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This study is aimed at investigating the impact of catalyst preparation’s approach (either sequential and/or simultaneous wet
impregnation) to a mesoporous series of Pt/A, Sn/A, PtSn/A, SnPt/A, (PtSn)/A, (PtSn)Zn/A, and (PtSnZn)/A catalysts for
direct ethane dehydrogenation. The (PtSn)/A and (PtSnZn)/A had shown both higher initial specific activity (sV) and reaction
rate constant K, (h") (13063.86 (s') and 12489.69 (s!) and 0.09 (h™') and 0.06 (h™)), respectively. The catalyst preparation
approach had direct impact to the availability and dispersion of mesoporous particles of either active metal and/or promoter
that influences either to hinder the C-C cleavage and/or to promote C-H bond cleavage in the dehydrogenation of ethane to
ethene. The active metal component was present in the form of Pt, Pt'%, Al*>, Sn™, and Zn*? states. The enhanced catalytic
activity is attributed to the Pt,Sn and PtZn formed phases in addition to highly dispersed mesoporous Pt particles. Based on
the obtained results, the catalysts prepared by using simultaneous wet impregnation had shown higher catalytic activity and
catalyst stability as to that of sequential wet impregnation.

1. Introduction

Ethylene is the main building blocks in process industry, and
in the year 2021, its global production has surpassed 200
million tons per annum. The projected forecast of ethenes
by the year 2025 is 290 million tons per annum. Olefins
are more valuable compound than their predecessors,
alkanes such as paraffin and ethane. Therefore, it is of indus-
trial need to convert lower alkanes to respective alkenes.
Multiple [1-46] have been reported for converting lower
alkanes to their respective alkenes. Technologies like Cato-
fins, fluidized bed reactor (FBD), UOP Oleflex, and STAR
are seeking attention for propane dehydrogenation with
trade-off reactor designs, catalyst type, regeneration mode,
and % yield based on operating reaction temperature and
pressure. However, aforementioned technologies are yet
struggling to meet higher yield, catalyst stability, and life.
Based on available literature, dehydrogenation was studied

by using the following two approaches: oxidative and non-
oxidative dehydrogenation [6, 12, 21, 25, 42, 47-55]. The
low olefin selectivity and the formation of COX are major
obstacles in ODH, whereas the NODH attained a better ole-
fin yield. However, due to thermodynamic limitations, both
technologies yet need to explore better options to enhance
olefin yield with least undesired reaction products at reduced
reaction temperature and pressure.

Usually, supported active metal/promoters were used in
low alkane dehydrogenation. Based on initial literature assess-
ment and known dehydrogenation literature for Cl1 to C4
alkanes, platinum (13, 20, 30, 31, 35, 51, 56-58] and chro-
mium [37, 43, 49] are the commonly used catalyst. Each one
of them has its own advantages and disadvantages. Pt has
superior activation for C-H bond and low tendency towards
C-C cleavage. It is highly stable and usually produces higher
catalytic activity with low % loading in addition to environ-
ment friendly. However, sintering of Pt particles after frequent
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TaBLE 1: List of prepared catalyst by using either sequential and/or simultaneous wet impregnation.
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Sr # Catalyst composition Brief to simultaneous/sequential Notation
1 y-ALO, - A

2 1%Pt/y-AlLO, - Pt/A

3 1%Sn/y-AL O, - Sn/A

4 1%Pt1%Sn/y-Al, O, Sequential: impregnation of Sn to Pt/y-AlL,O; catalyst PtSn/A

5 1%Sn1%Pt/y-Al,O, Sequential: impregnation of Pt to Sn/y-Al,O; catalyst SnPt/A

6 1%Pt1%Sn/y-Al,O4 Simultaneous impregnation of Pt and Sn to y-Al,O; support (PtSn)/A
7 1%Pt1%Sn1%Zn/y-Al,O, Sequential: impregnation of Zn to (PtSn)/y-Al,O; catalyst (PtSn)Zn/A
8 1%Pt1%Sn1%Zn/y-Al,O, Simultaneous impregnation of Pt, Sn, and Zn to y-Al,O; support (PtSnZn)/A
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FI1GURE 1: Catalytic activity comparisons of the support A and each of the freshly prepared Pt/A, Sn/A, PtSn/A, SnPt/A, (PtSn)/A, (PtSn)Zn/

