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Abstract

The influence of the zinc addition to alumina supported Pt and PtSn catalysts is analyzed in this paper, not only on the activity, selectivity
and deactivation in the propane dehydrogenation reaction, but also on the characteristics of platinum metal phase. Zinc can give a remarkable
improvement in dehydrogenation performance of catalysts. High propylene selectivity (>=97%) can be obtained over zinc-doped catalysts. Physic-
ochemical technologies like BET, NH;-TPD, H,-TPR, H,-chemisorption, C3H¢-TPD, CO-FTIR and TPO were used to characterize the metal
phase of catalysts. The presence of zinc modifies the metallic phase, mainly by geometric and electronic modifications of the metallic phase. These
modifications could be responsible for the improvement of catalytic performance.
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1. Introduction

Catalytic dehydrogenation processes are of increasing impor-
tance because of growing demand for light olefins such as
propylene and isobutene. Supported platinum is a good cata-
lyst for reforming and dehydrogenation reactions. Addition of
Sn to Pt/Al,O3 naphtha-reforming catalysts is well known to
promote desired dehydrogenation reactions and inhibit coking
reactions [1-3].

The role of Sn in PtSn catalysts has been extensively investi-
gated in many studies [4—11]. The effect of tin has been explained
in terms of geometric effect and/ or electronic effect [12]. Geo-
metric effect. tin decreases the size of platinum ensembles,
reducing hydrogenolysis and coking reactions that require large
platinum ensembles. Electronic effect: tin modifies the elec-
tronic density of Pt, either due to a positive charge transfer from
Sn™* species or to the different electronic structures in PtSn
alloys [13]. The dehydrogenation performance of PtSn catalysts
depends on the Sn/Pt atomic ratio, the preparation method and,
especially, the interactions between platinum and tin species.
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Since the dehydrogenation of propane to propylene is an
endothermic reaction, temperatures in excess of 550°C are
needed to obtain high conversions. However, the rate of
hydrogenolysis and coking reactions becomes significant at
these high temperatures. Accordingly, the selectivity toward
dehydrogenation becomes low at high temperatures required
for favorable dehydrogenation thermodynamics. Although great
efforts have been made to improve the stability, selectiv-
ity and activity of PtSn catalysts by the addition of some
alkali metals such as Li, Ba, K, Ca and others, or by
the utilization of non-acidic and thermal stable supports
such as MgAl,O4 and ZnAl,O4 [14,15], the dehydrogena-
tion performance of PtSn catalysts is still not satisfactory,
especially regarding the stability and selectivity of the cat-
alysts. Therefore, it is necessary to further improve the
catalytic performance of PtSn catalysts during light paraffin
conversion.

Addition of Zn to Pt-based catalysts can lead to an obvious
change of catalytic performance. For example, the addi-
tion of Zn to Pt/Al,O3 catalysts can promote the selective
reduction of NO [16] and improve the resistance of these
systems in waste gas treatment processes [17]. It has been
reported that over Pt/ZnO catalysts high hydrogenation and
dehydrogenation selectivity could be obtained [18,19]. These
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performance changes are mainly attributed to the strong inter-
actions between Zn and Pt which result in the formation
of PtZn alloy and the change in electronic property of Pt
atom (e.g., the formation of Pt®~—Zn’" entities). It appears
that Zn causes similar effects to Sn for the modification of
Pt catalysts in dehydrogenation processes. However, com-
paratively few studies about the effects of zinc on alumina
supported platinum catalysts in propane dehydrogenation were
reported.

In this paper, the influence of the Zn addition to alumina
supported Pt and PtSn catalysts on the activity, selectivity
and deactivation in the propane dehydrogenation reaction is
analyzed. Besides, a more detailed study of the effect of
the Zn addition to alumina supported Pt and PtSn catalysts
on the characteristics and properties of metallic phase is
reported.

