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Abstract

Palladium containing EMT zeolite catalyst (Pd/EMT) was prepared and used for the indirect
oxidative carbonylation of methanol to dimethyl carbonate (DMC). The EMT zeolite was employed
as a new catalyst support and compared with the conventional Pd containing FAU zeolite catalyst
(Pd/FAU). The Pd/EMT in contrast to the Pd/FAU catalyst exhibited high intrinsic activity with the
turnover frequency of 0.25 st vs. 0.11 s™L. The Pd/EMT catalyst showed high CO conversion of 82%
and DMC selectivity of 79%, that maintained for at least 130 h, while the activity of the Pd/FAU
catalyst rapidly deteriorated within 12 h. The enhanced interactions between Pd and EMT zeolite
inhibited the sintering of palladium clusters and maintained the Pd?* active sites in the Pd/EMT catalyst.
The stabilization of the mono-dispersed Pd clusters within the EMT zeolite is paramount to the

excellent performance of the catalyst for the indirect oxidative carbonylation of methanol to DMC.
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1. Introduction

Dimethyl carbonate (DMC) is an environmentally sustainable compound with useful and versatile
chemical properties [1,2]. DMC can serve as a green carbonylation and methylation reagent in place
of toxic phosgene and dimethyl sulfate [3]. The high oxygen content (53 wt. %) of DMC and rapid
biodegradability make it a promising gasoline additive [4]. DMC is also used as an effective solvent
for organic synthesis, coating and electrolyte in lithium ion batteries, and as a common monomer for
the production of polycarbonate [5]. The traditional production of DMC ((CH30)2CO) is based on the
reaction of phosgene (COCI2) with methanol (CH3OH) via methyl chloroformate; the extreme toxicity
of COCI, and serious equipment corrosion caused by hydrogen chloride byproduct are of major
concern [6]. Recently, great efforts have been made to develop green chemical routes for DMC
production including [7-9]: (1) the direct oxidative carbonylation of carbon monoxide (CO), oxygen
(O2) and CH30H; (2) the indirect oxidative carbonylation of CO, O, and CH3sOH; (3) the direct
synthesis from carbon dioxide (CO2) and CHsOH; (4) the methanolysis of urea; and (5) the
transesterification of ethylene/propylene carbonate with CH3OH. Among these processes, the indirect
oxidative carbonylation of methanol to DMC is considered to be an ambitious route because of the
mild reaction conditions, high atom efficiency and low cost [10]. This indirect route for DMC synthesis
involves two separate reactions (Scheme S1 in Supporting Information (SI)): (1) non-catalytic
synthesis of methyl nitrite (CH3ONO) with CH30H and O2: 2 CH30H + 2 NO + 1/2 O, — 2 CH30ONO
+ H20; (2) Pd-catalyzed oxidative carbonylation to DMC: CO + 2 CH3ONO — (CH30).CO +2 NO
(The formed NO can be recycled for the synthesis of methyl nitrite). The overall reaction (CO + 2
CH30OH + 1/2 O2 — (CH30)2CO + H20) results in an environmentally benign and highly efficient

process.



The Pd-based catalysts used for the indirect oxidative carbonylation of methanol to DMC are either
chlorine-containing or chlorine-free catalysts [11-13]. The gas-phase process has been successfully
commercialized by Ube Industries, Ltd. (15, 000 tons/year), using a PdCl./active-carbon catalyst
[14,15]. However, chlorine (e.g., 100 uL L™ hydrogen chloride) must be added into the reactants to
maintain the activity of the chlorine-containing catalysts [13,15]. The introduction of chlorine leads to
the corrosion of equipment, difficult regeneration of chlorine, and unsatisfactory purity of DMC
product [13,15], which encounters problems related with the green chemistry concept. Therefore,
significant work is dedicated to the development of chlorine-free, high-performance Pd catalysts. Tan
et al. found that the activity of Pd/FAU catalyst was improved by increasing the Pd oxidation states
[16]. They also revealed, by density functional theory (DFT) calculations, that the Pd?* species was
responsible for the formation of DMC while the aggregation of Pd° species resulted in the generation
of dimethyl oxalate (DMO) byproduct [10]. Dong et al. demonstrated that the potassium promoter
improved the electron density of Pd clusters and thus enhanced the activation of CO reactant on the
Pd/FAU catalyst; both theoretical and experimental proofs were provided [12]. Guo et al. reported that
the Cu-doped Pd/FAU catalyst showed higher activity and selectivity than the Cu-free Pd/FAU catalyst,
possibly due to the increased Pd?*/Pd° ratio of Pd clusters [17]. It is accepted that Brensted acidity can
accelerate the decomposition of CHsONO reactant, and result in poor catalyst selectivity [1]. Dong et
al. presented a nearly linear relationship between the turnover frequency (TOF) and the amount of
Lewis acidity of the Pd/FAU catalyst [18]. They also suggested that Lewis acid sites could accept
electrons from the Pd species and thus promote the formation of electron-deficient Pd** active sites
[18]. The possible mechanism included the adsorption of CH3ONO on Pd?* actives sites forming

Pd(OCH?3)(NO) and the subsequent CO insertion generating the Pd(COOCH?3)(NO); this is coupled



with CH3ONO to produce DMC [19]. The catalyst stability is of crucial consideration, but as far as we
know, the stability was only reported in a few articles [10,19]. Yamamoto et al. [19] found that the
DMC vyield of Pd/FAU catalyst declined remarkably within 100 h and decreased by about 50% after
300 h test, possibly due to the sintering of Pd clusters. Recently, Tan et al. [10] reported on a stable
Pd/FAU catalyst for 100 h, but the selectivity of inevitable byproducts such as methyl formate and
dimethoxymethane was not provided. The work reported up to now only focused on the use of FAU
zeolite framework as a support [11,13]. Therefore, designing high-performance Pd catalysts by
exploring alternative zeolite frameworks and properties is desirable for both fundamental research and
commercial application.