A, and (PtSnZn)/A catalysts at 575°C.

regeneration cycle can lead to decreased catalyst life, whereas
the Cr metal has fair catalytic activity and selectivity depen-
dent on Cr loading. However, Cr-based catalyst losses catalytic
activity with each regeneration step due to decreased available
surface area. In addition, it is environmentally toxic and has
very little catalyst life in comparison to Pt metal. Therefore,
many scientists and few commercial research and develop-
ment organisation are yet inclined to use Pt as active metal
for an efficient dehydrogenation catalyst for lower alkanes.
In addition to active metal, the type and nature of the support
of supported catalysts also played an important role. A crystal-
line framework arrangement with high surface area and uni-
form channel size is of acute importance. Based on available
literature, the Pt-supported catalyst is preferred to meet cur-
rent challenges of NODH.

Other than the selection of the best support, key aspect is
to allow and/or control the formation of favorable phases of
bi or multicomponent in the catalyst recipe. To address it,
the catalyst preparation approach could play an important
role to achieve the presence of more active phases. As of best
knowledge of the authors, a very little scientific information

on the comparison of the catalyst preparation approach such
as sequential and/or simultaneous wet impregnation is avail-
able especially Pt-supported catalyst for NODH. Therefore,
this study is aimed at preparing and comparing the catalytic
activities of a methodologically prepared series of the cata-
lysts (see Table 1) using either sequential and/or simulta-
neous wet impregnation. This approached has never been
reported for lower alkane direct dehydrogenation. Such
study shall shed an insight to the active metal dispersion
and impact of preparation approach to form active phase
between mono and/or binary active metal components.

2. Materials and Methods

The used chloride salts of platinum, tin, magnesium, cal-
cium, and zinc were procured from Sigma-Aldrich. The list
of used chemicals was Platinum(II) chloride (>99.9% trace
metals basis), Tin(II) chloride reagent grade (98%), Zinc
chloride (99.999% trace metals basis), and deionized water.
The catalyst support, y-ALO; (SS-200), was obtained from
BASF chemicals.
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FiGURE 2: Effect of reaction temperature to the catalytic activity of the support A, Pt/A, Sn/A, PtSn/A, SnPt/A, and (PtSn)/A catalysts.

2.1. Catalyst Preparation. The catalyst support y-Al,O, pal-
lets were crushed to sieve size of 300-600 mesh size by using
the grinder (ERWEKA AR 402, TG2000) and were calcined
at 650°C for 6 hours under static air. All the catalysts were
prepared by using wet impregnation at 85°C for 5 hours. A
precise amount of well-dried catalyst support and 1% active
metal precursor stock solution were added to rotary evapo-
rator to prepare a series of the catalyst by using sequential
and/or simultaneous approach (see Table 1). The impreg-
nated sludge was dried in a digitally controlled vacuum
dryer at 110°C for 4 hours. The dried impregnated sludge
was multiply rinsed with deionized water to remove any
chloride residues. Finally, it was calcined for a time of 6
hours at 650°C under flowing air (100 ml/min) using a tube
furnace. The calcined catalyst samples were converted into
small tablets by using tablet press machine. At the end, the
catalyst tablet was crushed to particle size of 125-250 ym.

2.2. Catalytic Activity. The catalytic activity of freshly pre-
pared catalysts was tested in a PID Microactivity reactor
(PID ENG & TECH) coupled with online gas chromatogra-
phy (GC; 7890B-Agilent) containing both flame ionization
and thermal conductivity detectors (FID and TCD). Both
safety and absence of any leaks in PID Microactivity reactors
were tested by using an inert gas nitrogen with a flow rate of
8.8 ml/min for 1 hour at 600°C. Before the catalytic run, the
catalyst was reduced at 600°C. After the catalyst reduction,
N, was used to purge any traces of unwanted gas/media.
0.5 g of reduced catalyst as loaded to the reactor and the cat-
alytic activity of each catalyst was tested at three different
temperatures 575°C, 600°C, and 625°C under flow rate of
in the ratio of N, : H, : C,H, =3 : 1 : 1. The catalytic activ-
ity at each temperature is monitored and recorded for 2 hrs.

