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ABSTRACT

Platinum and zinc containing LTA zeolite catalysts with tunable meso/microporosity were prepared by us-
ing ligand-metal precursors under hydrothermal condition. These materials were employed for oxidation
of ethane to oxygenates using hydrogen peroxides as oxidant under mild reaction condition. The results
showed that platinum and zinc loaded LTA zeolites were effective for the partial oxidation of ethane
with hydrogen peroxide giving the desired C, oxygenates. Moreover, the C; oxygenates were also ob-
tained through subsequent C-C bond scission pathways. The over oxidation of ethanol/methanol to acetic
acid/formic acid could be inhibited through the introduction of mesoporosity in LTA zeolites. Our findings
for oxidation of ethane suggested that the selectivity to the oxidation products such as alcohols and acids
could be tailored by tuning the metal species within the LTA zeolites and porosity of catalysts, indicat-
ing that a balance between the meso/microporosity and metal species in LTA zeolites can be realized for
desirable catalysis by one-pot synthesis of zeolites. In addition, the selectivity to oxygenates can also be

tuned by control of the reaction conditions, i.e. concentration of hydrogen peroxide or reaction time.
© 2018 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by Elsevier B.V. and Science Press. All rights reserved.

1. Introduction

The depletion of fossil fuels has stimulated scientists to explore
alternative type of fuels to substitute fossil fuel as feedstocks for
various chemicals production. Natural gas, which is estimated to
have more than 190 trillion cubic meters [1], is an abundant re-
source that is composed mainly of methane (70%-90%) and ethane
(1%-10%). Thus, it is necessary to convert natural gas to valuable
chemicals and fuels. In the past few decades, intensive research
has focused on methane conversion processes to higher hydro-
carbons. For example, the hydrocarbons can be obtained through
steam reforming of methane to produce syngas (CO and H,) fol-
lowed by consecutive Fischer-Tropsch synthesis [2,3]. Besides, di-
rect methane aromatization to aromatics (DMA) and oxidative cou-
pling of methane to C, products have also been deeply investigated
[4-7]. However, the high C-H bond strength (439.57 k]/mol) of CH,
makes the processes relatively unfavorable since energy intensive
steps are involved [8].

Ethane, another main constituent of natural gas, has lower
C-H strength of 423.29k]/mol and higher solubility in water
than methane [9]. Ethane is wieldy used to produce light olefins
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through steam cracking on zeolite catalyst. However, steam crack-
ing process requires plenty of energy. Therefore, partial oxidation
of ethane to value-added products is an alternative approach to
circumvent energy intensive processes. Considerable efforts have
been made to convert ethane to valuable chemicals and fuels
through partial oxidation of ethane. Thorsteinson et al. [10] has re-
ported that Mo/V/Nb catalysts were able to activate ethane by us-
ing O, and air, and the ethane could be converted to ethene, acetic
acid and COy, at reaction temperature of 423-723 K. On the other
hand, Moffat. [11] discovered that no acetic acid was found when
ethane conversion reaction was run at 813K using silica loaded
HPMo catalyst. Vanadium oxide containing silica catalysts exhib-
ited low ethane conversion (3%), but high acetaldehyde selectiv-
ity (45%) [12]. High ethane conversion (73%) and ethene selectivity
(83%) can be achieved by using alumina supported Pt-Sn catalyst
[13], but these approaches need to be carried out under high tem-
perature and pressure conditions.

Shul'pin et al. [14,15] used iron (III) species as catalysts for
ethane conversion reactions in H,O, or acetonitrile media acti-
vation and the results showed that high selectivity to ethylhy-
droperoxide (88%) with ethanol (3%) products could be obtained.
The superior performance could be attributed to the fessyl species
formed by the interaction between H,0, and hydroperoxy radi-
cals (-OOH). However, the drawback of this system involves ho-
mogeneous catalysis that is unfavorable for chemical separation.

2095-4956/© 2018 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved.
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Table 1. Weight percentages of compositions in synthesis gel of metal containing LTA zeolites.