Like FAU-type zeolite, the EMT-type zeolite is constituted of sodalite cages linked by double six-
rings. The EMT framework structure results from a stacking of faujasite sheets through a mirror plane
symmetry while the FAU framework structure is founded through an inversion center symmetry
[20,21]. The EMT zeolite possesses two sets of cages, i.e. the hypocage (0.61 nm?; channel: 0.75 nm
x 0.65 nm) and hypercage (1.24 nm?; channel: 0.73 nm x 0.73 nm) [22,23]. In contrast to the hexagonal
EMT zeolite, the cubic FAU has only one type of supercage (1.15 nm?; channel: 0.74 nm x 0.74 nm).
The different topology of EMT and FAU also results in different cation locations and site energies
[24,25]. The unique cage structure and cation locations in the EMT zeolite may bring benefits in
catalysis [25,26]. Daou et al. [27] found that the EMT zeolite exhibited a higher performance (30%)
in comparison to the USY zeolite in the nitrobenzene conversion. Feijen et al. [28] reported that the
EMT zeolite showed molecular shape selectivity in decane isomerization and heptadecane
hydrocracking compared to the FAU zeolite. Gao et al. [29] found that the intergrowth of EMT and

FAU zeolite resulted in an appropriate pore structure and suitable Brensted and Lewis acidity, and thus



the CoMo catalyst supported on the EMT/FAU intergrowth zeolite, exhibited a good balance between
hydrodesulfurization efficiency and research octane number.

Herein, the Pd-containing EMT zeolite catalyst (Pd/EMT) was prepared and used for the indirect
oxidative carbonylation of methanol to dimethyl carbonate (DMC, (CH30).CO). The high activity,
selectivity and stability of the PA/EMT catalyst in comparison to conventional Pd/FAU catalyst for the
indirect oxidative carbonylation of methanol to DMC are demonstrated.

2. Experimental
2.1. Catalyst preparation

The Na-form of EMT zeolite was synthesized according to the published procedure using a
precursor mixture with the following molar composition: 1.0 SiOz : 0.1 Al203 : 0.24 Na2O : 14.0 H20 :
0.1 18-crown-6 [30]. The initial materials sodium aluminate (41 wt. % Al>O3, Sinopharm Chemical
Reagent Co., Ltd., China), colloidal silica (Ludox-HS, 30 wt. % SiO2, Aldrich), sodium hydroxide
(NaOH, 96 wt. %, Xilong Scientific Co., Ltd., China) and 18-crown-6 (99 wt. %, Shanghai Macklin
Biochemical Co., Ltd., China) were mixed in a polypropylene bottle and aged at room temperature (23
) for 24 h. The aged mixture was transferred into a Teflon-lined autoclave and subjected to heating
at 110 <€ for 15 days under static conditions. The crystalline product was filtered and thoroughly
washed with deionized water. After drying at 80 <€ for 6 h, the samples were calcined at 550 <€ for 6
h in air to remove the crown ether template.

The Na-form FAU zeolite was synthesized from a precursor mixture with the following molar
composition: 1.0 SiO : 0.1 AlO3 : 0.8 Na2O : 40.0 H2O. The initial materials aluminium hydroxide
(Sinopharm Chemical Reagent Co., Ltd., China), colloidal silica (Ludox-HS, 30 wt. % SiO», Aldrich)

and sodium hydroxide (NaOH, 96 wt. %, Xilong Scientific Co., Ltd., China) were mixed in a



polypropylene bottle and aged at room temperature (23 <€) for 24 h. The aged mixture was transferred
into a Teflon-lined autoclave and subjected to heating at 100 <€ for 12 h under static conditions. The
crystalline product was filtered, washed and dried at 80 <€ for 6 h.

The introduction of palladium in both Na-form of EMT and FAU zeolites was performed according
to the following procedure: palladium chloride (PdClz, 59.0 wt. % Pd, Sinopharm Chemical Reagent
Co., Ltd., China) was dissolved in a dilute ammonia solution (NHs-H20, 0.9 mmol L) and then the
resulting Pd(NH3)4Cl> solution was added dropwise into the as-prepared EMT or FAU zeolite slurry
(liquid to solid mass ratio of 100). These mixtures were stirred (400 rpm) at 80 <€ for 6 h, and then the
solid samples were separated by vacuum filtration and thoroughly washed with deionized water. After
drying at 80 <€ for 6 h, the samples were calcined at 200 <€ for 2 h in air to obtain the Pd/EMT or
Pd/FAU catalysts. The Pd content of the two catalysts (Pd/EMT and Pd/FAU) was 1.0 wt. %, if not
specified.

2.2. Catalysts characterization

Transmission electron microscopy (TEM) study of the catalysts was performed on a JEOL JEM-
2100 instrument. In addition, the scanning electron microscopy (SEM) characterization of the catalysts
was performed on a JEOL JSM-7900F equipped with an energy dispersive X-ray spectrometer (EDS).