The total reaction time was 6.7 hours. Throughout the reac-
tion, the extent of conversion of ethane to ethylene and/or
other unwanted products was measured by using GC.

2.3. Catalyst Characterization. Micrometer NOVA 2200e
analyzer was used to measure the BET surface area and pore
distribution by using N,-physiosorption method. X-ray dif-
fraction (XRD) was used to study the crystalline phase of
both unused and used catalyst at 25°C with 26 range of
20-120°C by using Equinox 1000 equipped with Co-ke radi-
ation. A SPECS GmbH X-ray photoelectron spectroscopy
was used to identify the oxidation states of the active metal
by using dual nonmonochromatic X-ray source Al-Ka under
13.5kV, 150 Watts of X-ray power. H,-temperature pro-
grammed reduction was used to analyze the redox behavior
of 0.6g of spent catalyst from room temperature to 875°C
with 15 ml/min flow of 5% H,/N, gas. Quantachrome pulsar
automatic chemisorption analyzer equipped with Thermo-
Star TM GSD 320 quad core mass spectrometer was used
to study the NH,-temperature programmed desorption for
acid-base behavior and dispersion of active metal.

3. Results and Discussions

3.1. Catalytic Activity. PID Microactivity reactor was used to
study the catalytic activity of the support A and each of the
freshly prepared Pt/A, Sn/A, PtSn/A, SnPt/A, (PtSn)/A,
(PtSn)Zn/A, and (PtSnZn)/A catalysts. The % conversion,
% selectivity of ethene, and undesired reaction products
obtained at 575°C are shown in Figure 1. For the reported
value of catalytic activity, selectivity is the average of the
values obtained during 2hrs reaction with standard devia-
tion of 0.01%.
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FiGuRrk 3: Effect of reaction temperature to the catalytic activity of the (PtSn)Zn/A and (PtSnZn)/A catalysts.

In the case of the catalyst support A, the % conversion of
ethane, % selectivity of ethene, and % selectivity of the unde-
sired reaction product were 2.55%, 46.49%, and 53.51%,
respectively. Overall, the % selectivity of undesired reaction
product is slightly higher as to that of % selectivity of desired
product (ethene) with very little % conversion of ethane to
ethene.

The Pt/A catalyst had shown 19.01% conversion, 27.34%
ethene selectivity, and 72.66% selectivity of undesired reac-
tion product. Overall, the Pt/A catalyst was more active as
to that of the support A. However, it has shown very high
% selectivity of undesired reaction products due to the Pt
attack on C-C bond [59]. This led to higher cracking of eth-
ane to methane and coke formation.

The Sn/A catalysts had shown 2.9% conversion, 71.66%
ethene selectivity, and 28.34% selectivity of undesired reac-
tion product. Overall, the Sn/A catalyst had shown lower
% conversion in comparison to Pt/A catalyst. However, the
Sn/A catalyst had shown reduced formation of undesired
reaction products. This is because of the least ability of Sn
in the catalyst composition to break C-C bonds and/or
cracking [31]. In addition, the Sn has significantly assisted
to reduce the acidic nature of the support [60].

The PtSn/A had shown 4.68% conversion of ethane with
ethene % selectivity of 93.26% and 6.74% of undesired prod-
uct selectivity. The PtSn/A catalyst had shown increased %
conversion in comparison to the support and Sn/A catalyst.
Also, the PtSn/A catalyst has shown the highest % selectivity
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TABLE 2: A comparison of % conversion, % selectivity, and % yield of desired reaction product (ethene) at 575°C, 600°C, and 625°C.
% conversion % selectivity % yield

Catalyst Temperature (°C) Temperature (°C) Temperature (°C)

