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Abstract—We investigated the effects of different Cu weight ratio on & or y-ALO; which were impregnated with plati-
num in terms of catalytic activity for propane dehydrogenation and physicochemical properties. 1.5 wt% Pt, 0-10 wt%
Cu catalyst supported on 8-Al,O; or »~ALO; was prepared by incipient wetness co-impregnation. Enhanced Pt disper-
sion by increasing Cu contents in y~ALO; supported catalyst was confirmed via XRD and XPS. Pt and CuO was sepa-
rated in Pt-Cu/@-Al,O,, but Pt-Cu alloy was identified after reduction treatment. Also, adding Cu in Pt/ALO, makes
catalyst’s acidity lower and this property led to increased propylene yield in propane dehydrogenation. However, Pt;Cu
was not good for yield of PDH, which was confirmed in Pt-10Cu/&ALO, through XRD.
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INTRODUCTION

Propylene, alongside ethylene, is one of the most useful light
olefins, as it is used for producing various petrochemicals such as
polypropylene, propylene oxide and acrylic acid [1-4]. High demand
for propylene has led to an interest in development of processes,
which is the main product, and not a byproduct, such as in steam
cracking of naphtha and fluidized catalytic cracking [5,6]. Among
the commercial processes, propane dehydrogenation is not only
widely used in chemical industries and has received significant
attention, but also has been studied to have positive possibility as a
propylene manufacture [7]. The corresponding chemical reaction
is:

CHy>CHe+H, AH7=124KJmol 1)

It is not only an endothermic and equilibrium limited reaction,
but also requires a low pressure and a high reaction temperature
550-620 °C to achieve a high propylene yield [8]. ALO; supported
Pt catalysts are commonly used in industrial dehydrogenation pro-
cesses. However, the selectivity is not as high as desired due to gen-
eration of lighter hydrocarbons through C-C bond cleavage [9],
and occurrence of side reactions such as cracking and hydrogeno-
lysis [10]. Bimetallic catalysts, with platinum as the primary metal
and a second metal (e.g., Sn, Cu, Re, Ir, and Cs) as a promoter,
have been studied extensively [11,12].

Cu has also been considered as a second metal for Pt as a cata-
lyst in naphtha reforming [13], alcohol dehydrogenation [14] and
electrochemistry [15-17]. It is known that in Pt-Cu bimetallic cata-
lysts [18], Cu can dissolve Pt metal particles, bring about an increase
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in dispersion and decrease in ensemble size [19]. In naphtha reform-
ing, addition of Cu to Pt catalyst can increase cracking or hydroge-
nolysis [20]. This suggests that if a bimetallic Pt-Cu catalyst is
employed in propane dehydrogenation, the decrease in selectivity
for propylene will need to be compensated by using another method,
such as change or modification of the alumina (ALO;) support, to
increase yield to propylene.

In this study, we prepared Pt-Cu/AlLO; catalysts with varying
Cu content and different phases of AL,O;, and compared their cat-
alytic performance for propane dehydrogenation. Furthermore, we
investigated the effect of increasing Cu content, on Pt dispersion
and formation of coke on the surface of spent catalyst. The catalysts
were characterized using N, adsorption (BET), thermogravimet-
ric analysis (TGA), Raman spectroscopy, X-ray diffraction (XRD),
X-Ray photoelectron spectroscopy (XPS), transmission electronic
microscopy (TEM) and NH,-TPD. Finally, we analyzed the cor-
relation between changes in the properties and activities of the cat-
alysts.