Samples Metal precursor used Content of metal precursor Content (wt%)
(wt%) Na,0 Al, 03 Si0, H,0 TPOAC
M-LTA-Pt [Pt(NH3 )4](NO3 ), 0.1 7.8 53 44 824 0.0
M-LTA-Zn Zn(CsH70,); - H,0 03 78 53 44 822 0.0
H-LTA-Pt [Pt(NH;)4](NO3 ), 0.1 76 51 43 80.0 2.9
H-LTA-Zn Zn(CsH;03), - H,0 0.3 7.6 5.1 43 79.8 29
H-LTA-Pt@Zn [Pt(NH;3)4](NO3 ) 0.1 7.6 5.1 43 79.8 2.9
Zn(CsH;0,); - H,0 0.2

Meinhold et al. [16] and Kawakami et al. [17] reported that variants
of P450 BM3 was active for direct oxidation of ethane to ethanol
using O, under mild conditions. The results showed that the TOF
of the reaction was 500 MOlethanot + MOlprorein '+ h~1. Unfortu-
nately, these enzymatic methods have not been implemented ow-
ing to the complexity of enzymes [9]. A biomimetic approach for
oxidation of ethane was reported by Xiao at al. [18] who employed
metal organic frameworks with iron species as the catalysts to ac-
tive ethane under N,O atmosphere. Experimental results showed
that the selectivity of products could be tuned by manipulating the
reaction condition such as flow rates and batch operations, but ad-
ditional side products derived from MOFs was neglected [1].

Despite tremendous efforts on oxidation of ethane reactions,
there are only a few reports on selective ethane oxidation by using
heterogeneous catalysts under mild reaction condition [9]. In 1992,
Lin and Sen [19] reported that Pt or Pd loaded carbon could cat-
alyze ethane to oxygenates under 373 K. Later, partial oxidation of
ethane to acetaldehyde and ethanol was performed at 333K by us-
ing TS-1 as catalyst and H,0, as the oxidant [20]. Recently, Hutch-
ings and co-workers [9] reported that Fe and Cu loaded ZSM-5 ze-
olite catalysts were effective for partial oxidation of ethane to oxy-
genates at 323 K with 0.5M H,0, oxidant. Ethylene produced from
ethane under low temperature and aqueous phase conditions was
reported for the first time in this research work. In addition, acetic
acid was discovered under this reaction conditions too. Extending
this work, Armstrong et al. [21] investigated the effect of reaction
conditions on the selectivity to C, oxygenates, and selective oxida-
tion of ethane was performed in a trickle bed reactor in order to
avoid over oxidation reaction. Ethylene with high selectivity (38%)
was obtained under optimized mild reaction conditions.

In the present work, Pt- and Zn-containing LTA zeolites with
different textural properties were systematically investigated as
catalysts for partial oxidation of ethane to oxygenates under mild
reaction condition. LTA zeolite possesses small pore apertures
[22,23] that inhibit coalescence and Ostwald ripening of loaded
metal clusters, resulting in the formation of encapsulation of metal
clusters within LTA voids [24]. It has been reported that Zn loaded
zeolites were effective catalysts in converting light alkanes to valu-
able chemicals and fuels [25-27]. Besides, Pt is also an active
species for oxidation of ethane in aqueous medium [19,28]. Thus,
Zn, Pt and Zn-Pt containing LTA zeolites were synthesized to ex-
plore the effects of different actives species on the catalytic per-
formances in oxidation of ethane reactions. Moreover, it is crucial
that the porosity of zeolites can influence activity and selectivity
of catalysts. Herein, the effects of hierarchical porosity of LTA zeo-
lites on the partial oxidation of ethane were also investigated. The
understanding of the relationship between catalyst structures and
catalytic performances will form the basis for designing catalysts
with enhanced ethane conversion under mild condition.