575 600 625 575 600 625 575 600 625
A 2.55 4.61 10.27 46.49 75.53 74.52 1.19 3.48 7.65
Pt/A 19.01 22.63 24.96 27.34 36.01 47.63 5.20 8.15 11.89
Sn/A 2.9 6.31 12.68 71.66 82.14 86.24 2.08 5.18 10.94
PtSn/A 4.68 7.73 12.69 93.26 98.5 92.12 4.36 7.61 11.69
SnPt/A 13.88 17.07 21.61 39.46 51.41 60.05 5.48 8.78 12.98
(PtSn)/A 6.91 11.78 16.63 78.7 78.60 78.26 5.44 9.26 13.01
(PtSn)Zn/A 5.69 9.18 14.15 73.64 81.81 81.39 4.19 7.51 11.52
(PtSnZn)/A 7.16 11.13 16.66 75.84 79.67 81.31 5.43 8.87 13.55

TaBLE 3: Comparison of % metal, Pt/Sn and Pt/Zn ratio, % conversion, % selectivity, % yield, initial specific activity (s), and reaction rate

constant K, (h'!) for the reaction carried at 600°C.
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FiGure 4: TPR analysis comparison between (PtSn)/A and
(PtSnZn)/A catalyst.

of ethene in addition to least % selectivity of undesired reac-
tion products. However, the % conversion of PtSn/A is lower
than that of the Pt/A. This is because of the presence of Pt
with Sn had reduced affinity to C-C bond—clear from the
least % selectivity of undesired reaction product CH, (which
can be only formed from the C-C bond cleavage in ethane
molecule) [31, 60]. Overall, the PtSn/A has the highest %
selectivity of ethene with least % selectivity of undesired
reaction products.

The SnPt/A had shown 13.88% conversion of ethane to
ethene with % selectivity of 39.46% and 60.54% of undesired
product selectivity. In comparison, the SnPt/A catalyst had
shown higher % conversion of ethane and % selectivity of
undesired reaction products as to that of PtSn/A catalyst. This
is because of highly dispersed mesoporous Pt particles at the
outer surface of unhomogenized catalyst due to the sequential
wet impregnation of Pt to Sn/A catalyst to obtain SnPt/A cat-
alyst. The availability of highly dispersed mesoporous Pt in the
unhomogenized catalyst led to the enhanced % conversion
due to C-C cleavage rather due to C-H cleavage, mandatory
for dehydrogenation of ethane [9, 34, 35, 37, 58, 59].

The (PtSn)/A catalyst exhibited 6.91% conversion of eth-
ane, with ethene % selectivity of 78.7% and 21.3% of unde-
sired product selectivity. The % of undesired reaction
products, in the case of (PtSn)/A catalyst, was less than
SnPt/A catalyst and higher as to that of PtSn/A catalyst.
The (PtSn)/A, prepared by simultaneous wet impregnation
of both Pt and Sn on the support A, has generated a better
alloy between Pt and Sn due to which the individual impact
of either Pt and/or Sn was reduced [33, 56]. That is why, the
% conversion of (PtSn)/A is less as to that of either PtSn/A
or SnPt/A due to trade of between cracking/C-C bond cleav-
age and the dehydrogenation.

The (PtSn)Zn/A catalyst exhibited 5.69% conversion of
ethane, with ethene % selectivity of 73.64% and 26.36% of
undesired product selectivity. These results showed that
sequential addition of Zn to (PtSn)/A catalyst had not
impacted much to the acidity of the catalyst support A due
to which the (PtSn)Zn/A had shown lower % conversion as
to that of (PtSn)/A catalyst. In parallel, the addition of the
Zn to (PtSn)/A catalyst also led to the decreased C-C cleav-
age/cracking with enhanced dehydrogenation extent [37].
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Due to the favorable impact of Zn to (PtSn)/A catalyst, it
was thought to prepare a (PtSnZn)/A catalyst by using the
simultaneous impregnation of Pt, Sn, and Zn to the catalyst
support. The (PtSnZn)/A catalyst exhibited 7.16% conver-
sion of ethane, with ethene % selectivity of 75.84% and
24.16% of undesired product selectivity. The overall catalytic
activity (in terms of % conversion, % selectivity of ethene,
and undesired reaction products) of the (PtSnZn)/A catalyst
is higher as to that of the (PtSn)Zn/A catalyst. This is clearly
due to enhanced beneficial impacts of the simultaneous
impregnation of Zn with Pt and Sn to the catalyst support
which led to much better homogenized catalyst with better
Pt-Sn/Sn-Zn/Pt-Zn alloy formation [31, 37, 60]. In addition,
this catalyst preparation approach [2] led to significant

decrease in C-C cleavage/cracking with higher dehydrogena-
tion extent.