X-ray diffraction (XRD) patterns of the materials were collected on a Bruker D8 Advance
diffractometer, using Cu Ka radiation. The chemical compositions of the samples were determined by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) using a Thermo IRIS Intrepid
Il XSP. Additionally, X-ray photoelectron spectroscopy (XPS) characterization of samples was
performed using an Escalab 250xi spectrometer with an Al Ka radiation (binding energy was

referenced to the C 1s peak at 284.6 eV). N2 physisorption (77 K) experiments were performed on a



Quantachrome Autosorb-1Q3 instrument. The specific surface area and pore size distribution were
calculated using the Brunauer-Emmett-Teller (BET) theory and density functional theory (DFT) model
based on the adsorption branch of the isotherms. Thermogravimetric-mass spectrometry (TG-MS)
study was performed in a gas mixture of 20 vol. % O and 80 vol. % N2 on a Netzsch STA 449F5
instrument connected with QMS 403D mass spectrometer.

H>-temperature programmed reduction (H2-TPR) was carried out using a Tianjin Xianquan TP-
5080 apparatus. The H> consumption was monitored by a thermal conductivity detector (TCD) or Tilon
SR-D 200M mass spectrometer. Typically, 0.1000 g sample was pretreated in He flow (30 mL min?)
at 200 <€ for 1 h and then cooled down to 20 €. Subsequently, a gas mixture of 10 vol. % Hz in N2
was introduced into the reactor. The Hz-TPR profiles were obtained in the range of 20-700 <€ with a
heating rate of 10 € min~* at a constant flow rate of 30 mL minL,

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra of pyridine
adsorption were measured on a Nicolet-6700 spectrometer. The sample was evacuated at 200 <€ for 5
h, followed by pyridine adsorption at room temperature (23 <€) for 24 h and pyridine desorption in a
vacuum at 150 € for 3 h. Subsequently, the spectra were recorded in absorption mode from 4000 cm!
to 650 cm~! at a resolution of 4 cm~* over 64 scans.

DRIFTS experiments of CO adsorption were conducted on a Bruker Vertex 70 spectrometer
equipped with a liquid N2 cooling mercury-cadmium-telluride (MCT) detector and a Harrick Scientific
HVC-DRP-4 reaction cell (ZnSe windows). The sample without diluents was placed into a reaction
cell, prereduced in Hz (30 mL min~t) at 150 € for 1 h and flushed with N2 (80 mL mint) at 200 €
for 1 h. The sample was cooled down to 35 <€ for taking a background spectrum and subsequently,

pure CO gas was introduced into the reaction cell at 30 mL min~L. After 30 min adsorption, the sample



was flushed by N2 flow (80 mL min-t) at 35 <€ for 1 h and then the DRIFTS spectra were collected in
the range of 35-200 €. Each spectrum was recorded in absorption mode from 4000 cm~* to 600 cm!
at a resolution of 4 cm~! over 64 scans.
2.3. Catalytic tests

The schematic diagram of the apparatus used for the catalyst evaluation is shown in Scheme S2
(SI). The catalysts were tested in a fixed-bed quartz tubular microreactor (8 mm i.d. and 350 mm length)
at 0.1 MPa. A K-type thermocouple was placed in the middle of catalyst bed for measuring the reaction
temperature. The methyl nitrite (CH3ONO) reactant was synthesized by dropping H2SO4 (9.3 mol L)
into an aqueous solution of CHsOH and NaNO; (2 NaNO; + 2 CH3zOH + H2SO4 — 2 CH3;ONO T +
Na>S0s + 2 H,0), then collected into a steel cylinder and subsequently mixed with pure N2 to obtain
a gas mixture of CH3ONO/N2 (1/4, volume). Three calibrated mass flow controllers maintained the
flow rates of pure N2, gas mixtures of CO/N2 (1/9, volume) and CH3ONO/N2. The gas mixture of
CO/CH3ONO/N2 (1/6/33, volume) was fed into the microreactor, which was loaded with 0.1000
catalyst or 0.1000 g mixture of catalyst and a-Al.O3 (60-80 mesh). The catalyst of 0.0200 g was mixed
with 1.9800 g a-Al,O3 (diluent) to obtain the mixture of catalyst and o-Al.Os. The reaction
temperature was varied in the range of 100-120 <€ and the gas hourly space velocity (GHSV) was set
at 8, 000 mL g h~! or 800, 000 mL g ht. The on-line analysis was performed using a gas
chromatography (GC; Agilent 7890B) equipped with thermal conductivity detector (TCD) connected
to 5A and HayeSep Q packed columns (Agilent), and flame ionization detector (FID) connected to HP-
Innowax capillary column (Agilent). The calculations of the turnover frequency (TOF), CO conversion,
CH3ONO conversion, DMC, dimethyl oxalate (DMO), methyl formate (MF) and dimethoxymethane

(DMM) selectivity were shown in Supporting Information (SI).