2. Experimental
2.1. Synthesis of metal containing LTA zeolites

Pt- and Zn-containing LTA zeolites were synthesized by using
metal precursors with ligands, which can prevent metal cations

from precipitation during the hydrothermal crystallization of zeo-
lites [24]. In addition, Hierarchical LTA zeolites were synthesized
by adding 3-(trimethoxysilyl)propyl]octadecyldimethylammonium
chloride (TPOAC) to traditional LTA zeolite precursor as meso-
porous template [29]. The initial weight percentages of compo-
nents in synthesis gel were shown in Table 1. In a typical synthesis,
1.2 g NaAlO,, 0.94 g NaOH and 0.4 g TPOAC (presence for hierarchal
LTA zeolites) were dissolved in 12.4 mL deionized H,O. After that,
0.64 g fumed SiO, was added to this mixture under magnetic stir-
ring condition. The obtained gel was further stirred for 2 h at 333 K.
Next, 0.02 g [Pt(NH3)4](NO3), or 0.05g Zn(CsH0,),-H,0 dissolved
in 3 mL deionized H,0 solution was added slowly into the gel. The
final mixture was homogenized under vigorous stirring condition
for 1h at 333K, and the solution was heated to 373K (15h) for
crystallization under magnetic stirring. After crystallization, solid
precipitates were filtered, dried in air, and calcined at 823K for
6h to remove organic templates and ligands. The obtained Pt con-
taining or Zn containing hierarchical LTA zeolites are denoted as
H-LTA-Pt and H-LTA-Zn. For comparison, conventional LTA zeolite
was synthesized by using the same procedure described above ex-
cept for the absence of TPOAC.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were performed on
a Bruker D8 ADVANCE diffractometer with Cu K, radiation
(A=0.15418 nm) at 40kV and 40mA. N, adsorption-desorption
isotherms were measured using an Autosorb-iQ analyzer at 77 K.
Samples were outgassed for 12h at 523K prior to measurement.
The specific surface area of the samples was calculated based on
the adsorption branch of isotherm by using BET equation. Scan-
ning electron micrograph (SEM) images were obtained on Carl
Zeiss, ZEISS Ultra 55 at 5.0kV. The samples were coated with
gold layer before measurement. Transmission electron micrographs
(TEM) images were recorded using a JEOL JEM-2100 electron mi-
croscope at 200kV. Ultraviolet-visible (UV-vis) spectra were car-
ried out on a Varian Cary UV-500 spectrometer with BaSO4 as the
reference. The metal content of metal containing LTA zeolites was
determined by inductively coupled plasma optical emission spec-
troscopy (ICP-OES, Perkin-Elmer 4300 DV).

2.3. Catalyst testing

The partial oxidation of ethane reactions was performed in a
stainless-steel autoclave with Teflon liner vessel. The H,0, aque-
ous solution and a certain amount of catalyst were added into
the vessel. After sealing, the autoclave was purged with ethane
to ~ 73psi, and the reactor was further heated to the reaction
temperature for 1.0-6.0 h. After the reaction, the resultant solution
was analyzed by gas chromatograph (Agilent 7890A GC) equipped
with a methyl-siloxane capillary HP-1 column connected to
a FID.
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Fig 1. XRD patterns of Pt- and Zn-containing LTA zeolite catalysts.
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Fig. 2. N, adsorption-desorption isotherms of metal containing LTA zeolites.

3. Results and discussion
3.1. Characterization of the metal containing LTA zeolites

The crystalline structure of zeolite catalysts was characterized
by XRD, as shown in Fig. 1. All the metal containing zeolite sam-
ples exhibited well resolved diffraction peaks, which are typical
characteristics of LTA zeolite frameworks [30]. However, the peak
intensities of microporous and hierarchical LTA zeolite catalysts are
different. With the TPOAC adding into the gel, the diffraction peak
intensities of hierarchical LTA zeolites (H-LTA-Pt or H-LTA-Zn) are
lower than those of microporous LTA zeolites (M-LTA-Pt or M-LTA-
Zn). The possible explanation for this phenomena is that the ad-
dition of mesoporous templates into the zeolite frameworks could
cause imperfections of LTA single crystals [31]. In addition, there
is no significant observation of metal phase for all of the metal
loaded LTA zeolites in power XRD patterns, indicating the absence
of large metal crystallites in LTA zeolite frameworks [24].