In general, the catalytic activity in terms of % conversion,
% selectivity of ethene, and undesired reaction products is
different either due to catalyst composition and/or catalyst
preparation approach (sequential and/or simultaneous)
within the single catalyst preparation method (wet
impregnation).

3.2. Effect of Reaction Temperature. The effect of reaction
temperature plays a significant role either to overall catalytic
activity and/or stability of the catalyst. Therefore, the cata-
lytic activity (in terms of % conversion, % selectivity of eth-
ene, and undesired reaction product (ethane)) of all the
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catalysts was studied at three different reaction temperatures
575°C, 600°C, and 625°C. The effect of each reaction temper-
ature is shown in Figures 2 and 3.

In general, % conversion increased with the increase in
temperature for all the catalysts. However, the % selectivity
of desired and undesired reaction product varies with the
catalyst composition. For instance, the % selectivity of unde-
sired reaction product (methane) at each studied reaction
temperature (575°C, 600°C, and 625°C) was nearly remained
constant for the support A and Sn/A, PtSn/A, (PtSn)/A,
(PtSn)Zn/A, and (PtSnZn)/A catalysts (see Figures 2(a),
2(c), 2(d), 2(f), 3(a), and 3(b)). However, in the case of the
Pt/A and SnPt/A catalysts, the % selectivity of methane
(undesired reaction product) gradually decreased with the
increase in reaction temperature (see Figures 2(b), 2(e),
and 3(a)). This could be due to the freely available Pt meso-
porous particles because it is well established that Pt has
higher tendency to C-C bond cleavage [9, 34, 35, 37, 58,
59]. In other words, it is the least formation of potential
active alloy phase(s) between Pt and Sn in the case of
SnPt/A catalyst. Therefore, the catalyst preparation
approach either sequential and/or simultaneous wet impreg-
nation has direct influence to hinder the C-C and/or C-H
bond cleavage in dehydrogenation.

In terms of % selectivity of the desired reaction product
(ethane), it increased with the increase in reaction tempera-
ture for all the studied catalysts except the PtSn/A and
(PtSn)/A catalysts. In the case of PtSn/A, the % selectivity
of ethene first increases with the increase in the reaction
temperature from 575°C to 600°C and then it decreased with
the further reaction temperature increase from 600°C to
625°C (see Figure 2(d)), whereas in the case of the (PtSn)/
A catalyst, the % selectivity of ethene remained almost con-
stant with the increase in reaction temperature from 575°C

to 625°C (see Figure 2(f)). In all other studied Pt/A, Sn/A,
SnPt/A, (PtSn)Zn/A, and (PtSnZn)/A catalysts, the % selec-
tivity of ethene increased with the increase in reaction tem-
perature (see Figures 2(b), 2(c), 2(e), 3(a), and 3(Db)).
However, the extent of the increased % selectivity of ethane
is different in each catalyst composition.

An overall comparison of % conversion, % selectivity,
and % vyield of desired reaction product (ethene) at 575°C,
600°C, and 625°C temperature is shown in Table 2. Among
all the studied catalysts, the (PtSn)/A and (PtSnZn)/A
showed maximum % yield of desired reaction product (eth-
ene) at 575°C, 600°C, and 625°C, respectively. Both catalysts
were prepared by using simultaneous wet impregnation.

Based on abovementioned findings, the initial specific
activity (s™') and reaction rate constant K, (h') of the best
(PtSn)/A and (PtSnZn)/A were calculated by using the fol-
lowing:

_ [moles of the product/moles of Pt]

- time

[ln (1 B xend)/xend) -In (1 - xstan)/xstart)]
time

>

Initial specific activity (s™")

Reaction rate constant K, (h™!) =

>

(1)

where x4 and x,,, are the conversion at the start and
end of the reaction.

