, after reaction under sulfur (9
h, 2 ppm), after regeneration in air, and after regeneration with addition of
chloropropanol. Interesting trends are observed. After reaction for 9 h in the
presence of sulfur, a moderate increase in coordination number was observed for
all three catalysts. However, it is important to note that, even after this growth,
the particles in the VPI and Tm-VPI catalysts are still very small, as indicated
by the low coordination numbers.

DRIFTS of adsorbed CO helps to further understand what happens with the
catalysts after regeneration in air. The fresh catalyst exhibited the typical
distribution of bands in the range 2080 to 1950 cm-l. As discussed previously
[5,10], the appearance of the low wavenumber bands are associated with the
formation of Pt-carbonyl species, stabilized by the zeolite. Important differences
were observed in the spectra of adsorbed CO after exposure to sulfur. While the
spectra for the IWI catalyst showed a significant decrease in the region between
2014 and 1970 cm-, the spectra for the VPI catalyst only showed a modest
change in this region. In addition, regeneration in air of the IWI catalyst caused
the appearance of a shoulder at about 2084 cm on the IWI catalyst that we
attribute to large Pt particles that migrated to the outer surface of the zeolite. In
contrast, after similar calcination at high temperature, the VPI and Tm-VPI
catalysts did not exhibit that high wavenumber shoulder and showed lower
decrease in hydrogen chemisorption in comparison with the IWI catalyst.
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4. CONCLUSIONS

This study has demonstrated that both, the catalyst preparation method and
the regeneration procedure have important effects on the activity of the
catalyst samples. The VPI and the Tm-VPI catalysts have a better sulfur
resistance than the IWI catalysts due to their initial small particle size.
Therefore, channel blocking and Pt particle entrapment is delayed.
Regeneration in air results in sintering of particles, which causes a drop in the
activity of all the samples. The oxychlorination treatment of the poisoned
samples result in better Pt dispersion and an increase in the aromatization
activity. The increase in the aromatization activity for the IWI sample can be
attributed to the redispersion of Pt particles as clearly indicated by EXAFS.
For the VPI and Tm-VPI samples, the increase is mainly due to coke and sulfur
removal. The addition of Tm as a promoter helps in maintaining the dispersion
of Pt particles under the regeneration process.
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