2. Experimental
2.1. Catalyst preparation

A commercial y-Al,O3 (SggT: >250 m?2 g’1 ), previously cal-
cined in air at 550 °C for 4 h and 40-60 mesh sieved, was used as
support. Pt/y-Al, O3 catalyst was prepared by impregnating with
excess aqueous solution of the Pt precursor (HyPtClg). After
the impregnation, the catalyst was dried at 110°C overnight
and then calcined at 500 °C in air for 4 h. For Sn—Pt/y-Al,O3
and Zn—Pt/y-Al;O3 catalysts, Sn or Zn was first deposited by
impregnating with SnCl; ethanol solution or Zn(NO3); aqueous
solution, followed by drying and calcination, and finally the Pt
component was added from aqueous Pt solution in a similar
way. In the case of trimetallic catalysts, different impregna-
tion orders were used. The trimetallic catalysts were designated
by the names of the metal elements (Zn, Sn and Pt) separated
by hyphens (-) and arranged in the order in which they were
impregnated, dried and calcined. For example, Zn—Sn—Pt/y-
Al,O3 is a trimetallic catalyst prepared by successive steps
of: (i) impregnation of y-Al,O3 with an aqueous solution of
the Zn precursor; (ii) drying and calcination; (iii) impregna-
tion with an ethanol solution of the Sn precursor; (iv) drying
and calcination; (vi) impregnation with an aqueous solution
of the Pt precursor; (vii) drying and calcination. Normally,
the loadings of Pt, Sn and Zn were 0.3, 0.9 and 0.5 wt.%,
respectively.

2.2. Activity test

Catalysts were tested in the propane dehydrogenation reac-
tion in a flow reactor at atmospheric pressure. A sample (0.3 g),
placed in a quartz fixed-bed reactor, was previously reduced
under flowing pure Hy (12.6 ml/min) at 576 °C for 2.5 h. Then
the reaction mixture composed of Hy, C3Hg and Ar (H>/C3Hg/Ar
molar ratio = 1:1:5) was fed to the reactor. The total GHSV was
3800h~!. Five minutes after beginning of the reaction, the gas
compositions of reactant and products were analyzed by an
FID gas chromatographic system (Shimadzu GC14-C) with a
Porapak-Q packed column.

2.3. Catalyst characterizations

2.3.1. Surface area measurements

The surface area of catalysts was measured on an automatic
analyzer (NOVA 4000, Quantachrome, USA). The samples were
outgassed for 1 h under vacuum at 300 °C, prior to adsorption.

2.3.2. Temperature-programmed desorption of ammonia

The acid properties of zinc-doped Pt and PtSn catalysts were
determined by NH3-TPD on an ASAP 2010C chemisorption
analyzer. Samples (0.2 g) were placed into a quartz U-type reac-
tor between two quartz wool plugs. The samples were treated by
flowing dry argon (99.99%) at 500 °C for 1 h prior to adsorption
of ammonia. Then, samples were saturated by an ammonia pulse
at room temperature. Before the run, the baseline was stabilized
in dry argon (30 ml/min) at the same temperature for 2 h. Subse-
quently, the temperature was raised up to 600 °C with a heating
rate of 10°C /min. The NH3 desorption profile was observed
with a thermal conductivity detector.

2.3.3. Temperature-programmed reduction of hydrogen

All catalysts were characterized by temperature programmed
reduction (TPR) on a conventional setup, consisting of a pro-
grammable temperature furnace and a chromatographic system
(Shimadzu GC-8A). Before TPR experiment, the catalysts
(0.08 g) were treated in situ by flowing dry Ar at 500 °C for
1 h, and after cooled down to room temperature, the furnace was
heated to 800 °C at a rate of 10°C/min in 5% H,/Ar stream
(30 ml/min). The apparatus was calibrated by the reduction of
CuO.

2.3.4. Pulse chemisorption of hydrogen

Platinum dispersions were determined by pulse Hj-
chemisorption. Pulse chemisorption of hydrogen experiments
were carried out in the same setup as Hp-TPR. Samples (0.2 g)
were previously reduced under flowing pure Hy (12.6 ml/min)
at 576 °C for 2.5 h, and then purged in Ar at 550 °C for 2h and
cooled to 25 °C. The pulse size was 0.32ml 5% (v/v) H; in Ar
mixture and the time between pulses was 3 min.

2.3.5. Fourier transform infrared spectroscopy of CO
adsorption

The electronic property of the metallic phase was measured
by CO adsorption on an FTIR spectrometer (EQUINOXSS5) with
a Pyrex glass IR cell equipped with CaF, windows, using 64
scans for each spectrum. Catalysts were compressed to disks (¥
1 cm, about 15 mg) which were placed in the sample holder of
the IR cell. This IR cell enabled in situ treatments (0-500 °C)
of the solid with a gas flow at atmospheric pressure. Prior to
CO adsorption, the samples were reduced under a flow of Hj
(50 ml/min) for 90 min at 400 °C. After the sample was cooled
to room temperature in the flow of Hj, the IR cell was evacu-
ated to 2 x 1072 Pa for 6h. Then CO was introduced into the
cell (CO pressure: 2.7 x 103 Pa) and the CO pressure was main-
tained for 1 h at 25 °C. The excess of CO was evacuated and the
CO adsorption spectra were recorded. The adsorptions by the
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windows and by the blank powdered sample were subtracted
from all the spectra.