N, adsorption-desorption isotherms were employed to de-
termine the porosity features of metal containing LTA zeolites.
Fig. 2 shows that M-LTA-Pt and M-LTA-Zn samples exhibit type I
isotherm as defined by IUPAC [32], indicating that both M-LTA-
Pt and M-LTA-Zn are microporous materials. In contrast, H-LTA-
Pt, H-LTA-Zn and H-LTA-Pt@Zn exhibit type-IV isotherms with a
hysteresis loop that corresponds to capillary condensation of N,
in mesopores, verifying that these catalysts consist of both micro-
pores and mesopores structures [33,34]|. However, these samples
give different hysteresis loops, indicating that they have different

hierarchical structures. For H-LTA-Pt and H-LTA-Zn samples, hys-
teresis loops show a narrow and flat shape, hinting that these ma-
terials have slit-like pores [35]. On the other hand, H-LTA-Pt@Zn
sample exhibits a broad hysteresis loop, which means that catalyst
is composed of wedge-shape pore apertures [32].

Table 2 lists the textural properties of metal loaded LTA zeolites.
The BET surface area and total pore volume of M-LTA-Pt/M-LTA-Zn
samples are 23 m? g=1/12 m? g~! and 0.12 cm? g-1/0.10 cm3 g1,
respectively. The low BET surface area and pore volume indicate
that N, probe molecules do not easily access the interior of LTA
zeolites [36]. With the addition of TPOAC, H-LTA-Pt, H-LTA-Zn and
H-LTA-Pt@Zn samples exhibit higher BET surface area and total
pore volume than those of M-LTA-Pt and M-LTA-Zn. These data
suggests that the extra mesopores originated from TPOAC tem-
plates can improve the accessibility of LTA zeolite frameworks, re-
sulting in larger porosity of hierarchical LTA zeolites. Besides, H-
LTA-Pt, H-LTA-Zn and H-LTA-Pt@Zn samples show different aper-
ture parameters. For example, the value of mesopore volume and
external surface area increase in the order of H-LTA-Pt < H-LTA-
Zn < H-LTA-Pt@Zn, but their micropore volumes are the same.
These analyses clearly show that the textural properties of metal
containing LTA zeolites can be modulated by addition of meso-
porous templates and encapsulation of different metal species,
which can definitely influence the catalytic properties of the cat-
alysts.

The morphology of metal loaded LTA zeolites was analyzed
by SEM. Fig. 3 shows the representative SEM images of micor-
porous and hierarchical LTA zeolites with different metal species.
As shown in Fig. 3(a and b), M-LTA-Pt and M-LTA-Zn exhibit cu-
bic morphology with smooth surface and truncated edges. How-
ever, the hierarchically structured LTA zeolites give different mor-
phologies. With the addition of TPOAC to the zeolite synthesis gel,
as shown by H-LTA-Pt and H-LTA-Zn in Fig. 3(c and d) respec-
tively, the zeolite morphologies were transformed into sphere-like
shape with rough surface. This phenomenon indicates that meso-
porous templates could influence the structure of LTA zeolite crys-
tals. Moreover, when both Pt and Zn are loaded into LTA zeolites
(H-LTA-Pt@Zn in Fig. 3e), the zeolite composes of numerous do-
mains with nanocrystal morphology. These observations reveal that
addition of mesoporous templates and different metal species can
influence the morphology of LTA zeolites.

TEM was further conducted to examine the framework struc-
ture of resulted metal containing LTA zeolites. Fig. 4(a and b)
shows that M-LTA-Pt and M-LTA-Zn consist of plate-like morphol-
ogy, and the corresponding metal oxide nanoparticles that were
encapsulated in the frameworks of LTA zeolites can be observed.
H-LTA-Pt and H-LTA-Zn samples shown in Fig. 4(c and d), how-
ever, exhibit nanosponge-like structure. Besides, the mesoporous
channels in the samples can be easily observed, indicating that
H-LTA-Pt and H-LTA-Zn catalysts have open hierarchical microp-
orosity and mesoporosity. Moreover, the relevant metal clusters are
dispersed in the isolated form within the LTA crystals, indicating
that all of these metals were encapsulated with high dispersion
within crystalline NaA frameworks. Fig. 4(e) reveals that dual met-
als species with small sizes are loaded into frameworks of H-LTA-
Pt@Zn catalyst, which is in agreement with XRD results.

