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Abstract:

Hierarchical porous system has become a prevalent method to overcome the diffusion
limitation of conventional zeolites. Two types of mesopores characterized as intra-crystalline
(mesopores in the zeolite pore wall) and inter-crystalline mesopores (meso-sized voids between
nano-zeolite aggregates) could be formed in the synthesis of hierarchical zeolites. In an attempt
to investigate the influence of mesopores structure on the physicochemical properties of
hierarchical ZSM-5, specifically cobalt oxide impregnated ZSM-5 zeolite samples with intra-
and inter-crystalline mesopores were synthesized through two different synthesis strategies.
Analysis of the physicochemical properties of the as-modified hierarchical ZSM-5 catalysts
were carried out using SEM, TEM, XPS, and Hz-TPR which showed distinct features given by
the two mesopores configurations. Co-oxide impregnated on ZSM-5 with inter-crystalline
mesopores was dominated by Co(ll) species, while Co-oxide/ZSM-5 showed a fair amount of
Co(l11) and Co(ll). Furthermore, analysis of the catalytic activity was conducted using methane
partial oxidation as a model reaction. With a variation in reaction time, various types of
oxygenated products, i.e. methanol, formaldehyde, formic acid, and a small trace of carbon
dioxide were observed. Catalytic results suggested that the Co-oxide/ZSM-5 material with
inter-crystalline mesopores configuration is more active for the methane partial oxidation

reaction compared to the Co-oxide/ZSM-5 with intracrystalline mesopores. This was



confirmed by the formation of formaldehyde rather than methanol as the major product in the

brief reaction time of 30 mins.
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1. Introduction

ZSM-5 zeolite offers promising catalytic performance in various notable reactions, such
as pyrolysis [1], oxidation [2], dehydroaromatization [3], and oligomerization [4] which require
the molecular-sieve feature of the abundant ZSM-5 micropores that often leads to the diffusion
limitation and degradation of catalyst activity, efficiency, and selectivity [5]. Several efforts
have been made to lessen the diffusion restriction, such as altering the morphology of the
zeolite into nano-sized particles and/or creating hierarchical zeolites [6]. Wang et al. reported
that the particle morphology of ZSM-5 with varied porous structures significantly altered the
acid distribution and zeolite interaction with cobalt oxide which could effectively advance the
production of diesel oil. More cobalt-zeolite support interactions were shown by smaller ZSM-
5 particles with stronger acid sites [7]. However, nano-sized zeolites are often tightly
agglomerated, and this causes structural instability, making hierarchical zeolite a prevalent
method to overcome the diffusion limitation, which combines two approaches of enlarging the

pore size and reducing the diffusion pathway [8].

Hierarchical zeolite features wider integrated secondary pore systems (>2 nm) as access
to the microporous active sites. Pérez-Ramirez et al. demonstrated that the hierarchical pore
system could be attained through three types of zeolite synthesis: (i) nano-zeolite, (ii) zeolite
composite and (iii) mesoporous zeolite [9]. Furthermore, two types of mesopores characterized
as intracrystalline and inter-crystalline mesopores could be formed in the synthesis of
hierarchical zeolites. Based on our previous work, the intracrystalline mesopores are defined
as ordered mesopores within the pore walls of a zeolite, that could be synthesized through a
dual-template method. On the other hand, inter-crystalline mesopores are regarded as
disordered meso-sized voids within nano-zeolite aggregates, that could be synthesized through
a template-free method [10]. The physicochemical property differences between the two
mesopore types of hierarchical H-ZSM-5 affected the catalytic properties for LDPE cracking,



where H-ZSM-5 with inter-crystalline mesopores performed better than intracrystalline H-

ZSM-5 despite its lower amount of acid sites [10].

The methane oxidation reaction can occur via two methods: steam reforming to synthetic
gas or partial oxidation reaction to high-value chemicals or precursors [11]. However, the
partial oxidation reaction which directly converts methane into valuable chemicals is preferred
in terms of time, cost- and energy efficiency [12]. Three types of oxygenated products result
from methane partial oxidation reaction, including methanol, formaldehyde, and formic acid
which vary in molecular size. Methanol is desirable as the main product of methane partial
oxidation, as it is known as a precursor to many high-value chemicals such as formaldehyde
and propylene [13].