2.3.6. C3Hg-TPD measurements

The property of metallic phase to adsorb propylene was
measured by C3Hg-TPD on an ASAP 2010C chemisorption ana-
lyzer. Samples (0.35 g) were reduced under flowing pure H, at
576 °C for 2.5 h, then purged in flowing dry Ar at 580 °C for 2h
and cooled to 20 °C. The catalysts were kept in the pure propy-
lene gas flow for 30 min at 20 °C, and then the catalysts were
washed with flowing dry Ar for 1 h. The temperature was ramped
up at 6 °C /min while the generated products were monitored by
an on-line mass spectrometer (Omnisorp. Corp.)

2.3.7. Coke analysis

Coke was analyzed by TPO and O,-pulse experiments. O>-
pulse experiment is a special technology used for quantitative
coke analysis. In TPO experiments, the used samples (0.2 g)
were purged in a He flow (40 ml/min) at 500 °C for 30 min and
then the temperature lowered to 25 °C prior to the TPO in a
2 vol.% oxygen/98 vol.% helium mixture flow of 40 ml/min. The
temperature was ramped up at 10 °C/min while the CO; gener-
ated was monitored by an on-line mass spectrometer (Omnisorp.
Corp.). The pulse experiments were carried out at 800 °C by
injecting pulses of pure Oz (99.99%) to the coke deposited cat-
alysts (0.03 g), which was maintained under flowing pure Ar
between two successive pulses. The CO, generated was contin-
uously monitored with a TCD cell and recorded. Pulses of pure
O, stopped until deposited carbon entirely converted to CO».
Then the amount of generated CO;, was converted to the amount
of deposited coke on catalyst.

3. Results and discussion
3.1. Activity test in propane dehydrogenation

3.1.1. Effect of zinc addition to Pt and PtSn catalysts

Table 1 shows the effect of zinc addition to Pt and PtSn
catalysts on the catalytic performance in the propane dehy-
drogenation reaction at 576 °C. A deactivation parameter D
(defined as D=[Xp—X¢] x 100%/Xy, where Xy is the initial
propane conversion and Xt is the final propane conversion) is
used to characterize the activity maintenance. So and St are the
initial and final selectivities to propylene, respectively. It can
be seen that all catalysts show activity decay with respect to
time-on-stream. The initial conversions of propane catalyzed by

Table 1

Values of initial conversion obtained at 5 min of reaction (X), deactivation
parameter defined as [(Xo—Xr)/Xo x 100]; Xt is the final conversion, initial selec-
tivity (So) and final selectivity (Sr) to propylene

Catalyst Xo (%)  Xe (%)  Xo=XpWXo (%) So (%) Sr(%)
Pt/Al 34.1 18.6 45 79.2 90.1
Sn-Pt/Al 423 325 23 88.1 95.8
Zn-PyAl 37.3 242 35 97.2 98.9
Zn-Sn-PVAl 425 40.3 5 98.0 99.0

Reaction temperature: 576 °C.

Table 2
Effect of metal deposition sequence on the activity, selectivity and deactivation
of dehydrogenation

Catalyst Xo (%) Xe(%)  (Xo=X)Xo (%) So(%) St (%)
ZnSn-Pt/Al 447 40.5 9 86.9 95.0
Pt-ZnSn/Al 402 372 7 98.5 99.2
Sn—Zn-PyAl  41.4 39.0 6 97.2 98.8
Sn-Pt-Zn/Al 383 30.4 21 97.7 98.8

Reaction temperature: 576 °C.

Pt/Al, Sn—Pt/Al, Zn—Pt/Al, and Zn—Sn—Pt/Al catalysts are 34.1,
42.3, 37.3, and 42.5%, respectively. The values of D for Pt/Al,
Sn—Pt/Al, Zn—Pt/Al, and Zn—Sn—Pt/Al catalysts are 45, 23, 35,
and 5%, respectively. Although addition of Zn to Pt/Al results in
only a small increase in conversion of propane, Zn gives a rapid
increase in selectivity towards propylene. Over the zinc-doped
PtSn catalyst an overall improvement in catalytic performance
is obtained. The Zn—Sn—Pt/Al catalyst exhibits the lowest deac-
tivation value (5%) and the highest initial propylene selectivity
(98.8%). The value of D over the Zn—Sn—Pt/Al catalyst is lower
than 80% of the value over the Sn—Pt/Al catalyst. The initial and
final yields of propylene can reach as high as 41.7 and 39.9%,
respectively.