The nature of metal species within LTA zeolites was investigated
by UV-vis spectroscopy. Fig. 5 shows UV-vis spectra of metal con-
taining LTA zeolites. H-LTA-Pt sample shows an absorption peak
at 260 nm, which is assigned to the clusters of Pt nanoparticles
[37]. For M-LTA-Pt and H-LTA-Pt@Zn samples, the absorption peak
at 260nm is not observed, indicating the absence of Pt cluster
species in M-LTA-Pt and H-LTA-Pt@Zn samples. In addition, the
UV-vis spectra of M-LTA-Pt, M-LTA-Pt and H-LTA-Pt@Zn samples
shown in Fig. 5 exhibit two absorption peaks in the range from
325 to 350nm and at about 425nm, respectively. Pt species in
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Table 2. Textural property and details of metal loaded LTA zeolites used in this work.

Sample S'ger (m? g71) S mic (m? g1) Slext (M2 g71) Veror (cm® g71) VP mie (cm® g1) Ve meso (cm? g71) Metal loading’ (wt%)
M-LTA-Pt 23 7 16 0.12 0.01 011 0.53

M-LTA-Zn 12 2 10 0.10 0.01 0.09 0.08

H-LTA-Pt 52 21 31 028 0.03 0.25 0.56

H-LTA-Zn 60 27 33 030 0.03 0.27 013

H-LTA-Pt@Zn 52 5 46 0.48 0.03 0.46 Pt 0.19, Zn 0.04

2 Surface area by Brunauer-Emmett-Teller (BET) method;
b Determined from t-plot method;

¢ Total pore volumes is obtained at P/Py =0.95;

d Sext =SBET - Smic:

€ Vimeso = Viotal = Vmics

f Determined from elemental analysis (ICP-OES).

Fig. 3. SEM images showing morphology of (a) M-LTA-Pt, (b) M-LTA-Zn, (c) H-LTA-Pt, (d) H-LTA-Zn and (e) H-LTA-Pt@Zn samples, respectively.

UV-vis bands between 325-350nm represents the presence of a
large number of superficial Pt (IV) complexes that are not easy to
be distinguished [38,39], and the band near 425nm is the char-
acteristic band of bulk platinum (IV) oxides [40]. For M-LTA-Zn,
H-LTA-Zn and H-LTA-Pt@Zn samples, absorption peak at ~370 nm
that corresponds to ZnO in framework positions was observed
[41]. UV-vis analysis shows that metal species exist in LTA zeolite
frameworks with different speciation groups.

3.2. Catalytic activity

The metal containing LTA zeolites were employed as heteroge-
neous catalysts to evaluate the catalytic properties of partial ox-
idation of ethane under mild reaction condition. Corresponding
experimental results are summarized in Fig. 6. The major prod-
uct obtained from M-LTA-Pt catalyst was methanol while the main
product formed from H-LTA-Pt was acetic acid. On the other hand,
no formic acid and acetic acid products were observed for M-LTA-
Pt catalyst, indicating that the acid products can be expedited by

introducing the additional mesoporous in Pt containing LTA zeo-
lites. For M-LTA-Zn and H-LTA-Zn, microporosity was beneficial for
the formation of formic acid while mesoporosity inhibited forma-
tion of acids. These results reveal that the porosity of LTA zeolites
and metal species within LTA zeolite framework can influence the
products selectivity in oxidation of ethane reaction.

By changing the metal species, the product distributions can be
modulated. For M-LTA-Pt sample, the major product was methanol,
which was different from previous reports that ethanol was the
primary product when platinum loaded carbon catalyst was used
in oxidation of ethane under low temperature [19]. The possi-
ble explanation is that kinetic diameter of methanol is ~0.38 nm
which matches with the pore size of LTA zeolite (~0.41nm),
and therefore resulted in the formation of methanol. However,
formic acid was the primary product with M-LTA-Zn catalyst.
This phenomena hints that zinc species in LTA zeolite facilitated
further oxidation of methanol to formic acid. Both alcohols and
acid products were obtained in H-LTA-Pt catalyst, owing to the
unique platinum clusters formed in the zeolite structure. No acid
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Fig. 5. UV-vis absorbance spectra of Pt- and/or Zn-containing LTA zeolite catalysts.