EXPERIMENTAL

1. Catalyst Preparation

H,PtCls-5.5H,0 (Kojima) and Cu(NO;),-3H,0 (Daejung) were
used as metal precursors in supported Pt-Cu catalysts. H,PtCl,-
5.5H,0 and Cu(NO,),-3H,0 dissolved in distilled water were co-
impregnated with y or 8-AL,O; (AL O, Support was supplied by
SASOL and @-ALO; support was prepared by calcining the spher-
ical ALO; at 1,273 K for 6 h). Each sample was dried at 120°C
for 12 h and then calcined at 600 °C for 4 h.
2. Catalytic Activity Measurements

The catalytic activity of the catalysts for propane dehydrogena-
tion was measured in a fixed-bed quartz reactor (inner diameter
18 mm) using 100 mg of each catalyst (grain size about 425 pm-
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850 um). The propane dehydrogenation reaction was performed
at atmospheric pressure and 600 °C. A heating rate of 10 °C/min
was applied up to 600 °C with H, (10 ml/min) and N, (40 ml/min)
and then maintained for 1 h to stabilize the temperature. The reac-
tion mixture composed of N, (10 ml/min), C;H, (10 ml/min), and
H, (10 ml/min) was fed into the reactor. The product was sam-
pled at different intervals and analyzed by gas chromatography
(FID detector, 5890 series2 plus, Hewlett Packard, USA). A 50 mx
0.53 mm GS-Alumina capillary column was used.

Propane conversion, propylene selectivity, and propylene yield
were calculated by the following equations:

Propane conversion (%)
7|:1_ n(C3H8)gur
| n(CyHg+C,H4+C,H+C,H,+CH,)
n(C;Hy),,,,
n(C;H,+C,H,+C,H,+CH,)

:|>< 100 (@

Propylene selectivity (%)= x100 (3)
Propylene yield (%)
_ Propane conversion x Propylene selectivity
100

@

where, n(C;Hy),,, is the number of moles of propane at the out-
let, and n(CH,), n(C,Hy), n(C,H,), and n(C;H) are the number of
moles of methane, ethane, ethylene, and propylene, respectively, at
the outlet.
3. Characterization

The surface areas and pore size distributions of the catalysts were
characterized by a nitrogen sorption technique (Belsorp-II mini,
BEL Japan. Inc.). The samples were analyzed at —196 °C using an
automatic gas system. The coke content was determined by a ther-
mogravimetric analyzer (Pyris, PerkinElmer, USA). Approximately
10 mg of spent catalyst was charged into the sample pan and heated
to 800 °C at a rate of 10 °C/min in flowing oxygen (20 ml/min). XRD
patterns were measured by using a D/MAX-2500/PC X-ray dif-
fractometer (Rigaku, Japan) with Cu Ka radiation. The X-ray tube
was operated at 40kV, and 200 mA. The 26 angle was scanned
from 20° to 80° at a scanning speed of 3°/min. Raman spectra were
obtained at room temperature under ambient conditions using Ren-
ishaw in Via Raman microscope with a 532 nm Ar laser beam. TEM
(JEM-2010, JEOL, Japan) was used for looking Pt dispersion com-
paring with XRD data. The exposure time and spectral range were
10s and 800-2,200 cm ', respectively. The acidity of the samples was
investigated by TPD of ammonia.

The experiments were conducted in a gas flow system, equipped
with a quadrupole mass analyzer (Omni StarTM, Pfeiffer), using a
U-shaped quartz reactor. The catalytic samples (0.09 g) were first
pretreated under He flow (50 ml/min) for 1 h at 150 °C and then
cooled to room temperature. Next, the samples were saturated with
mixture gas (50 ml/min) of NH,/He (15%) 80 °C for 1h. Finally,
TPD was performed by heating the sample to 800 °C under He (5
ml/min). XPS spectra were obtained with an AXIS NOVA spec-
trometer (KRATOS, England) equipped with a monochromatic elec-
tro analyzer and a monochromatic Al-Ker 150 W X-ray source. In
addition to a binding energy scan range from 82 to 68 eV for the
identification of all detectable elements, detailed scans for the chemi-
cal state identification and quantification were obtained.