3.1.2. Effect of zinc deposition sequence

The effect of zinc deposition sequence on the dehydrogena-
tion performance was investigated and the results are shown in
Table 2. Clearly, the sequence of zinc deposition can strongly
influence the catalytic performance. The highest initial con-
version of propane (44.7%) is obtained over the SnZn—Pt/Al
catalyst, while its selectivity to propylene is the lowest (initial:
86.9%; final: 95.0%). The highest selectivity towards propy-
lene is observed over Pt—SnZn/Al (initial: 98.5%; final: 99.2%),
which means the cracking reactions hardly take place on the
Pt—SnZn/Al catalyst. The Sn—-Pt—Zn/Al catalyst exhibits the
highest deactivation value (20%). Over the Zn—-Sn—Pt/Al and
Sn—Zn-Pt/Al catalysts, the deactivation values are almost the
same (5 and 6%, respectively), but the conversion of propane
over the Zn—-Sn—-Pt/Al catalyst (initial: 42.5%; final 40.3%) is
slightly higher than that over the Sn—Zn-Pt/Al catalyst (initial:
41.4%; final 39.0%).

3.1.3. Effect of zinc content

Zinc content influence on the catalytic performance of
Zn-Sn—Pt/Al was measured and the results are shown in
Fig. 1. The zinc content greatly influences not only the stability
of catalyst but also the dehydrogenation activity. With the
increase in the zinc content, a gradual increase in selectivity
towards propylene appears. But, when zinc loading increases
to 1.0wt.%, the catalyst suffers severe activity loss. The
deactivation value increases to as high as 28%. The optimal
zinc loading is about 0.5%.

3.2. Characterization of the metallic phase

3.2.1. Surface area and Pt dispersion
Table 3 shows the specific surface area and platinum dis-
persion of catalysts. Platinum dispersion was calculated from
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Fig. 1. Effect of zinc content on catalytic dehydrogenation performance of
Zn-Sn—Pt/Al catalyst at 576 °C.

hydrogen pulse chemisorption at 25 °C using the assumption
H:Pt=1 [20,21]. The specific surface area of the Zn—Pt/Al
catalyst is smaller than that of the Pt/Al catalyst. The pres-
ence of Zn must plug some of the pores of the Al,O3 support
and thereby causes a slight decrease in pore volume with a
concomitant loss of surface area. Regarding zinc-doped PtSn
catalysts, although the specific surface area of the Zn—Sn—Pt/Al
and Sn—Zn—Pt/Al catalysts is slightly higher than that of the
Sn—Pt/Al catalyst, the existence of zinc dose not result in prac-
tical change in surface area. In the case of platinum dispersion,
an obvious increase in platinum dispersion is observed over
both Zn doped Pt/Al and Zn doped PtSn catalysts. Over Zn
doped PtSn catalysts, platinum dispersion is also influenced
by the zinc deposition order. Low platinum dispersion appears
over the Sn—Zn-Pt/Al and Pt—SnZn/Al catalysts. Consider-
ing the surface area of the Sn—Pt catalyst is almost the same
as that of the zinc-doped PtSn catalysts, the reasons for the
increase in platinum dispersion in trimetallic catalysts would
likely be that interactions between Pt, Sn and Zn three compo-
nents affect either the degree of Pt sintering during calcination
or the properties of the surface of platinum metal. Different
zinc deposition order may result in the appearance of differ-
ent interactions. Looking at the activity test, the existence of
zinc in Pt and PtSn catalysts can notably promotes the sta-

Table 3
Surface area and Pt dispersion of the catalysts

Catalyst Specific area (m?/: 2) Pt dispersion
Pt/Al 250 0.16
Sn—-Pt/Al 213 0.41
Zn-Pt/Al 229 0.36
Zn-Sn—-Pt/Al 224 0.68
Sn—Pt-Zn/Al 212 0.69
Sn—Zn-Pt/Al 228 0.59
Pt—SnZn/Al 212 0.40
SnZn-Pt/Al 210 0.65

bility and selectivity of dehydrogenation, which can be partly
attributed to the increase in platinum dispersion. Previous stud-
ies have shown that the active site for propane dehydrogenation
to propylene is the single platinum atom, while hydrogenoly-
sis and coke reactions need the large platinum particles [22].
Furthermore, zinc can act as spacer to reduce the size of the
platinum particles as the role of tin in PtSn catalyst [7,23] and
suppress the undesired reactions which need large platinum
ensembles.