3. Results and discussion
3.1. General properties of Pd/EMT and Pd/FAU catalysts

The size and morphology of both PA/EMT and Pd/FAU catalysts were evaluated by SEM (Fig. 1).
The typical hexagonal and cubic morphology for the EMT and FAU crystals are seen in the SEM
images. The FAU crystals have a size of 2—4 um while the EMT crystals have a size of 3-5 um and a
thickness of 0.5-0.8 um. The high crystallinity of both samples is confirmed by XRD (Fig. 2) [31,32].
The EMT zeolite has three characteristic Bragg peaks in the range of 5-7 2Theta (Fig. 2a), which are
indexed as (100), (002) and (101) reflections [31,33]. The most intense Bragg peak of (111) at 6.2 ©
2Theta is present in the XRD pattern of FAU zeolite (Fig. 2b). The PA/EMT and Pd/FAU catalysts
exhibit similar XRD patterns thus indicating that the Pd loading had negligible effect on the
crystallinity of both EMT and FAU zeolite supports (Fig. 2). No Bragg peaks ascribed to PdO (JCPDS
88-2434) and Pd° (JCPDS 87-0638) were detected for the PA/EMT and Pd/FAU catalysts, possibly due
to the high dispersion and low content. The N2 adsorption isotherms of both Pd/EMT and Pd/FAU
catalysts revealed the features for type I Langmuir isotherm, typical of microporous materials (Fig.
S1). Both PA/EMT and Pd/FAU catalysts have almost the same BET surface area of 913-916 m? g*
and micropore volume of 0.33 cm® g (Table 1). The chemical compositions of the Pd/EMT and
Pd/FAU catalysts were presented in Table 1. The Si/Al ratios for PA/EMT and Pd/FAU catalysts are
4.2 and 2.2, respectively (Table 1). The difference in the chemical compositions of the two zeolites is
due to the fact that the EMT zeolite was synthesized with an organic template while the FAU zeolite
was prepared with sodium hydroxide; similar results have been reported previously [30,34,35]. The
PJ/EMT catalyst showed lower Na content than the Pd/FAU catalyst (7.6 wt. % vs. 10.4 wt. %), as the

result of higher Si/Al ratio of EMT zeolite. Both PA/EMT and Pd/FAU catalysts contain the same
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amount of Pd, i.e. 0.97-0.99 wt. % (Table 1).

Fig. 1. SEM images of the (a) PA/EMT and (b) Pd/FAU catalysts.
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Fig. 2. (a) XRD patterns of EMT zeolite support, and PdA/EMT catalyst before and after catalytic tests

(indirect oxidative carbonylation of methanol to DMC for 3 h and 12 h). (b) XRD patterns of FAU

zeolite support, and Pd/FAU catalyst before and after catalytic tests for 3 h and 12 h. Inset: XRD

patterns in the range of 39-41 “2Theta and 39.8—-40.8 “2Theta. XRD pattern of Pd/FAU catalyst after

12 h test (39.8—40.8 ©2Theta) was deconvoluted using the Gaussian function. The peak at 40.2 2Theta

with a full width at half-maximum (FWHM) of 0.41 was assigned to Pd(111).

Table 1 Physicochemical properties of the Pd/EMT and Pd/FAU catalysts and their catalytic

performance in the indirect oxidative carbonylation of methanol to DMC.
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Catalyst SegeT Vmicro Si/Al Pd Na TOF Ea

(m?2g™)®  (ecm*g™)? ratio® (Wt. %)°  (wt. %)°  (s%)° (kJ mol-1)

PdJ/EMT 913 0.33 4.2 0.99 7.6 0.25 72.7+1.9

Pd/FAU 916 0.33 2.2 0.97 10.4 0.11 65.6 £ 1.6

4 BET surface area, and the micropore volume determined by the t-plot method.

b Si/Al molar ratio and the Pd content determined by ICP-AES.

¢ The Na content measured by EDS elemental mapping (an average of at least 6 measurements).

d Measured according to the CO conversion and Pd atoms (details provided in SI). Reaction conditions:
0.1000 g mixture of catalyst and a-Al>O3 (diluent), CO/CH30NO/N2 = 1/6/33 (volume), GHSV =800,
000 mLgth, 110 €, 0.1 MPa. The catalyst of 0.0200 g was mixed with 1.9800 g a-Al2O3, and then
0.1000 g mixture of the catalyst and a-Al.O3 was used for the catalyst testing.

¢ Apparent activation energy calculated from the Arrhenius plots in Fig. 4 (details provided in Sl).

3.2. PA/EMT and Pd/FAU catalysts in indirect oxidative carbonylation of methanol to dimethyl
carbonate

The catalytic activity of both PA/EMT and Pd/FAU catalysts in the indirect oxidative carbonylation
of methanol to DMC as a function of time on stream is presented in Fig. 3. The PA/EMT catalyst
showed stable conversion and selectivity within 12 h (Fig. 3a), while the CO conversion decreased
from 89% to 21% on the Pd/FAU catalyst (Fig. 3b). Both CO and CH3ONO conversions decreased
remarkably within 12 h over the Pd/FAU catalyst, indicating the rapid deactivation (Fig. 3b). The
selectivity of main product DMC was increased significantly from 56% to 87% within the first 6 h on
the Pd/FAU catalyst, possibly due to the decrease of byproduct selectivity of dimethoxymethane

(DMM) from 33% to 6%. Beyond 6 h reaction, the selectivity of the methyl formate (MF) and dimethyl
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oxalate (DMO) byproducts increased gradually while the DMC selectivity decayed (Fig. 3b). The
appearance of DMO and obvious increase of MF likely suggested the generation of large Pd particles,
since Pd particles are considered to be the active sites for the formation of DMO and MF byproducts
[36,37]. Consequently, the deactivation behavior of the Pd/FAU catalyst was initially attributed to the
sintering of Pd. It should be noted that no DMO byproduct was detected on the Pd/EMT catalyst within

12 h catalytic test (Fig. 3a).