RESULTS AND DISCUSSION

1. Characterization

Table 1 lists the surface areas, pore sizes and pore volumes of
Pt-Cu/yand @Al O; catalysts with different Cu content. The coke
content on the surface of the spent catalysts is also shown in the
table. Surface area of »~ALO; supported catalysts is much higher
than G-ALO; supported catalysts because of the properties of yand
AL O;. As expected, the BET surface area of AL,O; decreased on
impregnation with Cu. Also, pore volume was decreased with in-
creasing copper content. The amount of coke deposited on the Pt-
xCu/y-ALO; catalysts after propane dehydrogenation for 5h was
obtained by TGA as 132, 16.5, 13.4, and 11.5% for x=0, 0.5, 5, and
10, respectively. In the case of G-ALO; supported catalysts, the cor-
responding values of coke content were 8.6, 10.6, 8.8, and 5.2%,
respectively. The formation of coke on a Pt-Cu/y or -ALO; cata-
lyst was similar or slightly lower than that on an analogous Pt/y or
6¢-ALO;. However, interestingly, coke content increased on Pt-
0.5Cu/yand 6-Al,O;. In the catalytic activity session in this paper,
adding lower content of Cu has a role with increasing acid site which
can generate the coke. Also, coke content of catalysts with y~ALO;
as support was higher than with @ALO; as support, because y
AL O; has more acid sites than &-ALOs; lower acid sites interrupt
the formation of coke [21]. Therefore, choosing the copper content
in the catalysts works an important factor in the restraint of the
generation of coke, and we can confirm that quantity of coke was
related with catalytic acid and reaction activity.

Fig. 1 shows the results of the TGA of Pt-xCu/y and &-ALO..
At the Pt/»-ALO; and Pt/@ AL O;, the weight loss started slowly at

Table 1. BET surface areas, pore diameters, and pore volumes obtained from N, physisorption and coke content in the spent catalysts

Catalyst Surface area (m’/g) Pore volume (cm’/g) Pore size (nm) Coke contents (%)
Pt/y-Al, O, 207 0.53 6.81 13.168
Pt-0.5Cu/-Al,05 196 0.53 4.08 16.523
Pt-5Cu/y-AL O, 166 047 4.51 13.425
Pt-10Cu/y~Al, 05 122 0.32 4.09 11.49
Pt/G-ALO, 90 0.34 8.53 8.559
Pt-0.5Cu/8-Al,O, 89 0.33 6.46 10.643
Pt-5Cu/6-ALO, 91 0.33 5.71 8.832
Pt-10Cu/6-AL O, 75 0.28 8.53 5.165
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Fig. 1. TGA analysis with spent (a) Pt/}<ALO;, (b) Pt-5Cu/ALO;,
(c) Pt/&ALO;, (d) Pt-5Cu/BALO; catalyst (0,=20 ml/min,
heating temperature: 10 °C/min).

390.6°C and 389.2 °C up to 500 °C, respectively. The weight of used
Pt-5Cu/yand &AL O; catalysts decreased at 336.6 °C and 335.8 °C,
respectively. It means adding copper let the coke of Pt/ALO; cata-
lyst decompose easily at low temperature as well as having an ad-
vantage for regeneration of catalysts.

Raman spectroscopy is a fast and nondestructive method for
the characterization of carbon materials. Raman spectra of spent
Pt/ALO; and Pt-Cu/ALO; catalysts were measured to examine the
degree of graphitization of the formation of coke during propane
dehydrogenation. As can be seen from Fig. 2, two distinct Raman
bands are observed at 1,331 and 1,597 cm’, labeled D and G,
respectively, which can be attributed to the C-H bending and C=C
stretching in aromatic and alkyl hydrocarbons. Specifically, the G
peak is due to the bond stretching of any pairs of sp” sites, while
the D peak is caused by the breathing modes of sp” atoms in rings
[22]. A high value of I,/I; implies lower graphitization of the car-
bon material [23]. The I,/I; values, that is, the intensity ratio of
the D and G peaks to monitor carbon bonding of Pt//-ALO;, Pt-
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Fig. 2. Raman spectra of the spent catalysts after the dehydrogena-
tion of propane has progressed for 5 h at 600 °C, (a) Pt/3<ALO;,
(b) Pt-5Cu/ AL 0;, (c) Pt/ G-ALO;, (d) Pt-5Cu/ G-ALO:.