In order to investigate the influence of mesopore structure on the physicochemical
properties of hierarchical ZSM-5 specifically modified with cobalt oxide, ZSM-5 zeolite with
intra- and inter-crystalline mesopores were synthesized. It is believed that the variation of
mesopore configuration could alter the properties of hierarchical ZSM-5 supported with cobalt
oxide. For instance, in terms of porosity, metal active sites, and its acidity properties in the
methane partial oxidation that could result in a variety of oxygenated products, making it
worthwhile to study. To the best of our knowledge, this kind of study has not yet been reported
to date and can hopefully contribute to the industrial process that has widely utilized metal-
oxide-supported hierarchical zeolite [14-17]. A series of characterization methods including
Scanning Electron Microscope (SEM), Transmission Electron Microscope (TEM), X-ray
Photoelectron Spectroscopy (XPS), and Hz-Temperature Programmed Reduction (Hz-TPR)
were implemented to understand the physicochemical properties of as-modified ZSM-5.
Furthermore, their properties were evaluated based on the catalytic performance in the methane

oxidation reaction as a model reaction.

2. Experimental
2.1. Materials

Sodium aluminate (NaAIlOz2), tetraethyl orthosilicate (TEOS, 98%), tetrapropylammonium
hydroxide (TPAOH 40 wt. %), poly(diallyldimethylammonium) chloride (PDDA, 20 wt. %),
and tetrapropylammonium Bromide (TPABr, 98%) were purchased from Sigma Aldrich.
Glacial acetic acid, cobalt(Il) nitrate hexahydrate, sodium hydroxide (NaOH 50% wi/v), and

ethanol were purchased from Merck. Ultra-high purity methane and a mixture of N2:02 (0.5%)



gas were purchased from PT Aneka Gas Industri. Including deionized water, all materials were

of reagent grade and utilized without any purification treatment.

2.2. Synthesis of Hierarchical Co304/ZSM-5
2.2.1. Templating Method

Hierarchical ZSM-5 with intracrystalline mesopores was prepared via the hydrothermal
method following our previous work [10]. TPAOH and PDDA were used as the templates,
along with sodium aluminate and TEOS as alumina and silica sources, respectively. The
materials were mixed with a molar ratio of 1.0 Al203: 64.3 SiO2: 10.1 (TPA)20: 3571.7 H20
at 100 °C and pH 11. The homogeneous mixture was stirred and kept at room temperature for
48 h before being moved to an autoclave for the crystallization process at 170 °C for 144 h.
The obtained solid was filtered and washed to pH 7 before being dried in the oven at 60 °C
overnight. The samples were then calcined in static air at 550 °C for 3 h to afford a sample
denoted as ‘ZHT".
2.2.2.Mesoporogen-free Method

Hierarchical ZSM-5 with inter-crystalline mesopores was prepared following the
mesoporogen-free method of Kadja et al. [18] at low-temperature. Synthesis was performed at
room temperature with a molar ratio of 1 SiO2 : 0.004 Al2Os : 0.19 TPABr : 0.12 NaOH : 8
H20 using sodium aluminate as an alumina source, Ludox HS-40 as silica source, NaOH and
TPABT as a single template without the presence of mesoporogen. The mixture was stirred in
a polypropylene bottle and directly crystallized in an oven at 90 °C for 96 h. The obtained solid
was washed, dried at 100 °C overnight, and calcined at 550 °C for 6 h to afford a sample
denoted as ‘ZLT’.

2.2.3.Modification Co304/ZSM-5

Hierarchical Co304/ZSM-5 catalysts were prepared by the impregnation method.
Specifically, 0.2495 M Co(NOs)2-H20 was added to ZHT or ZLT to give either a 2.5% or 5%
molar ratio. The solution was stirred at room temperature to obtain a paste and then dried at 60
°C for 12 h before being calcined in static air at 550 °C for 3 h. The modified hierarchical ZSM-
5 were labelled as Co304/ZHT2.5, C0304/ZHTS5, Co304/ZLT2.5 and Co3O4/ZLT5.

2.3. Catalyst Characterization
Structure and crystallinity of the as-synthesized hierarchical ZSM-5 catalysts were

analyzed using the XRD patterns collected on PANanlytical Empyrean X-ray diffractometer



operated at 40 kV and 30 mA, with Cu Ka (A = 1.54059 A) radiation in the 20 range of 5-80°.
The functional groups were analyzed by an Alpha-Bruker Fourier Transform Infrared
spectrometer (FTIR) using the KBr pellet method and a spectral resolution of 4 cm™. X-Ray
Fluorescence (XRF) analyses were performed on a PANanlytical €1 instrument operated at 50
kV with Ag as the radiation source. Surface area analysis of N2 physisorption was performed
on a Quantachrome Quadrasorb-Evo surface area and pore size analyzer at —196.15 °C.
Samples were degassed at 300 °C prior to measurement. Analysis was performed using
Quantachrome NovaWin — Data Acquisition and Reduction application for NOVA
instruments. The specific surface area was determined using the Brunauer—-Emmett—Teller
(BET), micropore volume was determined using the t-plot method, while Pore Size
Distribution (PSD) was determined using the Barrett—Joyner—Halenda (BJH) method from the
desorption branch. The total pore volume was analyzed based on N2 adsorbed at a relative
pressure p/po = 0.99. The surface morphology of the samples was evaluated using a JEOL JSM-
6510LA Scanning Electron Microscopy (SEM) and a TEM H9500 Transmission Electron
Microscopy (TEM) instrument. X-ray Photoelectron Spectroscopy (XPS) was performed on
Thermo Fisher Scientific K-alpha instrument using an Al Ka monochromator. Temperature
Programmed Reduction (TPR) was performed on a Micromeritics Chemisorb 2720 instrument
using 5% H2/N2 (20 mL min~?) within the temperature range of 40 to 1000 °C at a heating rate
of 10 °C min™.