3.2.2. The acidity of catalysts

The acidity of catalysts strongly affects their performance
of dehydrogenation. The effects of zinc on the acidity of the
Pt/Al and PtSn/Al catalysts were determined by NH3-TPD.
From Fig. 2, it can be seen that over all samples a broad des-
orption peak with a maximum at 172-182 °C and a shoulder at
higher temperatures (260-290 °C) can be visible. The low tem-
peratures peak can be ascribed to weak and medium strength
acid sites, whereas peak above 260 °C is typical of strong acid
sites. Over the Zn—Pt/Al catalyst, although the total amount of
acidity (calculate from the total desorption peak area) is higher
than that over Pt/Al, the strong acid sites of the alumina are
poisoned by zinc. For the zinc-doped PtSn catalysts, there are
no obvious changes in acidity due to the presence of zinc. In
dehydrogenation reaction, side reactions (cracking, isomeriza-
tion and polymerization) are mainly catalyzed by strong acid
centers. Thereby, the destruction of strong acid centers by zinc
will minimize the undesirable side reactions and promote the
selectivity to propylene. However, it must be noticed that for the
Zn—-Sn—Pt/Al catalyst, the improvement in selectivity can not be
totally attributed to the changes in acidity because its acidity is
almost the same as that of the Sn—Pt/Al catalyst. Other important
reasons for the improvement in catalytic performance should be
made clear.
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Fig. 2. NH;3-TPD profiles of the catalysts. (a) Pt/Al; (b) Sn—Pt/Al; (c) Zn-Pt/Al;
(d) Zn-Sn—Pt/Al.
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3.2.3. TPR analysis

The influences of zinc on the reduction properties of the
Pt/Al and PtSn/Al catalysts were measured by TPR. The TPR
profiles of all samples are shown in Fig. 3. Table 4 shows
the estimate of metal reduction extent in some samples, mea-
sured during H>-TPR experiments. PtO; +2H, — Pt0 + 2H,0,
SnO; +2H; — Sn® + 2H,0 and ZnO +H; — Zn® + H,0 were
the stoichiometry considered for Pt, Sn and Zn reduction, as
described in literatures [24,25].

All samples show a sharp reduction peak at about 700 °C. The
origin of the 700 °C peak is not clearly known, but it is specu-
lated that it is linked with the reduction of OH groups or alumina
ions in the surface of support. When Pt is present, this peak shifts
to low temperatures and becomes broad. Over the Sn/Al sample,
Sn shows low reducibility, as indicated by the small broad peaks
from 250 to 640 °C. The average degree of Sn reduction is esti-

Table 4
Degrees of reduction calculated from hydrogen consumption in the TPR
experiment

Sample Degree of reduction (%)

Pt SnP Zn®
Pt/Al 98 - -
Sn/Al - 15 -
Zn/Al — — 41
Sn-Pt/Al 1004 48 -
Zn-Pt/Al 1004 - 73

4 Measured from the hydrogen consumption assuming the reaction
PtO, +2H, — Pt + 2H,0, corrected for the consumption over the support
alone.

Y Measured from the hydrogen consumption assuming the reaction
SnO; +2H; — SnY +2H,0, corrected for the reduction of Pt and the support
alone.

¢ Measured from the hydrogen consumption assuming the reaction
Zn0 +H, — Zn® + H,0, corrected for the reduction of Pt and the support alone.

4 100% reduction of Pt assumed when calculating the degree of Sn and Zn
reduction.

mated at about 15% as shown in Table 4, which implies the strong
interactions between tin oxides and support alumina. Over the
Zn/Al sample, a reduction peak appears around 469 °C, which
must be attributed to the reduction of zinc species dispersed over
alumina as reported in literature [26]. Over the Pt/Al catalyst,
two reduction peaks appear, one near 237 °C and another around
466 °C. Generally speaking, over Pt/Al,O3 samples, two types
of Pt oxides are considered in literatures [27-29], one in weak
interaction with the support and the other in strong interaction.
The former is reduced at low temperatures and the latter requires
higher temperatures. Therefore, we can associate the hydrogen
consumption peaks at 237 and 466 °C with the reduction of two
kinds of platinum species. The average degree of Pt reduction
is about 98% as shown in Table 2, which means that most of
platinum species must be reduced to Pt during the course of
TPR experiment.