100 100
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o3 r —<+— DMM Sel. o3 r —+— MF Sel.
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Time on stream (h) Time on stream (h)

Fig. 3. Conversion of CO and methyl nitrite (CH3ONO), and selectivity of dimethyl carbonate (DMC),
methyl formate (MF), dimethoxymethane (DMM) and dimethyl oxalate (DMO) as a function of time
in the indirect oxidative carbonylation of methanol to DMC on catalysts (a) PA/EMT and (b) Pd/FAU.
Reaction conditions: 0.1000 g catalyst, CO/CH3ONO/N; = 1/6/33 (volume), GHSV = 8, 000 mL g*

h-1, 110 €, 0.1 MPa. For each point an average of 3 measurements was conducted.

The apparent activation energies and TOF values for the indirect oxidative carbonylation of
methanol to DMC were calculated and shown in Table 1 and Fig. 4 (details provided in Sl). The
PA/EMT and Pd/FAU catalysts showed similar apparent activation energies of 72.7 + 1.9 kJ mol-* and
65.6 + 1.6 kJ mol1, respectively under the identical reaction conditions (Fig. 4). This suggested that

the reaction pathway and/or the rate-determining step were equivalent on the two catalysts [37,38].
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However, the Pd/EMT catalyst showed a TOF (namely, intrinsic activity) of 0.25 s, larger than that
of 0.11 s~* for the Pd/FAU catalyst (Table 1). The improved intrinsic activity was possibly assigned to

the different properties of EMT and FAU zeolite framework.

-10.0
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g-11.0
[
£
= 115
|
£ » Pd/EMT N
-12.0F Pd/EAU 65.6 + 1.6 kJ mol

2.55 2.60 2.65 2.70
1000/T (K™

Fig. 4. Arrhenius plot for the indirect oxidative carbonylation of methanol to DMC over the PA/EMT
and Pd/FAU catalysts (Ea, apparent activation energy). Reaction conditions: 0.1000 g mixture of
catalyst and a-Al,O3 (diluent), CO/CH3ONO/N; = 1/6/33 (volume), GHSV = 800, 000 mL gt h™%, 0.1
MPa. The kinetic data were acquired within the differential regime while the CO conversion was
controlled below 13% (details provided in SI). The catalyst of 0.0200 g was mixed with 1.9800 g a-

Al>03, and then 0.1000 g mixture of the catalyst and o-Al203 was used for the catalyst testing.

3.3. Features of stable PA/EMT and deactivated Pd/FAU catalysts

The Pd/EMT and Pd/FAU catalysts after 12 h catalytic test of the indirect oxidative carbonylation
of methanol to DMC were characterized by TG-MS analysis; the results are depicted in Fig. 5. The
weight loss measured for the used PA/EMT and Pd/FAU catalysts occurred in two stages (Fig. 5). The
first stage is in the range of 35—-170 €€ and corresponds to the removal of physically adsorbed water,

which is evidenced by the MS curves [39,40]. In the second stage (170-280 <€), a single peak at 226
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<€ for the PA/EMT catalyst and two peaks at 179 € and 220 <€ for the Pd/FAU catalyst were measured.

The DTG results are consistent with the MS, which is revealing the desorption of abundant amount of

water as well as carbon dioxide at the same temperatures. The second stage is assigned to the loss of

water strongly bound to the zeolite framework and to the thermal decomposition of residual reaction

species such as (CHz0)2CO and CH3OCO [40,41]. Based on the peak area of the CO> formation

(170-280 <€), the amount of the residual reaction species on the used PA/EMT and Pd/FAU catalysts

was estimated to be 0.032 g gear.* and 0.036 g geat. 2, respectively. No oxidation peaks of CO2 formation

were found above 300 <€ (see TG-DTG and MS results), which suggested that the carbon deposits

were not detectable on both PA/EMT and Pd/FAU catalysts [42,43]. These results confirmed that the

deactivation behavior of Pd/FAU catalyst cannot be attributed to the residual reaction species or carbon

deposits.
100
—~ 90+
3 . Pd/EMT
E 110 °C
= 80 L
O]
'_
70l 226 °C
0 200 400 600
Temperature ("C)
100
~90¢t
=
E
o 80+
l_ 1
701 220°C
0 200 400 600

Temperature (°C)

s (a)
o 226 °C
2| 110°c ‘\ Pd/EMT
G ! !
5 /\j
IS !
U) 1
= -—J\
ON 1
Q
0 200 400 600
Temperature (°C)
5 220°C (b)
2 179°C
2 o ! I
B 128 C. 1 PdFAU
[0} Coa
_'E oN~—
m 1
= - /!
ON
O
0 200 400 600

Temperature ("C)

H,O MS intensity (a. u.)

H,O MS intensity (a. u.)

Fig. 5. TG-DTG (left) and MS (right) curves of the (a) PA/EMT and (b) Pd/FAU catalysts after 12 h