2.4. Catalytic Test

Methane partial oxidation reactions were carried out in an atmospheric fixed-batch reactor
at 150 °C with 0.5 g catalyst. The reactor was first flushed with N2 prior to analysis and then
0.75 bar CH4 and 2 bar N2 (0.5% O2) were added simultaneously. After catalytic tests were
carried out for 30, 60, 90, and 120 min, reactor outlet gas was analyzed using a Shimadzu TCD-
8A Gas Chromatography (GC) instrument equipped with PorapakQ column and thermal
conductivity detector. The adsorbed products were extracted from the catalyst using 3 mL
ethanol and analyzed offline using a Shimadzu FID-2014 GC instrument equipped with a RTX-
1 carbowax column and flame ionization detector. The conversion of methane and the yield of

products were determined according to the following equations:

([CH4)in1et—[CH4loutlet) x 100% (1)

CH,conversion (%) =
[CH4—]inlet

Product]oytiet

Product yield (%) = eHoutiet ¢ 1009 )
4linlet



3. Results and Discussion

3.1. Catalyst Characterization

Fig. 1. SEM images of (a) ZHT, (b) C0304/ZHT2.5, (c) Co304/ZHT5, (d) ZLT, (e)
C0304/ZLT2.5, and (f) Co304/ZLT5.

The morphology and microstructure of ZSM-5 catalysts were analyzed by SEM
characterization. Fig. 1a reveals the hexagonal coffin-shaped ZHT particles, characteristic of a
MFI-type zeolite (4.8 um) with a relatively smooth surface morphology indicating high
crystallinity which is also implied by XRD analysis (see later) [19]. On the other hand, ZLT
samples in Fig. 1d reveal a granular spherical morphology (0.8 um) as the common structure
of ZSM-5 zeolite synthesized in the absence of an Organic Structure Directing Agent (OSDA)
[20]. Furthermore, the Scherrer analysis method of crystallite size determination reveals that

ZLT consists of nano-zeolite aggregates in the size of 19 nm.

No morphology changes in hierarchical ZSM-5 structure were observed after the addition
of cobalt precursor or with increasing loading of cobalt. The modification by cobalt oxide is
shown by the presence of small white particles deposited randomly on the crystal surface of
ZHT (Fig. 1b,c) after the impregnation process with intensity increasing with the increment of
percent loading [21]. However, the same condition is not observed on ZLT (Fig. 1e,f) which
suggests better dispersion of nano Cosz0a4 on the surface of ZLT nanocrystallites, in agreement

with the increase of Sger after impregnation of cobalt oxides [22].

The XRD patterns of hierarchical ZSM-5 and C0304/ZSM-5 catalysts are presented in Fig.
2. All ZHT and ZLT catalysts exhibit similar characteristic peaks as the ZSM-5 reference at 26
of 7.9, 8.8, 23.1, 23.9, and 24.3° [23], indicating the formation of the MFI framework structure



(based on JCPDS 44-0003) [24-26]. The degree of crystallinity was determined based on the
peak intensity of the characteristic peaks at 20 of 21-26° according to the ASTM D5758-01
method [27,28]. The ZHT sample which was synthesized through a templating method
possesses the highest intensity compared to ZLT and is therefore considered to have a
crystallinity degree of 100%.