In the case of the Sn—Pt/Al catalyst, two low temperatures
reduction peaks are present, one at 263 °C, and the other at
436 °C. These two reduction peaks must be related to the joint
reduction of platinum and tin particles. The amounts of hydrogen
consumption over the Sn—Pt/Al catalyst confirm that Pt assists
the reduction of SnOj, as reported by others [4,6,30]. The aver-
age degree of Sn reduction is about 48%, which suggests that
tin is to a large extent stabilized in the +2 state, as reported in
literatures [25,31,32]. For the Zn—Pt/Al catalyst, the reduction
peaks show similarities to those over Pt/Al. But, the amounts of
hydrogen consumption show that the average reduction degree
of Zn increases to 73% (Table 4), which is much higher than
that over the Zn/Al catalyst (about 41%). This implies that there
is a possibility of existence of PtZn alloy. Consonni [19] have
reported that, over Pt/ZnO sample even at low reduction temper-
atures (200 °C), ZnO can be reduced to metallic Zn and lead to
the formation of PtZn alloy. Addition of zinc to the PtSn catalyst,
for Zn—Sn—Pt/Al catalyst, causes an obvious change in the TPR
profile. Only one large reduction peak appears in the low tem-
peratures region, and moves up to higher temperatures, around
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505 °C. It is difficult to ascribe this peak correctly in this com-
plicated trimetalic system. We cannot ascribe this major peak
to the reduction of certain species. So, it must be reasonable
to assign this peak to the conjunct reduction of platinum, tin
and zinc species. Obviously, the reduction property of the PtSn
catalyst is changed by the presence of zinc. The TPR profile
of Zn—Sn—Pt/Al also indicates that strong interactions between
zinc, tin and platinum three components may take place. Itis very
hard to calculate the average reduction degree of each metal over
the complicated system using the former method.

The effect of zinc deposition on the reduction property of
the PtSn catalyst is shown in Fig. 3(B). The TPR profile of
the Sn—Pt—Zn/Al catalyst shows some similarities to that of the
Zn-Pt/Al catalyst. Two major low temperatures reduction peaks
appear, one near 262 °C and the other around 516 °C. When
Sn is deposited firstly, Sn may firstly strongly interact with the
support and has less chance to strongly interact with Pt. However,
Zn must have more chance to interact with Pt. Therefore, the
Sn—Pt—Zn/Al catalyst exhibits similar reduction properties to
the Zn—Pt/Al catalyst. A decrease in the interactions between
Pt and Sn may reduce the stability of catalyst, as indicated in
propane dehydrogenation. Similarly, when metal is deposited
in the order of Sn — Zn — Pt, Sn may firstly block the sites of
the support, which results in fewer possibilities of Zn to affect
the property of the support. But, its interaction with zinc must
be weak and may be displaced by the noble platinum oxide.
Thereby, over Sn—Zn—Pt/Al, the strong interactions between Pt
and Sn may also emerge and it shows areduction property similar
to that of the Sn—Pt/Al catalyst. The profiles of the SnZn—Pt/Al
and Zn—-Sn-Pt/Al catalyst also show some similarities. For the
Pt—SnZn/Al catalyst, when Pt precursor is added firstly, and Zn
and Sn precursors added lastly, Pt may strongly interact with the
support and lead to a decrease in interactions between Pt and
promoters. The profiles of TPR imply that the zinc deposition
order mainly influence the surface interactions between active
sites, promoters, and support, which result in the difference in
catalytic performance.

The above discussion indicates that the zinc influence on the
catalysts reduction property is obvious. Over the Zn—-Pt/Al cat-
alyst, part of Zn species must be reduced to metallic Zn to form
Pt—Zn alloy which results in a great increase in the selectivity
towards propylene. The formation of the PtZn alloy bimetal-
lic phases can reduce the size of the surface Pt ensembles and
suppress the undesired reactions, enhancing the selectivity and
stability. Previous study has shown that almost 100% selectivity
toisobutene could be obtained over PtZn/C catalysts in isobutane
dehydrogenation [18] and it has been attributed to the effect of
PtZn alloy. However, the precision of these measurements and
calculations does not allow us to affirmatively judge whether
there is PtZn alloy over the zinc-doped PtSn catalysts.