products were formed from H-LTA-Zn catalyst because the pres-
ence of mesoporosity in this zeolite improved the mass transport
of guest molecules, thus inhibiting the over-oxidation of alcohols.
In addition, the bimetallic H-LTA-Pt@Zn sample exhibited high se-
lectivity to methanol (55%) with no ethanol observed, and this can
be attributed to the synergistic effect between platinum and zinc
metal species.
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Fig. 6. Distribution of oxygenates in the oxidation of ethane over metal containing

LTA zeolites. (Test conditions: 0.06 g catalyst, 10 mL reaction volume, [H,0,] 1.0M,
reaction time 1.0 h, P(CoHg) =~73 psi, Tixn =323 K).

On the analysis present above, the loaded metal species and
porosity of zeolites can influence the distribution of oxygenates
simultaneously. The single ZnO species could cause the overoxida-
tion of alcohols, while the three speciation groups for Pt (platinum
clusters, superficial Pt (IV) complexes and platinum (IV) oxides) are
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idation over H-LTA-Pt catalyst (Test conditions: 0.06 g catalyst, 10 mL reaction vol-
ume, [H,0;] 1.0M, P(C;Hg) =~73 psi, Txn =323K).

responsible for activation of C-C and C-H bonds. However, without
accurate quantified data for metal species, it is impossible to corre-
late the catalytic performance with metal species. In addition, the
textural property of zeolites can also contribute to the selectivity
of oxygenates. For Zn containing LTA zeolites, the increased exter-
nal surface and mesorporous volume (Sext 33 versus 10 m? g~! and
Vimeso 0.27 versus 0.09 cm® g=!) can inhibit the oxidation of alco-
hols. For Pt containing LTA zeolites, the H-LTA-Pt catalyst produced
the various oxygenates due to enhanced accessibility derived from
the additional mesoporous compared with M-LTA-Pt (Sext 31 versus
16 m? g1 and Vieso 0.25 versus 0.11 cm? g=1). The synergy effect
of bimetallic M-LTA-Pt@Zn is different from monometallic catalysts,
and further detailed studies of the catalysts by in situ techniques
are under way in our laboratory.

C, oxygenates

H o]

H OH

Scheme 1. Proposed reaction network for the oxidation of ethane over Pt- and Zn-
containing LTA zeolites in the aqueous phase with H,0, as the oxidant.

The effect of H,0, concentration on the products selectivity
was investigated based on the H-LTA-Pt sample, and the results
are shown in Fig. 7. It can be noted that the catalyst produc-
tivity improved with increasing hydrogen peroxide concentration.
When H;0, concentration was 1M, acetic acid was the major
product. When the concentration of hydrogen peroxide reached
2 M, methanol became the major product, followed by formic acid.
High H,0, concentration tends to break the C-C bond, resulting
in the formation of C; oxygenates [9]. However, the main products
were methanol and ethanol without acetic acid when the concen-
tration of H,0, was 3 M. Besides, the methanol selectivity showed
a volcano-trend dependence on the concentration of hydrogen per-
oxide, suggesting that tailoring the concentration of hydrogen per-
oxide could lead to tunable catalytic performances. For compari-
son, the partial oxidation of ethane was carried out in the absence
of hydrogen peroxide, and reaction mixture without additional hy-
drogen peroxide showed no oxygenates under the investigated re-
action condition. This observation clearly demonstrates that hydro-
gen peroxide is necessary as an oxidant for the partial oxidation of
ethane to oxygenates.

The influence of reaction time on products selectivity was also
investigated based on the H-LTA-Pt sample, and the results are
shown in Fig. 8. Acetic acid was the main product at time on
stream of 1h. When the reaction time was extended to 3 h, prod-
uct selectivity slightly moved from acetic acid to methanol. The
shift in product selectivity might be due to the C-C scission path-
ways in acetic acid [21]. Nevertheless, the obtained major prod-
ucts were alcohols (methanol and ethanol) when the reaction time
was extended to 6h with highest product selectivity to ethanol
(52%). In addition, the ethanol/methanol ratio showed a V-type de-
pendence on the reaction time, indicating that the reaction time
should be deliberately optimized in order to improve selectivity to
C, oxygenates.