After modification with CosOs, in general, the structure of both ZHT and ZLT was
preserved, as shown by the existence of the characteristic peaks of MFI in the XRD patterns.
In addition, modifications led to the creation of several new peaks at 26 of 31.3, 36.8, 59.3, and
65.2° corresponding to (220), (311), (511), and (440) planes of Co3O4 with spinel structure
(JCPDS 42-1467) [29]. The CosO4 spinel as the single phase was confirmed by the absence of
peaks associated with CoO and Co20s (i.e., 20 = 42.6°, 61.8°, and 22.1°) (JCPDS 01-1227)
[30,31]. On the other hand, modification with CosO4 was observed to decrease the catalyst
crystallinity as the CosOa ratio increased. It is worth noting that the crystallinity of CosO4/ZLT
was better preserved than CosO4/ZHT. These results indicate that the insertion process of metal
species into the zeolite micropore system at elevated temperature (550 °C) has affected the
ZSM-5 framework structure [32,33]. Therefore, to confirm this effect, the lattice parameters of
modified hierarchical ZSM-5 were calculated to identify any structural changes following the

orthorhombic symmetry formula in Eqg. 3 and listed in Table 1 [34].

sin® _ /(hbc)2+(kca)?+(lab)?
P 2 abc

3)

The results showed that the a and ¢ values of modified ZHT increased while the b value
decreased. Conversely, the a, b, and ¢ values of modified ZLT seem to decrease compared to
the parent ZSM-5 values that exhibit the same results as reported by Kokotailo et al. [35]. The
change of the lattice parameter values is accompanied by the slight shift of ZSM-5
characteristic peaks to higher 26 for modified ZHT and lower 26 for ZLT. Guan et al. reported
similar work on the Co/ZSM-5 preparation via impregnation suggested that these results could
be due to the substitution of the AI**in the ZSM-5 framework with cobalt species from the
Co(NOs)2-H20 precursor, which led to the adjustment of lattice parameters but does not change
the overall structure [36]. Scherrer’s equation was used to estimate the CosOa crystallite size.
The calculation results (also shown in Table 1) show that the CosOa4 particle size on CosO4/ZHT
became more significant with increased Co loading. Meanwhile, interestingly, the CosO4
particle size on the CosO4/ZLT decreased with an increase in Co loading.
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Fig. 2. XRD patterns of (a) ZHT, (b) ZLT, and their modified CosO4 derivatives with the

degree of crystallinity.

Table 1. Unit cell parameters of ZSM-5 catalysts and CosO4 crystallite size.

Catalyst a(A) b (A) c(A) C0304 size (nm)
ZHT 20.02 19.90 13.38 -
C0304/ZHT2.5 20.23 19.87 13.69 16
C0304/ZHT5 20.03 19.80 13.48 20

ZLT 20.38 19.85 13.78 -
C0304/ZLT25 20.14 19.78 13.53 25
C0304/ZLT5 20.12 19.77 13.53 22

FTIR spectra of all hierarchical ZSM-5 and their derivatives are presented in Fig. 3. The
broad bands at 4000-3000 cm are attributed to the stretching vibration of silanol (Si—-OH)
groups. It can be seen that the band in ZHT and the modified CosOa derivatives (Fig. 3a) consist
of two peaks at 3640 cm™ and 3453 cm?, indicating the presence of both isolated and
hydrogen-bonded silanol groups, respectively. The peak at 3453 cm™ could also be attributed
to the AlI-OH in the ZSM-5 framework that works as Bronsted acid sites [37]. Meanwhile, the
band in ZLT and the modified CosOs derivatives (Fig. 3b) are primarily made up of hydrogen-
bonded silanol groups.

Fig. 3 also shows that all catalysts exhibit five typical zeolite peaks in the wavenumber
range of 1600-500 cm. Both peaks at 1070 cm™ and 790 cm™ are attributed to the external
symmetric stretching mode [38]. While peaks at 1220 cm™ and 550 cm™ are attributed to the
asymmetric stretching of T-O-T (within TO4 tetrahedra, T = Si, Al) and vibration of distorted
double five-membered-ring of ZSM-5, respectively [39,40]. A peak at 1610 cm™ is ascribed

to adsorbed H20 [41]. These results support XRD results and confirm the successful synthesis



of the hierarchical ZSM-5 molecular framework. With respect to the intensity of all peaks
typical of the zeolites, it can be seen that the intensity in the ZHT-supported catalysts tends to
increase after modification with CosO4, while ZLT-supported catalysts decrease after
modification with CosOa4. The difference in the silanol group content and characteristic peak
intensity highlights the potential for distinct physicochemical features across each hierarchical
ZSM-5 mesopore configuration.

Furthermore, spectra of ZHT and ZLT in Fig. 3 also showed two additional peaks after
modification with Co30s at 670 cm™ and 595 cm™ which are assigned to the stretching
vibration of Co*-0 and Co?*-O species of Co30s [42,43]. It is also observed that peak
intensity increases as the metal loading increases, which agress with XRD results.
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Fig. 3. FTIR spectra of (a) ZHT, (b) ZLT catalysts and their modified Co3O4 derivatives.

X-ray fluorescence measurement results presented in Table 2 showed the Si/Al ratio of the
as-synthesized ZHT and ZLT samples are 59 and 74, respectively. No changes in the Si/Al
ratio after modification with Co-oxide indicates that the impregnation process did not cause
dealumination or desilication of ZSM-5 [44]. Actual cobalt loading of 2.5 and 5 wt.% were
determined by XRF and are consistent with the theoretical value indicating the successful metal
deposition into hierarchical ZSM-5.