3.2.4. Electronic effects

CO adsorption was used to determine the effect of zinc on
the electronic property of the metal phase. According to some
observations in the literature [33,34], the bands in the frequency
region 21001950 cm ™! can be related to CO linearly bonded
to one surface-exposed metal Pt atom. Fig. 4 clearly shows that
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Fig. 4. Comparison of the FTIR spectra of the L CO species on Pt-supported
catalysts. (a) Pt/Al; (b) Sn—Pt/Al; (c) Zn—Pt/Al; (d) Zn—Sn—Pt/Al.

the presence of Zn results in a shift of —18cm™! compared to
Pt/Al (from 2060 to 2042 cm™!). Likely, the presence of Zn over
the Zn—Sn—Pt/Al catalyst also leads to a shift of —4cm™! with
respect to Sn—Pt/Al (from 2073 to 2069 cm™!). According to the
classic model for the bonding of CO molecules to platinum metal
surfaces made by Blyholder [35], a higher metal surface electron
density will decrease the CO stretching frequency. Obviously,
zinc can increase the electron density of platinum metal surface.
The increase in electron density of platinum metal can be the
results of both geometrical and chemical effects of the alloying.
Firstly, the chemisorption measurements show that addition of
Zn to Pt/Al could increase the dispersion of Pt, decreasing the
platinum ensembles. For smaller Pt particles, the average num-
ber of Pt—Pt bonds per Pt atom is smaller than for the larger
particles and a higher metal electron density is available for
back bonding into the 27" orbital of adsorbed CO molecules.
This leads to a decrease in the C—O bond strength and a resulting
decrease in the CO stretching frequency. Secondly the effect of
PtZn alloy may be distinct. Previous studies [36,37] have shown
that the alloyed Zn atoms can increase the electron density of Pt
sites, leading the IR frequency to move to low frequency. Our
analysis of TPR shows that part of Zn species can be reduced to
metallic Zn over the Zn—Pt/Al catalyst. The formation of PtZn
alloy can also increase the electron density of Pt metal. Although
the reduction degree has not been calculated over zinc-doped
PtSn catalysts, the possibility of the presence of Pt—Zn alloys
should not be easily excluded. Till now, we can see that the
formation of PtZn alloy bimetallic phases may also responsible
for the high selectivity to propylene over zinc-doped catalysts.
The formation of PtZn alloy results in an increase in the elec-
tronic density of surface Pt, which will weaken the strength of
the Pt—(C=C) bond and promote desorption of olefin. The elec-
tronic density increase in metal Pt could further suppress the
formation and polymerization of unsaturated coke precursors
on the metal and enhance the selectivity and stability of dehy-



86 C. Yu et al. / Journal of Molecular Catalysis A: Chemical 266 (2007) 80-87

Intensity(a.u)

AW
L WL
i Fhdngigy
‘ Rih m””‘“"‘*““'\‘iﬁmﬁj

. ﬁm’ﬂﬁm

M;*'\(:i‘.‘mmﬁf.ﬂ"ﬂ%t'ﬂ
T T

T
50 100 150 200 250 300

Temperature ( °C)

Fig. 5. TPD measurements following propylene adsorption on the catalysts at
20°C. (a) Pt/Al; (b) Sn—Pt/Al; (c) Zn—Pt/y-Al,03; (d) Zn—Sn—Pt/Al.

drogenation. This point will be verified by the next experiments
of C3Hg-TPD and carbon residues analysis.

3.2.5. C3Hgs-TPD

C3Hg-TPD was used to examine the zinc influence on the
property of platinum metal to adsorb propylene. The TPD pro-
files are presented in Fig. 5. The temperatures of desorption
peak can reflect the extent of the interactions between propy-
lene and the metal phase. Addition of zinc to Pt/Al causes the
desorption peak shift to lower temperatures, from 87 to 71 °C.
A similar picture is given over the zinc-doped PtSn catalyst.
The temperatures of desorption peak indicate that Zn weakens
the adsorption of propylene and enhances propylene desorption.
Promoting propylene desorption can prevent propylene from
converting into higher-order dehydrogenation products which
are coke precursors. Thereby, a high selectivity towards propy-
lene can be obtained over zinc-doped catalysts. The results of
C3He-TPD are justly consistent with IR analysis.