catalytic test (indirect oxidative carbonylation of methanol to DMC).
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The DRIFTS spectra for both PA/EMT and Pd/FAU catalysts using pyridine are presented in Fig.
6. The bands at 1442 cm! (pyridine coordinated to Na* ions), 1457 cm~! (pyridine interacting with
coordinately unsaturated AIP* ions), 1574 cm~! (weak Lewis acidity), 1593 cm™ (hydrogen-bound
pyridine) and 1611 cm~! (hydrogen-bound pyridine) are assigned to Lewis-bound pyridine; the bands
at 1542 cm™ and 1637 cm? are attributed to Brensted-bound pyridine, and the band at 1487 cm is
assigned to pyridine associated with both Lewis and Brensted acid sites [44—47]. Brensted acid sites
on both Pd/EMT and Pd/FAU catalysts possibly resulted from the ion exchange between Na* and NH4*
(dissociation of NH3-H20) during the preparation of catalysts, since the Na-form of EMT and FAU
zeolites should be in the absence of Brensted acidity [45,48]. Brensted acid sites could lead to the
formation of methyl formate byproduct during the indirect oxidative carbonylation of methanol to
DMC [18,49]. Using the band areas at 1542 cm~* and 1442 cm~?, the amount of Brensted and Lewis
acid sites was estimated, respectively (Fig. 6 and Table S1). Brensted acid sites of 5.1 area mg~ for
the Pd/FAU catalyst were lower than 8.5 area mg= for the Pd/EMT catalyst after the catalytic test
(Table S1). This is consistent with the catalytic results showing lower selectivity towards methyl
formate (MF) byproduct with the Pd/FAU catalyst than with the Pd/EMT catalyst (Fig. 3). However,
the PA/EMT catalyst showed higher Lewis acid sites than the Pd/FAU catalyst after the catalytic test
(47.4 area mgt vs. 38.1 area mgt, Table S1). This possibly contributed to the stable activity of the
Pd/EMT catalyst (Fig. 3), because Lewis acid sites could accept electrons from the Pd species and thus

promote the formation of the Pd?* active sites as previously stated [18].
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Fig. 6. DRIFTS spectra of pyridine adsorbed on (a) PA/EMT and (b) Pd/FAU catalysts before and after

catalytic test (indirect oxidative carbonylation of methanol to DMC for 12 h).

TEM study of the Pd/EMT and Pd/FAU catalysts was performed to determine the size and
distribution of palladium. As shown in Fig. 7a—d, both fresh and used Pd/EMT catalysts showed the
characteristic hexagonal platelike morphology and the crystalline fringes associated with EMT zeolite
[50]. As described previously, the PA/EMT and Pd/FAU catalysts were prepared by ion exchange (Pd
precursor: Pd(NHs)42*), and the ion-exchanged samples were calcined at 200 €. The TG-MS results
suggested that the low-temperature calcination of the catalysts (200 <€) caused the Pd(NH3)4?* to lose
partially the NH; ligand and to generate the Pd(NH3)x** (x < 2) sites that are anchored on the zeolite
framework (Fig. S2) [51,52]. Neither Pd clusters nor nanoparticles were visible in the TEM images of
fresh PA/EMT and Pd/FAU catalysts (Fig. 7b,f). In contrast, mono-dispersed Pd clusters (< 1 nm)
confined within the used Pd/EMT catalyst after 12 h catalytic test could be observed (Fig. 7d and Fig.
S3). In comparison to the fresh Pd/FAU catalyst, the used catalyst contained large Pd nanoparticles
located predominantly on the external surface of the FAU crystals (Fig. 7e,g). The presence of Pd
nanoparticles was also identified by SEM and further confirmed by the EDS (Fig. S4). The aggregated

Pd formed large nanoparticles with random distribution, i.e. 2.4 or 10.6 wt. % on the surface of the
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used Pd/FAU catalyst (Fig. 8), whereas the uniform Pd distribution on the used Pd/EMT catalyst (1.9
or 2.1 wt. %) is confirmed by EDS elemental mapping (Fig. 8). Furthermore, TEM revealed the Pd
sintering with different particle sizes ranging from 3 nm to 25 nm deposited on the external surface
and the edges of used Pd/FAU catalyst (Fig. 7h). The average size of the Pd nanoparticles on the
Pd/FAU catalyst was estimated to be 8.7 nm based on measuring 200 nanoparticles (inset of Fig. 7h).
This finding is consistent with the catalytic results showing a remarkable increase of the DMO and MF
byproducts beyond 6 h catalytic test (Fig. 3b). The large Pd nanoparticles have been shown to be the

active sites for the formation of DMO and MF byproducts earlier [36,37].
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Fig. 7. TEM images of (a,b) fresh and (c,d) used Pd/EMT catalysts after 12 h catalytic test (b,d, inset:
enlarged area); TEM images of (e,f) fresh and (g,h) used Pd/FAU catalysts after 12 h catalytic test (h,

inset: Pd particle size distribution estimated based on measuring 200 nanoparticles).
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Fig. 8. SEM images and EDS elemental mapping of used (a) Pd/EMT and (b) Pd/FAU catalysts after
12 h catalytic test. The Pd content in different regions of the PdA/EMT catalyst is similar (1.9 wt. % or

2.1 wt. %), while the Pd content in the Pd/FAU catalyst is varied (2.4 wt. % or 10.6 wt. %).

In the case of PA/EMT catalyst after 3 h and 12 h catalytic test, no Bragg peaks corresponding to
PdO (JCPDS 88-2434) and Pd° (JCPDS 87-0638) were observed (Fig. 2a). The Bragg peak of Pd(111)
is overlapped with that of FAU zeolite in the range of 39.8—-40.8 “2Theta. After the deconvolution, the
peak of Pd(111) at 40.2 “2Theta was clearly observed on the Pd/FAU catalyst after 12 h catalytic test
(inset of Fig. 2b) indicating the Pd sintering. The size of Pd nanoparticles was 25 nm according to the
calculation using the Scherrer-Debye equation; this size is larger than that of determined by TEM 8.7
nm (inset of Fig. 7h). Both TEM and XRD results demonstrated that palladium sintering occurred on
the used Pd/FAU catalyst after 12 h catalytic test while no changes were observed on the used PA/EMT
catalyst.