The N2 adsorption-desorption isotherm presented in Fig. 4(a) shows a hysteresis loop at
p/po > 0.4 corresponding to capillary condensation in the hierarchical system in both ZSM-5
catalysts [45]. However, ZHT and ZLT possess different types of hysteresis loops. ZHT which
is synthesized through the templating method exhibits a type H4 hysteresis loop where the



increment of the adsorption-desorption curve happened gradually in the relatively small silt-
like pore (~ 2 nm) [46]. Meanwhile, ZLT which is synthesized through the mesoporogen-free
method exhibits a type H3 hysteresis loop with significant increment at p/po > 0.9 suggesting
that capillary condensation happens in the stack of nano-zeolite aggregates which often leads
to the creation of inter-crystalline mesopores [47-49]. The parallel assembly of adsorption-
desorption isotherm curves verifies the interconnected pore system to the surface of
hierarchical ZSM-5 [50]. Moreover, modification of hierarchical ZSM-5 with Co3O4 showed a
similar isotherm curve with the pristine ZSM-5 parents, which is in agreement with the XRD
results, where no alteration of the framework structure of ZSM-5 occurred after impregnation
[51]. Textural properties of as-synthesized hierarchical ZSM-5 are presented in Table 2. ZHT
exhibits a higher total surface area (Seet and Sext) compared with ZLT, which might be due to
the synthesis method of ZLT which doesn’t include the presence of a mesoporogen.

The hierarchy system plays an important role in molecular transport in the catalytic process
[52]. Therefore, a thorough analysis of the porosity of the as-synthesized ZHT and ZLT was
carried out using the eminent descriptor of HF (Hierarchical Factor) based on Eq. 4:

HF = (Vmicro) % (Smeso) (4)

Vtotal SBET

Peréz-Ramirez et al. in their study, identified hierarchical zeolites as materials with HF value
> (0.10 which suggests that both ZHT and ZLT are hierarchical zeolites (Table 2). Modification
of ZHT with Co304 resulted in lower Sger and Vmicro Values and an increase of Vmeso Which
might suggest the aggregation of cobalt oxides and/or pore blocking [21]. Conversely, Sget of
Co304/ZLT increases compared to the parent ZLT which indicates that the cobalt oxide does

not block the pore and is more evenly dispersed across the surface of ZLT [53].

Determination of pore size was carried out using the BJH method for analysis of mesopore
size [54]. Pore size distribution of ZHT (Fig. 3a) revealed a uniform mesoporous size of about
2 nm with a slight decrease after impregnation with CosOs. Whereas ZLT revealed a bimodal
mesopore size distribution in the size of 2-3 nm and 26-35 nm which might result due to the
lack of a mesopore structure directing agent in the synthesis method [55]. As reflected in the
pore size distribution of ZHT and ZLT after modification with CosOs, there was a slight
decrease in the pore size which was also observed on the isotherm curve indicating a small

amount of cobalt oxide particle blocked the ZSM-5 pores.



Table 2. Compositional and textural properties of ZHT and ZLT, as well as their modified

Co304 derivatives.

Catalyst XRF N2 physisorption
Si/Al | Co | Sget Shmicro Sext Viotal Vmicro Vmeso HF Pore
[m%g]? | [m#g]° | [m%g]® | [em®¥g]® | [cm®/g]° | [cm3/g]° diameter
(nm)°
ZHT 59 - 407 141 265 0.09 0.08 0.01 4.68 2.24
Co0304/ZHT25 | 57 |24 367 138 229 0.10 0.06 0.04 0.85 211
C0304/ZHT5 59 |49 317 102 215 0.07 0.05 0.02 1.60 2.00
ZLT 74 - 265 190 75 0.28 0.08 0.20 0.12 | 2.64;34.12
Co304/ZLT25 | 74 |24 277 189 88 0.25 0.07 0.18 0.13 | 2.64;26.72
Co304/ZLT5 74 | 4.8 270 193 77 0.22 0.07 0.15 0.14 | 2.64; 26.68
& Determined using BET method.
b Determined using t-plot method.
¢ Determined at p/po = 0.99.
d Determined using BJH.
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Fig. 4. (a) N2 adsorption—desorption isotherm and (b) Pore size distribution of hierarchical
ZSM-5 and C0304/ZSM-5.