3.2.6. Analysis of coke

Coke over some used catalysts was characterized by TPO and
O;-pulse experiments. O;-pulse experiment is a special tech-
nique used for quantitative analysis of coke. The amount of
coke over each used catalyst is shown in Table 5. Fig. 6 shows
that one major peak of CO, appears over each catalyst, but the
temperatures for the major peak are different. The highest tem-
perature peak (450 °C) emerges over the Pt/Al catalyst. Over the
Zn—-Pt/Al catalyst, low temperature (396 °C)peak for coke burn-
ing is observed, which suggests that zinc can reduce the amount
of carbon deposition or increase the reactivity of coke. At the
same time, coke quantitative analysis (Table 5) clearly shows
that the amount of coke over Zn—Pt/Al catalyst (1.5 mg C/g cat)
is much lower than that over Pt/Al catalyst (5.3 mg C/gcat). A
similar trend appears over zinc-doped PtSn catalysts. However,
the amount of coke over zinc-doped PtSn catalyst is also deter-

Table 5
Amount of coke on the catalysts after propane dehydrogenation for 155 min at
576°C

Catalyst Coke (mg C/g cat)
Pt/Al 5.3
Sn—Pt/Al 2.7
Zn-Pt/Al 1.5
Zn—Sn—-Pt/Al 1.0
Sn—Pt—Zn/Al 1.2
Sn—Zn-Pt/Al 1.3
Pt—-SnZn/Al 0.6
SnZn-Pt/Al 3.8

mined by the zinc deposition order. The lowest amount of coke
(0.6 mg C/g cat) is observed over the Pt—SnZn/Al catalyst and
the highest amount of coke (3.8 mg C/gcat) appears over the
ZnSn—-Pt/Al catalyst.

Clearly, the presence of zinc can remarkably suppress the
formation of coke. The analysis of NH3-TPD indicates that
over the Zn—Pt/Al catalyst the strong acid sites are poisoned
by zinc, which is beneficial to the reduction of coke forma-
tion. Other important reasons for the role of zinc in reducing
coke can be explained as follows. Firstly, Zn can decrease
the size of surface Pt ensembles, thereby inhibiting the forma-
tion on the surface of highly dehydrogenated species required
for hydrogenolysis, isomerization and coking reactions which
require large Pt ensembles. Secondly, the Zn presence brings
about an increase in the electronic density of the platinum metal
phase, which will weaken the strength of the Pt—(C=C) bond and
repulse coke precursors. If we correlate the performance of zinc-
doped PtSn catalysts to the amount of coke over these catalysts,
we can find that in some cases there exists a great mismatch
or disproportion between the amount of carbon formed and
the drop in conversion. For instance, deactivation value (20%)
for Sn—Pt-Zn(0.5%)/Al is about two times the value (9%) for
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Fig. 6. TPO profiles of coked catalysts (dehydrogenation of propane at 576 °C
for155 min). (a) Pt/Al; (b) Sn—Pt/Al; (c) Zn—Pt/Al; (d) Zn—Sn—-Pt/Al.
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7Zn(0.5%)Sn—Pt/Al, while the amount of coke over SnZn-Pt/Al
is three times the value over Sn—Pt—Zn/Al. It indicates that the
capacity of zinc-doped PtSn catalysts to resist coke is different.
This is likely because the zinc impregnation order could bring
about a change in acidity and interactions between active sites,
promoters, and support, which result in the different distribution
of coke.

4. Conclusions

A great improvement in dehydrogenation selectivity is
obtained over both zinc-doped Pt and PtSn catalysts. However,
the performance of zinc-doped PtSn catalysts is strongly depen-
dent on the sequence of zinc deposition and the zinc content.
High activity and selectivity and the lowest activity loss are
obtained over the Zn(0.5%)—Sn—Pt/Al catalyst. The high per-
formance must be related to the low amount of coke and high
thermal stability of platinum particles.

Secondly, the presence of zinc results in the change in the
properties of the platinum metal phase. Hydrogen chemisorption
measurements show that zinc can increase the platinum parti-
cles dispersion. The strong surface interactions over zinc-doped
PtSn catalysts are revealed by TPR measurements. The zinc
existence also changes the electronic environment of platinum
metal. An increase in the electronic density of platinum metal
is confirmed by CO and propylene adsorption experiments. The
change of the platinum metal electronic property must be related
to the formation of PtZn alloy. The high electron density of
platinum metal can weaken the strength of the Pt—(C=C) bond
and promote olefin desorption, then suppressing the formation
and polymerization of unsaturated coke precursors on the metal.
Coke quantitative and TPO tests also show that the amount of
coke can be greatly reduced by zinc.
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