The summary of the results is shown in Table 3. In general,
the catalyst preparation approach, either sequential and/or
simultaneous wet impregnation, has direct link to the enhanced
% selectivity and/or % yield of desired reaction product.

3.3. TPR Analysis. The TPR analysis is very useful to study
the interaction of active metal with support and/or pro-
moter. Based on the highest catalytic activity, in terms of
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initial specific activity and reaction rate constant, the best
(PtSn)/A and (PtSnZn)/A catalysts were analyzed by using
TPR technique. The obtained results are shown in
Figure 4. The (PtSn)/A catalyst exhibited comparatively
intense and broader Pt peak at 236°C as to that of (PtSnZn)A
catalyst at the same temperature. This peak belonged to Pt
[61]. The slightly higher intensity of Pt peak, in (PtSn)/A
catalyst, showed that it required more H, consumption to
reduce Pt-O surface as to that of (PtSnZn)/A. This showed
that dispersion of Pt mesoporous particles in (PtSn)/A cata-
lyst is higher in comparison to (PtSnZn)/A catalyst. Due to
better dispersion of Pt mesoporous particles, the (PtSn)/A
catalyst had higher initial specific activity (13063.86s")
and reaction rate constant K, (h") as to that of (PtSnZn)/
A catalyst which had less initial specific activity and reaction

constant (12489.69s™! and K d (h'Y) of 0.06, respectively). In
addition, the (PtSnZn)/A exhibited a minor peak at 473°C.
This peak belonged to Zn [62]. The intensity of this peak
showed very little dispersion of Zn mesoporous particle,
and the presence of Zn with active metal Pt did not contrib-
ute much to enhance the overall catalytic activity of
(PtSnZn)/A in terms of both initial specific activity and reac-
tion rate constant.

3.4. NH;-TPD Study. The catalytic activity of a supported cat-
alyst depends on both catalyst preparation method and the
surface acidity of the catalyst support (the acid-base behavior)
which has direct impact to the dispersion of the active metal
and/or promoter. To access such impact to the catalytic activ-
ity, both (PtSn)/A and (PtSnZn)/A catalysts were



Journal of Nanomaterials

()
(PtSn/) A

100 -
90 -
80 -
70 -
60 4
50 +
40 4
30 +
20 -
10 ~

BESR SRS S S U PN

(%)

0 100 200 300 400 500 600 700 800 900

Time (min)

(0

13

50 nm

(PtSnZn/) A
100 -

90
80 -MMW
70 -
60 -
50 +
40 4
30 +
20 4
10
0

(%)

i 3y S S SN S N U S N

0 100 200 300 400 500 600 700 800 900
Time (min)

—»— Conversion
—— Selectivity

(d)

FiGUure 9: Comparison of TEM analysis and catalyst stability tests.

characterized by using NH,-TPD technique. The obtained
result is shown in Figure 5. Both (PtSn)/A and (PtSnZn)A
exhibited different TPD curves. In the case of (PtSn)/A, the peak
intensities are slightly less as to that of the peaks in (PtSnZn)/A
catalyst. The low TPD peak intensity in (PtSn)/A corresponds
to ammonia desorption from comparatively bit strong acidic
sites. The slightly high intensity peaks of (PtSnZn)/A corre-
spond to comparatively weak acidic sites. The extent of either
weak and/or strong acid sites [63, 64] reflected to the unequal
dispersion of the active metal Pt in each catalyst. Based on the
results, the dispersion of Pt in (PtSn)/A was better as to that
in (PtSnZn)/A catalyst. This leads to enhanced catalytic activity
of (PtSn)/A both in terms of initial specific activity and reaction
rate constant. However, the simultaneous addition of Zn, Sn,
and Pt to the support leads to an overall decreased formation
of undesired reaction products. Therefore, the presence of Zn
in the catalyst’s recipe increased the catalyst stability by sup-
pressing the formation of undesired reaction products. Though,
the overall catalytic activity of (PtSnZn)A is less as to that of
(PtSn)/A. This could be attributed to active oxidation state(s)
of metal, Pt/Sn, and/or Pt/Zn ratio, in addition to the formed
Pt,Sn, Pt,Zn, and Pt,Sn Zn, phases.