TEM analysis was carried out to confirm the morphology and pore structure of the as-
synthesized hierarchical ZSM-5 catalysts. Fig. 5a shows the morphology of ZHT with some
intracrystalline mesopores, while the morphology of ZLT with inter-crystalline mesopores is
shown in Fig. 5d. This result is similar to the configuration that was reported in our previous
work [10]. There were also some defects observed on the ZHT structure due to the template
removal process at high temperatures [50].

The impregnated CosO4 presents as black spots on the surface of the zeolite in the TEM
images. Compared to CosO4/ZLT, the CosOs particle spots are hardly observed on the
Co0304/ZHT, which might be due to the insertion of CozO4 particles into the ZHT support pore
system, as indicated by the decrease of BET surface area (Sset) and Vmicro. Moreover, Coz04
particle distribution on the ZLT surface is considered more well-dispersed compared to
modified ZHT, therefore confirming the increment of ZLT BET surface area after impregnation
[56].

Fig. 5. TEM images of (a) ZHT, (b) Co3s04/ZHT2.5, (c) C0o304/ZHT5, (d) ZLT, (e)
C0304/ZLT2.5, and (f) Co304/ZLT5 catalyst.

The strength and quantity of acid sites on the catalyst surface were studied using NHs-
TPD. As seen in Fig. 6, two distinctive NHs desorption peaks were observed for all catalysts
at temperatures between 100-300 °C and 300-550 °C. These peaks corresponded to the NHs
material adsorbed on the weak acid sites and strong acid sites, respectively [57]. Strong acid
sites are often introduced by the framework Al, whereas weak acid sites are assumed to be
caused by NHs adsorption on Si—OH in structural defects [58]. Both the weak and strong acid
peaks of Co304/ZHT (187 and 422 °C) remain unchanged upon the incorporation of Co into



ZHT. In contrast, the CosO4/ZLT peaks of both weak and strong acid sites shifted toward low
temperatures (244 and 472 °C for ZLT; 177 and 320 °C for Co304/ZLT5)

Based on quantitative analysis, ZHT contains more total acidic sites than ZLT, as seen in
Table 3. This suggests that ZHT has a higher framework Al content [59], which is supported
by the XRF data, which reveal that the Si/Al ratio of ZHT (59) is higher than that of ZLT (74).
Moreover, the acidity of ZHT and ZLT decreased as a result of the introduction of Co species
into ZSM-5, which is attributed to the exchanges of the Co species with acid protons of Si—
O(H)-AIl [60]. The findings correspond with XRD data, which demonstrate that the
incorporation of Co species reduced the crystallinity of ZSM-5 (Fig. 2) [61].
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Fig. 6. NHs-TPD curves of hierarchical ZSM-5 and C0304/ZSM-5.

Table 3. Analysis of NH3-TPD data of hierarchical ZSM-5 and C0304/ZSM-5

Catalyst Peak temperature of Acidic sites
desorption (°C)
First peak Second peak | Weak acidic | Strong Total acidic
sites acidic sites | sites
[mmol/g] [mmol/g] [mmol/g]
ZHT 187 422 0.1901 0.2598 0.4499
C0304/ZHT5 187 422 0.1121 0.1359 0.2480
ZLT 244 472 0.1449 0.1839 0.3288
Co0304/ZLT5 177 320 0.0653 0.1337 0.1990




3.2. Catalytic Tests

Catalytic tests of the as-modified Co3O4/ZHT and CosO4/ZLT catalysts were investigated.
Methane partial oxidation reactions were carried out in a batch reactor using methane (CHa)
and N2 (with Oz 0.5%) gas as feedstock with a ratio of 0.75:2.0 bars. Reactions were performed
at 150 °C (taken as the optimum temperature based on the work of our group and others) for a
variety of time time intervals 30, 60, 90, and 150 min [62—64]. Catalysts were activated at 550
°C for 1 h prior to reactions while the degassing process was carried out using 2 bars of N2 gas
for 10 mins.

Methane could undergo an oxidation reaction to become methanol (CH3OH),
formaldehyde (CH20), formic acid (HCOOH) or be completely oxidized into carbon dioxide
(CO2) according to Eq. 5 [65]:

CH4 — CH30H — CH20 — HCOOH — COz2 5)

Fig. 7 presents the temperature relationship of the methane conversion and product yield
over the Co0304/ZHT and Co3O4/ZLT catalysts. The methane conversion of low-loaded
C0304/ZHT catalyst decreased up to 60 min and increased after 60 min reaction time. The
decrease in methane conversion with reaction time may be caused either by a lack of product
being recovered from the catalysts or by undiscovered gas products. During the reaction time
range of 30-150 min, the methane oxidation reaction catalyzed by CosO4/ZHT catalysts
yielded methanol and formaldehyde as the main products. Co304/ZHT5 produced the highest
yield of methanol at 30 min (74.07%); however, the product yield fell after 30 min and
methanol was further oxidized into formaldehyde at prolonged reaction time. On the other
hand, Co304/ZHT2.5 exhibits lower yields of methanol at 30 min with the value of 14.35%.
Co0304/ZHT2.5 demonstrated the greatest total yield of products in the reaction time of 90 min,
with a value of 94.93% (36.02% methanol and 58.91% formaldehyde). However,
Co0304/ZHT2.5 shows an increase in the product yield as the reaction time increased. These
findings indicate a better catalytic lifetime of Co304/ZHT2.5 than Co304/ZHT5 that the product
yield decreased after 30 min of reaction time, which may be due to coke deposition in the
porous active sites [66].