As previously stated, the Pd?* species is the active sites for the formation of DMC [10,15].
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Therefore, the state of Pd in the used PA/EMT and Pd/FAU catalysts was measured by XPS. As shown
in Fig. 9a, the peaks at 336.3 eV and 341.6 eV were attributed to the Pd® species while the peaks at
338.3 eV and 343.5 eV indicated the presence of Pd?* species [53,54]. These binding energies were
0.8-1.3 eV higher than the counterparts of conventional Pd® and Pd?* species due to Lewis acid sites
of the PA/EMT catalyst [18,37,55]. Lewis acid sites are considered to be electron acceptors and thus
made the Pd species lose the electrons [18]. The Pd?* species may result from Pd clusters/nanoparticles
charged by the zeolite framework through the formation of Pd-O ionic bonds [10,19]. Moreover, Pd?*
species also could be generated during the synthesis of DMC, since the reaction follows a mechanistic
pathway of oxidative addition and reductive elimination, and the Pd active sites undergo the Pd°® —
Pd** — Pd° pathway [10,16]. As shown in Fig. 9b, the Pd/FAU catalyst exhibited four peaks
corresponding to Pd® and Pd?* species, being lower by 0.5-0.7 eV in comparison to the Pd/EMT
catalyst. This was attributed to the different properties of EMT and FAU zeolite framework. As shown
by XPS, the peak area ratio of Pd?*/(Pd?*+Pd°) for the Pd/FAU catalyst decreased remarkably from 79%
to 36% with increasing the reaction time from 3 h to 12 h (Table 2). In contrast, the peak area ratio of
Pd?*/(Pd?*+PdP) for the PA/EMT catalyst declined from 69% to 54% (Table 2).

In order to oxidize Pd® into Pd?* species in the used Pd/FAU catalyst after 12 h catalytic test, a
subsequent calcination was carried out at 200 <€ for 2 h in air. After this calcination, the CO conversion
was increased substantially from 21% to 76% (Fig. S5). However, with prolonged reaction time, the
Pd?* species was gradually reduced by CO reactant, and the Pd/FAU catalyst showed similar
deactivation behavior to the fresh catalyst (Fig. 3b and Fig. S5). The combined TEM and XPS results
indicate that the palladium sintering and reduction of Pd?* to Pd® cause the deactivation of Pd/FAU

catalyst.

22



344 340 336 332 344 340 336 332
B.E. (eV) B.E. (eV)

Fig. 9. XPS spectra of the used (a) PA/EMT and (b) Pd/FAU catalysts after 3 h and 12 h catalytic test.

Table 2 Peak areas of Pd?* and Pd?, and the Pd?*/(Pd?*+Pd°) area ratio determined by XPS.2

Catalyst  Reaction time (h) Areaof Pd?>*  Areaof Pd° Area ratio of Pd?*/(Pd?*+PdP)

PJ/EMT 3 11067° 4920° 69%
12 10518P 8800° 54%
Pd/FAU 3 11077° 2986° 79%
12 5974° 10477° 36%

& XPS spectra of used Pd/EMT and Pd/FAU catalysts after 3 h and 12 h catalytic test (Fig. 9).
b Peak areas of Pd?* at 338.3 eV and Pd° at 336.3 eV based on XPS spectra of Pd/EMT catalysts.

® Peak areas of Pd?* at 337.8 eV and Pd® at 335.7 eV based on XPS spectra of Pd/FAU catalysts.

3.4. Stabilization of Pd in EMT and FAU zeolites

Carbon monoxide is a probe molecule widely employed to elucidate the nature of electron donor
Pd species. The DRIFTS spectra of CO adsorbed on the reduced Pd/EMT and Pd/FAU catalysts in the

range of 35—-200 <€ are presented in Fig. 10. For the PA/EMT catalyst after 3 h catalytic test (Fig. 10a),

23



the band at 2135 cm™ is attributed to linear CO interacting with Pd* species; the bands at 2094 cm~*
and 2052 cm~! are assigned to linear CO adsorbed on Pd° species; and the bands at 1977 cm* and
1906 cm~* are associated with bridged CO adsorbed on Pd® species [41,56]. Both bands corresponding
to linear and bridged CO were progressively decreased with increasing the temperature from 35 <€ to
100 <€, and disappeared at 150 € (Fig. 10a). The DRIFTS spectra of PA/EMT catalyst after 3 h and
12 h catalytic test are almost identical in the whole temperature range of 35-200 € (Fig. 10a,b)
indicating the stability of the Pd species on the PA/EMT catalyst. This result is in accordance with the
stable catalytic performance of the PA/EMT catalyst (Fig. 3a). As shown in Fig. 10b, linear CO (2135
cm™t, 2086 cmt, 2029 cm™ and 2034 cm?) and bridged CO (1894 cm~! and 1854 cm™t) were
identified on the Pd/FAU catalysts after 3 h and 12 h catalytic test. Compared to the PA/EMT catalysts,
the bands of bridged CO on the Pd/FAU catalysts were clearly increased (Fig. 10), which is possibly
due to the sintering of Pd [57,58]. The PA/EMT catalysts exhibited a clear blue shift of both linear and
bridged CO bands compared to the Pd/FAU catalysts (2086 < 2094, 2029 and 2034 < 2052, 1894 <
1977, 1854 < 1906 cm~?; see Fig. 10). This suggested the © back-donation was weak and thus the Pd-
CO bond was weakened on the Pd/EMT catalyst [59,60]. This infers that the interactions between Pd
and the EMT zeolite framework were stronger than within the FAU zeolite framework. As reported
previously [24,25], the difference in the topology of EMT and FAU zeolites leads to the different
locations of cations: 1, I’and Il inthe FAUvs. T4 I, I’ I, Ilaand IIb in the EMT (Fig.
S6). These different cation locations have a significant influence on the interactions between metal
clusters and zeolites [25,61,62]. Therefore, the stabilization of mono-dispersed Pd clusters within the
EMT zeolite was attributed to the enhanced interactions between Pd and EMT zeolite, as the result of