3.5. XRD Analysis. To investigate potential formation of Pt-
Sn, Pt-Zn, and Pt-Sn-Zn phases in addition to the crystal

orientation, both (PtSn)/A and (PtSnZn)/A catalysts were
analyzed by using XRD analysis and results are shown in
Figure 6.

The diffraction patterns of the (PtSnZn)/A catalyst
exhibited Sn(110), Pt,Sn, Pt(111), Pt(200), PtZn, Pt(311),
and Pt(222) peaks in addition to the support y-Al,O, peaks
[65, 66]. Among all the peaks attributed to the Pt, the
Pt(111), Pt(311), and Pt(222) were the prominent as to that
of Pt(200). A very less intense trace of Sn(110) and Pt,Sn
was also present in addition to PtZn peak in the (PtSnZn)/
A catalyst. The (PtSn)/A had Sn(110), Pt,Sn, Pt(111),
Pt(200), Sn(211), Pt(220), and Pt(222) peaks in addition to
y-Al,O, peaks. Among all the Pt peak, the Pt(111) and
Pt(222) were the prominent in comparison to Pt(200) and
Pt(220) peaks. Among Sn peaks, the Sn(110) was the prom-
inent as to that of Sn(211) peak. In comparison, the Pt(220)
and Pt (311) peaks were not found in both (PtSn)/A and
(PtSnZn)A catalysts. The Pt(220) was identified in (PtSn)/
A catalyst only, and the Pt(311) peak was present in the
(PtSnZn)/A catalyst only. In addition, the (PtSnZn)/A
exhibited a weak PtZn peak.

In brief, the different catalytic activity of (PtSn)/A and
(PtSnZn)/A is attributed to the Pt,Sn and PtZn phases in
addition highly dispersed mesoporous Pt particles. Based
on higher catalytic activity of (PtSn)/A catalyst, the presence
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of Pt,Sn phase is more beneficial as to that of PtZn phase.
The formation of Pt,Sn phase is attributed to the natural
tendency of Pt towards Sn. Usually, the higher Pt/Sn ratio
led to increased reaction rate.

3.6. XPS Analysis. To assess the metal ration and possible
oxidation state of each active metal and surface chemical
composition, both (PtSn)/A and (PtSnZn)/A catalysts were
analyzed by using XPS. The results are shown in Figures 7
and 8.

The complete survey spectrum of (PtSn)/A catalyst
exhibited Al 2p (73.64eV), Al 2s (119.09¢V), Pt 4f;,
(75.24€V), Pt 4f,, (71.74eV), Pt 4d., (314.03eV), Pt
4d;, (317.53eV), Sn 3d;, (486.84eV), and Sn 3d,,
(494.99eV) in addition to the O 1s and Cl 2p peaks.
The deconvoluted Al 2p (73.64eV) and Al 2s (119.09¢V)
peaks of Al showed the presence of Al™, whereas the
deconvoluted Pt 4d;, (314.03eV) and Pt 4d;,
(317.53eV) peaks of Pt indicated the presence of Pt and
Pt*?, respectively. Finally, the Sn was present in the form
of Sn™ indicated by the deconvoluted Sn 3ds,
(486.84¢V) and Sn 3d,,, (317.53¢V) peaks of Sn. In sum-
mary, the active metal component of the (PtSn)/A catalyst
was present in the form of Pt, Pt"*, AI">, and Sn** ions. In
addition, the Pt mesoporous particles were well dispersed
within the support (see Figure 7(a); deconvolution exhib-
ited the presence of both Al 2p and Pt 4f).