The methane conversion catalyed by CosO4/ZLT catalysts did not exhibit a similar trend
to Co304/ZHT and instead produced formaldehyde as the main product with a smaller amount
of methanol. Furthermore, a small trace of formic acid was found at a reaction time of 120 min.
While the results for the product yield of Co304/ZLT2.5 and Co3O4/ZLT5 are comparable, they



differ in that Co304/ZLT2.5 managed to preserve a higher overall yield of product (13.81%)
than Co304/ZLT5 (4.56%).
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Fig. 7. Catalytic activity in methane partial oxidation of Co3O04/ZHT and Co3O4/ZLT in terms

of products yield and CH4 conversion as a function of reaction time.

Based on these results, it can be concluded that the optimum reaction time of methane
partial oxidation is 90 min, as the yield of products tends to decrease with a prolonged time.
Furthermore, Co0304/ZHT and Co304/ZHT with Co loading 2.5% exhibit better catalytic
activity in comparison to higher Co loading. This could be related to metal active sites
dispersion into the surface of ZHT and ZLT. These findings also denoted that CoszOa particle
size had little or no impact on the methane partial oxidation reaction. Therefore,
characterization of the catalysts using XPS and Hz-TPR to further integrate the nature of cobalt
oxide species in the catalysts was explored.

The results of methane partial oxidation are consistent with the theoretical value, according
to which methane could oxidize into methanol, formaldehyde, and formic acid, and completely
oxidize into carbon dioxide. As a result of catalytic tests with a variation of reaction time, Fig.
S1 presents a feasible mechanism of methane partial oxidation that modifies the mechanism
described by Yumura et al. and Krisnandi et al. [64,65]. Without the addition of external



oxygen sources, the synthesis of oxygenated products in a batch system could occur by utilizing
the free surface-oxygen molecule (O?) from cobalt oxide molecules by the oxygen vacancy
mechanism, as shown in the Fig. S1.

3.3. Extended Characterization: Cobalt Oxide Species

The earlier XRD results on the Co-oxide modification of both ZHT and ZLT show that
only a single Co phase of CosO4 existed on the surface of both zeolites. However, despite
having apparently similar active sites, and similar cobalt loading values, the Co304/ZHT and
Co304/ZLT catalysts exhibit different activity for methane partial oxidation. This suggests that
Co304 active sites behave differently due to different environments of hierarchical ZSM-5 with
different mesopore configurations of intra- and inter-crystalline mesopores. Therefore, XPS
characterization was carried out to understand the state of metal species deposited on the
surface of hierarchical ZSM-5 zeolite. Co3Os4 is the expected form of cobalt oxide based on
XRD results and consists of two types of cobalt ion species: Co®*" and Co?* with an ideal ratio
of 1:2 [67]. The XPS spectra of Co 2p (Fig. 8a) exhibits peaks at Binding Energy (BE) of
777.5-779.5 eV and 793.0-795.0 eV representing Co 2p12 and Co 2psy2, respectively [68]. The
value of BE split A(Co 2p12—Co 2p32) can be related to the cobalt species in the sample
specifically A(Co 2p12—Co 2psr2) = 15.0 eV; 15.7-16.0 eV; or 15.1-15.3 eV representing spin-
orbital coupling of Co®" in C0203, Co?* in CoO, and a mixed valence of Co?" and Co®* in
Co0304, respectively [21]. Fig. 8a of modified ZHT and ZLT samples show differences in BE
split value of ZHT and ZLT about 15.2 and 15.9-16.0, respectively. These results indicated
that the surface cobalt oxide species in ZHT consist of typical Co?* and Co®* mixed species of
Co304, whereas Co?* is the predominant cobalt species in ZLT [69].