the suitable negative charge distribution, abundant Lewis acid sites (Table S1) and unique cage
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structure, i.e. hypocage and hypercage for EMT vs. supercage for FAU [31,63,64].
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Fig. 10. DRIFTS spectra of CO adsorbed on (a) PA/EMT and (b) Pd/FAU catalysts after 3 h and 12 h
catalytic test at different temperatures: 35 €, 50 <€, 100 €, 150 € and 200 €. The samples were

prereduced in Hz at 150 <€, purged in N2 at 200 <€, cooled down to 35 <€, exposed to excess of CO

Wavenumber (cm’1)

Wavenumber (cm’1)

and then flushed by N; the spectra were recorded in the range of 35-200 €.

To further understand the interactions between Pd and zeolite framework, Ho-temperature
programmed reduction (H2-TPR) experiments were conducted on both PA/EMT and Pd/FAU catalysts.
The H>-TPR profiles of the two catalysts contain low- and high-temperature reduction peaks, which
were assigned to the weak- and strong-interaction Pd species with zeolite framework, respectively (Fig.

11) [51,65,66]. Similar low- and high-temperature reduction peaks were also measured by mass
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spectrometer for a new Pd/EMT catalyst loaded with 5 wt. % Pd (Fig. S7). A negative peak (H:
desorption) below 100 <€, usually assigned to the decomposition of Pd 3-hydride, was not detected for
Pd/EMT or Pd/FAU catalysts (Fig. 11). This result suggests that Pd was highly dispersed on the both
fresh PA/EMT and Pd/FAU catalysts [67,68]. About 82% of Pd?* in the EMT zeolite (Pd/EMT catalyst)
was difficult to be reduced due to the enhanced metal-support interactions, while only 37% of Pd?* in
the FAU zeolite was difficult (Pd/FAU catalyst) (Fig. 11). This indicates that the interactions between
Pd and zeolite framework in the PdA/EMT catalyst were much stronger than that in the Pd/FAU catalyst.

The enhanced interactions between Pd and EMT zeolite framework stabilized the PA/EMT catalyst as

shown by DRIFTS and H2-TPR results.
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Fig. 11. H>-TPR profiles of fresh (a) PA/EMT and (b) Pd/FAU catalysts; the peak area ratios of low-

and high-temperature peaks to the sum of low- and high-temperature peaks are presented in

percentages.

3.5. Stability of PA/EMT catalyst

As previously stated, the stability of the catalysts for the indirect oxidative carbonylation of
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methanol to DMC is always a big challenge, especially when they are used in real reaction conditions
[11,19]. A long-term catalytic test over the PA/EMT catalyst was performed and the results are shown
in Fig. 12. The conversion and selectivity of the Pd/EMT catalyst remain constant for at least 130 h
test, i.e., CO conversion of 82 + 1%, CH3ONO conversion of 36 + 2%, and DMC selectivity of 79 +
2%. No DMO byproduct was detected over the PdA/EMT catalyst during the 130 h test. None of Bragg
peaks corresponding to Pd® (JCPDS 87-0638) and PdO (JCPDS 88-2434) were observed for the used
Pd/EMT catalyst after 130 h reaction (Fig. S8), indicating the excellent resistance to Pd sintering. The
TEM study showed the uniform Pd clusters (about 1 nm) confined within the used Pd/EMT catalyst
after 130 h reaction; the size and distrubution of the Pd clusters were the same as in the catalyst after
12 h catalytic test (Fig. 7d and Fig. S9). Moreover, in comparison with the catalysts reported in the

literature, the PA/EMT catalyst provided good activity and better stability (Table S2).
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Fig. 12. Durability performance of the Pd/EMT catalyst in the indirect oxidative carbonylation of
methanol to DMC measured for 130 h. Reaction conditions: 0.1000 g catalyst, CO/CH30NO/N; =

1/6/33 (volume), GHSV = 8, 000 mL g! h, 110 €, 0.1 MPa. For each point an average of 3

measurements was conducted.
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4. Conclusions

The EMT zeolite was found to be a promising support for the stabilization of palladium clusters
and preparation of PA/EMT catalyst for the indirect oxidative carbonylation of methanol to dimethyl
carbonate (DMC). The Pd/EMT catalyst exhibited higher intrinsic activity (i.e., turnover frequency)
than conventional Pd/FAU catalyst. The conventional Pd/FAU catalyst was deactivated within 12 h
due to the palladium sintering and decrease of Pd?* active sites. In contrast, the Pd/EMT catalyst (1.0
wt. % Pd) showed high CO conversion of 82% and DMC selectivity of 79%, and good stability during
the continuous test of 130 h. It was found that the catalyst stability is strongly dependent on the
interactions between the Pd and zeolite framework. The enhanced interactions between Pd and EMT
zeolite inhibited the sintering of palladium clusters and maintained the Pd?* active sites in the catalyst.
This work presents a newly designed Pd/EMT catalyst with great performance in the indirect oxidative
carbonylation of methanol to DMC by understanding the benefit of the zeolite framework (EMT-type

zeolite).
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