The (PtSnZn)/A had shown Al 2p (73.67eV), Al 2s
(119.07eV), Pt 4f,,, (75.21eV), Pt 4f,,, (71.77eV), Pt 4d,,
(314.09¢eV), Pt 4d;,, (317.55eV), Sn 3d;,, (486.81eV), Sn
3d;,, (494.93eV), and Zn 2p;,, (1021.77 V) in addition to
the O 1s and Cl 2p peaks. The deconvoluted Al 2p
(73.67eV) and Al 2s (119.07 eV) peaks of Al in the case of
(PtSnZn)/A catalyst showed the presence of Al Similarly,
the deconvoluted Pt 4d;, (314.09e¢V) and Pt 4d;,
(317.55eV) peaks of Pt in the case of (PtSnZn)/A catalyst
indicated the presence of Pt and Pt*? respectively. The Sn
was present in the form of Sn™* indicated by the deconvo-
luted Sn 3d;,, (486.81eV) and Sn 3d,,, (494.93eV) peaks
of Sn in the (PtSnZn)/A catalyst. Finally, the Zn was present
in the form of Zn*? as indicated in the Zn 2p, , (1021.77 V)
peak of Zn in the (PtSnZn)/A catalyst. Furthermore, both Pt
4f and Al2p were present together (see Figure 8(a)) in the
(PtSnZn)/A catalyst like the (PtSn)/A catalyst. In summary,
the active metal component of the (PtSnZn)/A catalyst was
present in the form of Pt, Pt™>, Al*®, Sn™, and Zn*? states.

These XPS results were consistent as to that of XRD
analysis. Both results indicated the presence of Pt,Sn and
PtZn. Overall, the extent of the formation of Pt,Sn in the
(PtSn)/A catalyst was more as to that in the (PtSnZn)/A cat-
alyst because of the higher Pt/Sn ration in (PtSn)A catalyst
(see Table 3).

The TEM analysis of best active catalysts ((PtSn)/A and
(PtSnZn)/A) is shown in Figures 9(a) and 9(b). Both the cat-
alysts had shown a random active metal distribution up to
almost similar extent. In comparison, the (PtSn)/A catalyst
has better and comparatively uniform Pt particle distribu-
tion surrounded by Sn within the proximity (see
Figure 9(a)). However, in the (PtSnZn)/A catalyst, the Pt
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particles were in the close proximity to Sn as to that of Zn
(see Figures 9(a) and 9(b)).

A comparison of the (PtSn)/A and (PtSnZn)/A catalyst’s
stability test is shown in Figures 9(c) and 9(d) for the first
cycle. Both the catalysts had shown a fairly very good stabil-
ity over a cycle run of 15 hours. However, the stability of
(PtSn)/A was slightly better than that of the (PtSnZn)/A cat-
alyst. The slight variation in C2H4 selectivity in the case of
(PtSnZn)/A is attributed to the presence of Zn which may
had led to the formation of coking either near or in the sur-
rounding vicinity of Pt particles.

4. Conclusions

A series of Pt/A, Sn/A, PtSn/A, SnPt/A, (PtSn)/A, (PtSn)Zn/
A, and (PtSnZn)/A catalysts were prepared by using either
sequential and/or simultaneous wet impregnation (see
Table 1) to study the impact of catalyst preparation
approach to the catalytic activity, selectivity, and yield in
direct ethane dehydrogenation. Among all the studied cata-
lysts, the (PtSn)/A and (PtSnZn)/A had shown higher initial
specific activity (s') and reaction rate constant K, (h)
(13063.86 (s'') and 12489.69 (s'') and 0.09 (h") and 0.06
(h'h), respectively. Based on the obtained results, the cata-
lysts prepared by using simultaneous wet impregnation
had shown higher catalytic activity as to that of sequential
wet impregnation. The catalyst preparation approach had
direct/indirect impact to the availability and dispersion of
mesoporous particles of active metal and/or promoter in
the catalyst. This led to influence either to hinder the C-C
cleavage and/or to promote C-H bond cleavage in the dehy-
drogenation of ethane to ethene. Among all studied cata-
lysts, the (PtSn)/A had shown better catalyst stability for
an experimental cycle run of 15 hours. With the increase
in reaction temperature, both % conversion and % selectivity
of desired reaction product were increased. The active metal
component was present in the form of Pt, Pt**, AI">, Sn™,
and Zn*? states. The enhanced catalytic activity is attributed
to the Pt,Sn and PtZn formed phases in addition to highly
dispersed mesoporous Pt particles.
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