0.5Cu/I*AlLO,, Pt/6-Al,O, and Pt-0.5Cu/6-Al,O;, are 0.71, 0.74,
0.69 and 0.69, respectively. Clearly, graphitization decreased on
addition of Cu to Pt/y and 6 from which it can be inferred that
not only was coke oxidation in these materials simple, but also the
coke oxidation temperature was lower and the coke formed was
oxidized easily. Therefore, adding Cu could lead to facile regenera-
tion of the catalysts.

Fig. 3 shows the XRD patterns of calcined Pt/ALO; and Pt-Cu/
ALO; catalysts with different alumina phase. The Pt metal phase
can be identified in all of catalysts by the characteristic peaks at
26=39.76, 46.24, and 67.45° (JCPDS card no. 04-0802). The yand &
phases of Al,O, were also detected in the calcined catalysts (JCPDS
card no. 00-023-1009, 48-1548). It is noticeable from the figures
that Pt/p~ALO; exhibits the Pt peak at 26 due to the crystalline of
platinum. As the Pt peak disappears as the Cu content increases in
Pt-Cu/yALO;, it means that Cu can be related with Pt dispersion.
However, dispersion change of Pt in Pt-Cu/@Al,O; was not ob-
served. Thus, in regard to dispersion, Cu plays a more important
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Fig. 3. XRD patterns of the Pt-Cu/ALO; catalysts with different copper contents and type of alumina as (A): (a) Pt/~ALO;, (b) Pt-0.5Cu/
AlLO;, (c) Pt-5Cu/ALOs, (d) Pt-10Cu/-ALO;, (B): (a) Pt/ &ALO;, (b) Pt-0.5Cu/G-ALO;, (c) Pt-5Cu/ &AL O;, (d) Pt-10Cu/G-ALO;.
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role in the y phase of ALO; than in the & phase. However, CuO
peaks appear at 32.5, 35.5, 38.7, 48.7, 53.5, 58.2, 61.5, 66.2, 68.1,
71.7 and 75.3° (JCPDS car no. 48-1548) as shown in Fig. 3 due to
the higher surface area of -ALO:;.

Fig. 4 shows the XRD patterns with reduced Pt-Cu/y or 4-ALO;
catalysts, and the reduction of catalysts was conducted in hydrogen
flow (10 ml/min) at 600 °C for 1 h. The peak was low due to high
dispersion of Pt. When the content of copper was increased, the Pt
peak was lower gradually. It could be determined that adding cop-
per highly affected the Pt dispersion in »~ALO;. But CusPt peak
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appeared on the surface because of excess added copper in -ALO:;.
Pt peak in &-Al,O; supported catalyst slightly decreased so that Pt
dispersion was increased and the activity could be influenced by
formation of CusPt.

The morphology of the metallic phases and dispersion of Pt in
catalysts is revealed by TEM images shown in Fig. 5. In the Pt/
Al,O;, many black dots regarded as Pt particles are concentrated
in the center. But when copper was added on the catalysts, many
black dots were spread widely. It means copper makes high disper-
sion of Pt. In the case of @ALO; supported catalysts, black dots of
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Fig. 4. XRD patterns of (A): (a) Pt/}~ALO;, (b) Pt-5Cu/ALO;, (c) Pt-10Cu/#ALO;, (B): (a) Pt/ G-ALO;, (b) Pt-5Cu/&ALO;, (c) Pt-10Cu/&

ALO:;.

Fig. 5. TEM images of Pt-xCu/y G-ALO; (a) Pt/~ALO;, (b) Pt-5Cu/&ALO;, (c) Pt/ &AL O;, (d) Pt-5Cu/G-ALO;.
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two TEM images are similarly spread compared with y-ALO; sup-
ported catalysts, which results are similar to XRD analysis.