Table 3. Product selectivity based on H-LTA-Pt catalyst under optimized reaction conditions.

Entry Product amount (pmol) Ethanol/methanol ratio Reaction conditions
MeOH HCOOH EtOH CH3COOH
1 8.05 0.92 12.63 2.90 1.57 0.06 g catalyst, 10 mL reaction volume,
[H,0,] 1.0M, reaction time 6.0 h,
P(CoHg) =~73psi, Trxn =323 K
2 11.33 2.07 231 11.50 0.20 0.12 g catalyst, 20 mL reaction volume,

[H,0,] 2.0 M, reaction time 6.0 h,
P(Cy;Hg) =~73psi, Trxn =343 K
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The experiment was further carried out under optimized con-
ditions for H-LTA-Pt sample in order to achieve higher selectiv-
ity for C; oxygenates, and these results were shown in Table 3.
It was noted that the low concentration of hydrogen peroxide
and long reaction time can improve ethanol/methanol ratio, giv-
ing a high selectivity to ethanol. In contrast, with the increasing
concentration of hydrogen peroxide, the ethanol selectivity gradu-
ally shifted to acetic acid due to deep oxidation reaction, result-
ing in small ethanol/methanol ratio. The systematic tuning the re-
action conditions are necessary to improve the selectivity to C,
oxygenates.

A possible reaction network for the oxidation of ethane by us-
ing Pt- and Zn-containing LTA zeolites as the catalysts under H,0,
medium is proposed on the basis of aforementioned analysis and
previous literatures [1,9] (Scheme 1). The first catalytic reaction
pathway involves the formation of ethanol or ethyl ketone derived
from oxidation of ethane, which would further undergo consecu-
tive oxidation to generate acetic acid. The second reaction path-
way is related to the C-C bond scission, resulting in the formation
of C; oxygenates, such as methanol and formic acid due to over
oxidation of methanol [19]. In present research, we cannot eluci-
date the accurate reaction pathway since various parallel and cas-
cade reaction pathways for catalytic oxidation of ethane to oxy-
genates complicated the reaction network, and the detailed mech-
anism must await further study. Taking into account our findings,
the present proposed reaction network is reasonable on a certain
degree.

4. Conclusions

The partial oxidation of ethane to oxygenates was investigated
under mild reaction conditions using metal containing LTA zeo-
lites as catalyst. The Pt and Zn encapsulated LTA zeolites were
obtained by using ligand-type metal precursors under hydrother-
mal conditions. In addition, the morphology and porosity of metal
containing LTA zeolites were modulated by adding extra TPOAC
as mesoporous templates. Moreover, the Pt and Zn containing LTA
zeolites exhibited different reaction activities in partial oxidation
of ethane to oxygenates under hydrogen peroxide conditions, re-
sulting in distinguished selectivity to C; and C, oxygenates. Com-
pared to Pt, Zn species were beneficial for formation of formic acid
derived from the overoxidation of the C; alcohol under the sole
presence of microporous LTA zeolite, while the additional meso-
porosity could enhance the mass transport of C; alcohol, inhibit-
ing the overoxidation of the alcohols. The Pt species were dis-
tributed as platinum clusters, superficial Pt (IV) complexes and
platinum (IV) oxides in mesoporous Pt containing LTA zeolite,
which were responsible for the generation of various oxygenates.
Thus, a balance between the metal species and textural proper-
ties of LTA zeolites should be deliberately optimized to achieve
the desired selectivity to oxygenates. The effect of reaction con-
ditions on products selectivity has also been explored. From our
studies, it is clear that the concentration of hydrogen peroxide
is a crucial factor to influence product distributions. In addition,
the ethanol/methanol ratio can be tuned by changing the reaction
time. Hence, our present research work fall into the foundation for
future efforts toward designed synthesis of ideal catalysts for direct
selective oxidation of ethane to oxygenates under mild reaction
conditions.
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