The dehydrogenation performance of the catalyst is strongly
related to the acidity of the catalyst. The effects of copper on the
acidity of the Pt/yand 6 Al,O; catalysts were determined by NH,-
TPD experiments and the corresponding profiles are displayed in
Fig. 6. All the NH,-TPD results were de-convoluted using Lorent-
zian-Gaussian functions shown in Table 2. The peak at 191-207 °C
is attributed as weak acidic sties; the peak at 231-249 °C and 284-
314°C can be assigned at medium acidic sites, and at 340-419 °C
can be considered as strong acidic sites. The peaks at 487-700 °C
were considered as desorption of the strongly adsorbed water or as
de-hydroxylation [24]. The strong acidic sites on Pt/»ALO; (387.2°C)
and Pt/&-Al,O; (393.6 °C) disappeared after copper addition to Pt/
AlLO; catalysts and number of medium acidic sites decreased from
1.4 mmol/g to 0.053 mmol/g at Pt/)-AL,O, and from 0.77 to 0.066
at Pt/& Al,O, with adding Cu. The catalytic yield for propane dehy-
drogenation to propylene with Pt/y and ¢AlL,O; and Pt-Cu/y and
6-ALO; catalyst can be related to the comparatively decreased acidity.

XPS spectra of Pt 4f levels for the Pt-xCu/y and 6 catalysts are
shown Figs. 7 and 8. The data shows doublets corresponding to
zero valence Pt; Pt 4f,, (ca. 71.3 V) and Pt 4f;;, (ca. 74.6 V) with
a peak separation of 3.3 eV and an area ratio of 1.33 were applied
for the fitting procedures. Also, as illustrated by Fig. 7, Pt 4f peak
was not observed before reduction. In contrast, the Pt 4f peak
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Table 2. Acidity profile resulting from NH,-TPD with Pt-xCu/yand

GALO; catalysts
... .. Maximum temperature NH;-Uptake
Catalyst Acidic sit
aays adic site In each peak (°C) (mmol/g)
1194 0.28063
Weak o
2107 0.04538
Pt/y~ALO, Medium 235.5 1.40203
Strong 387.2 0.13116
Water 766.5 0.34342
109.5 0.15109
Weak 209.5 171364
Pt-5 Al ) ’
CulrAbOs e dium 277.9 0.05342
Water 703 0.43315
Weak 1114 0.12264
Medi 2318 0.77579
PY/GALO, e
Strong 3936 0.0427
Water 704.3 0.21433
Weak 143.8 1.3228
Pt-5Cu/@-ALO, Medium 2469 0.06597
‘Water 642.4 0.1151

appears after reduction treatment and its peak intensity increases
with the copper content. As Pt 4f peak of Pt-5Cu/y-AlO; is much
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Fig. 6. NH3-TPD spectrum for catalysts as (a) Pt/ALO; (b) Pt-5Cu/»#ALO; (c) Pt/ ¢ALO; (d) Pt-5Cu/G-ALO;.
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Fig. 7. XPS spectra of Pt 4f four different states: (a) Pt/~ALO; (b) Pt/<ALO; (reduced) (c) Pt-5Cu/#ALO;. (d) Pt-5Cu/}ALO; (reduced).
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Fig. 8. XPS spectra of Pt 4f four different states: (a) Pt/6(b) Pt/ 8 (reduced) (c) Pt-5Cu/6(d) Pt-5Cu/ 6 (reduced).
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larger than Pt/p-AL,O;, in agreement with XRD these results also
suggests that the presence of Cu can be related to Pt dispersion.
But, there is no distinction between Pt/6 and Pt-5Cu/6-Al,0; as
shown in Fig. 8. It is also the similar result with XRD which has
no effect of Pt dispersion with adding Cu in ALO:.

The state of Cu and CuO for the Pt-5Cu/y and & was studied
by XPS analysis and shown in Fig. 9. These spectra are normalized
based on intensity of main peak of Cu 2ps,. The Cu 2p,, peak was
same as reduced Pt-5Cu/y and 6 catalysts. CuO area ratio com-
pared with Cu is larger in non-reduced catalyst as shown in (a), ().
CuO area was decreased and Cu area was increased after reduction.
2. Catalyst Performance
2-1. Pt-Cu/y~ALO; Catalytic Performance for Propane Dehydro-
genation

A reaction test was performed to confirm the effect of Cu as a
promoter on Pt-Cu/y and G-ALO; catalysts with time on stream.
The propane conversions and propylene selectivities are illustrated
in Fig. 10. Although initial conversion (5 min) with Pt/y-ALO; and
Pt-0.5Cu/y-Al,O; was high due to high activity of platinum, forma-

Fig. 10. Conversion and propylene selectivity during 5 h as a function of copper contents in Pt-Cu/yAl,O;.
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Fig. 11. Conversion and propylene selectivity during 5 h as a function of copper contents in Pt-Cu/&ALO;.
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Fig. 12. Propylene yield during 5h as a function of copper contents
and different ALO; phases in Pt-xCu/yand 6.

tion of coke during the reaction caused deactivation of the cata-
lyst. The selectivity showed increasing tendency with enhancing Cu
contents, which makes lower acid sites on catalyst surface. How-
ever, the effect of Cu content >5 wt% in »Al,O, was not observed.
It is enough to block all the acid sites on ~Al,O;, when 5wt% cop-
per is added to Pt/p-ALO;, so adding copper has no meaning over
5wt%. And Pt peak in XRD data of 5wt% and 10 wt% copper on
Pt-Cu/y-ALO; catalysts has no big difference.

Fig. 11 shows the propane conversion and propylene selectivity
on Pt-Cu/@-ALO; catalysts compared to 7-ALO; as the supporter.
There are two differences between y-Al,O, and &AL Q,. First, add-
ing 0.5 wt% Cu to Pt/&Al,O;, propane conversion is higher than
Pt/3-ALO;, but this is not the case with -ALO; based catalysts. Sec-
ondly, Pt/ &-Al,O; with 10 wt% of Cu has the lowest propane con-
version, the highest initial propylene selectivity among the catalysts.

Propylene yields with Pt-xCu/y and @-ALO; catalysts are as
shown in Fig. 12. Comparing yield with Pt/ 6-ALO; and Pt-5Cu/
% G-ALO;, adding Cu is effective promoter for PDH and irrespec-
tive of AL O; phase. Yield with Pt/y-ALQ; is a little higher than Pt/
6-ALO; except initial reaction due to the low selectivity. However,
deactivation was prohibited with adding Cu which stabilized the
acid site of yand G-ALO;. Furthermore, acid suppression effect was
attractive in &AL,O; more than ALQ,, and this result is consis-
tent with NH,-TPD.

2-2. Deactivation with Pt-Cu/j-ALO; Catalyst For Propane Dehy-
drogenation

Fig. 13 shows the deactivation parameter initial and after 5h
conversion for each Cu content and ALO; phase in Pt-xCu/yand
6 ALO;. The deactivation parameter is calculated by dividing the
difference between the initial and final conversion. Propane initial
conversions of Pt/yand & AlO, were 79.4% and 60%, respectively.
These are higher than the values of initial conversion of 49% and
55% for Pt-5Cu/y and 6Al,O;, respectively. However, as the reac-
tion progressed, the final conversions of Pt/)-ALO;, Pt/&ALO;,
Pt-5Cu/j-AL,0; and Pt-5Cu/ & Al,O; were 27.4%, 31.9%, 21.6% and
32.1%, respectively. This indicated that adding copper in Pt/ALO;
can be attributed to block acid sites to improve the catalytic activ-
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Fig. 13. Deactivation parameter during 5h as a function of copper
addition in Pt-xCu/yand &ALO;.

ity of Pt/yand &-Al,O; for propane dehydrogenation.
CONCLUSION

We investigated the effect of Pt-xCu/ALO; with different alu-
mina phases for propane dehydrogenation. Presence of Cu in the
Pt/ALO; catalyst increases its propylene selectivity and yield and
decreases the catalyst deactivation rate because adding Cu reduces
the number of acid sites and their intensity. The optimized loading
content of Cu is 5wt%. When the copper content was increased,
the anti-coking ability of the Pt-Cu/ALO; catalysts improved and
weakened the interaction between coke and catalysts. The cause of
deactivation of Pt-10 wt%Cu/ & AL,O; may be that Cu covered the
active site of Pt for formation of Cu,Pt.
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