Moreover, O 1s spectra (Fig. 8b) of all Co3Os-modified catalysts exhibit peaks at BE
530.0-532.0 eV which can be deconvoluted into three oxygen species. The peak at BE 529.5—
530.0 eV is indicative of typical surface lattice oxygens (O%) denoted as O,. The peak at 531.0—
532.0 eV indicates adsorbed oxygen on the surface, denoted as Og, which plays an important
role as an active species in the oxidation reaction [70]. The peak at 533.0-533.5 eV indicates
hydroxyl species or water molecules adsorbed on the surface and is denoted as Oy [71].
Quantitative analysis on the Ogp ratio toward total oxygen species (Table 4) suggested the
increment of Og species in the order of C0304/ZLT5 < C0304/ZHT5 < C0304/ZHT2.5 <
C0304/ZLT2.5, with Co304/ZLT2.5 as the catalyst with the most active surface oxygen species.
This result justifies the catalytic tests on Co3O4/ZLT which shows selectivity towards



formaldehyde due to its higher surface-adsorbed oxygen value as reflected by Op/(Ou+Op+0Oy)
value of XPS results.
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Fig. 8. XPS spectra of hierarchical ZSM-5 catalysts in the range of (a) Co 2p and (b) O 1s.

Table 4. The binding energy and surface content of ZSM-5 catalysts.

Catalyst Binding energy (eV) Surface content

A(Co 2p12—-Co 2p3)? | Co**/Co?* | Co®*/(Co*+Co?") (%) Op/(Oa+Op+0y)° (%0)
C0304/ZHT2.5 | 15.2(779.3—794.5) 14 58.6 49.9
C0304/ZHT5 15.2 (777.9 - 793.1) 1.0 50.2 49.7
C0304/ZLT25 | 16.0(779.1—-795.1) 0.5 324 50.4
C0304/ZLT5 15.9 (779.1 — 795.0) 0.6 38.1 41.1

8The difference (A) between Co 2ps2 and Co 2pasz binding energy.
bQ, is the surface lattice oxygen; Og is the surface-adsorbed oxygen; Oy is the surface hydroxyl
species (OH).

H2-TPR characterization was carried out to confirm XPS and catalytic results by analysing
the reduction behaviour of cobalt species on the as-modified hierarchical ZHT and ZLT with
5% Co0304 percent loading (Fig. 9). Theoretically, CosOa4 reduction proceed in two steps: CosO4
— CoO — Ca° with every step reflected as a peak on the H2-TPR profile and could be divided
into three reduction regions: region I (< 400 °C) representing the reduction of extra-framework
C0304 to CoO (Co®* bulky species to Co?*), region I (400-700 °C) representing the reduction

of intra-framework (CoOx)n oligomers Co?* to Co® and region 111 (700-900 °C) representing



the reduction of extra-framework phyllosilicate Co(ll). Furthermore, isolated Co?" species

could also reduce at high temperatures (> 900 °C) [22,72].
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Fig. 9. H2-TPR profile of Co-oxide modified hierarchical ZSM-5 catalyst.

Table 5. H2-TPR analysis of ZSM-5 catalysts.

Catalyst Peak temperature (°C) H. uptake (%0)
I I Il | Co**in | Co?in | CoSiO4 | Isolated
Co30s | CoO Co?*
Co304/ZHTS5 | 280; 358; 384 | 435 - 46.8 53.2 - -
Co0304/ZLT5 371 575 | 758 40.3 344 21.8 3.5

The H2-TPR profile of Co304/ZHT5 and CosO04/ZLT5 in Fig. 9 showed a quite different
reduction behaviour which was later quantified in Table 5. The C03s04/ZHT5 sample was
observed to exhibit four main peaks in region I and Il indicating that CosO4 was completely
reduced. Meanwhile, Cos04/ZLT5 exhibits four main peaks in the region I, I, and 11, with an
additional isolated Co?* peak at 980 °C. These results indicated that Co3O4 deposited on ZLT
contains phyllosilicate Co(ll) when Co species reacts with the zeolite surface leading to the
creation of hard-to-reduce silicate layer deposits that are tightly bonded [73]. Furthermore,
Co?* peaks present in Co304/ZLT5 indicate the predominance of Co?* species on ZLT, which
is in good agreement with XPS results. Good dispersion of Co oxide particles on the ZLT which
is shown by SEM and TEM directs to the strong interaction of Co oxide on the ZLT support
and hinders the reduction of Co(ll) to Co® [28]. Therefore, it is known that porosity and

mesopores configuration influence the particle size of CosO4, which leads to the conclusion



that mesopores configuration of intra- and inter-crystalline play an important role in affecting

the predominant Co species and reduction feature of Co oxide on hierarchical ZSM-5.

4. Conclusions

Hierarchical ZSM-5 with two types of mesopore configuration (intracrystalline and inter-
crystalline mesopores) were synthesized and employed as a catalyst for methane partial
oxidation reaction. Mesopore configuration of hierarchical ZSM-5 affected the
physicochemical properties and character of impregnated CosOa. Hierarchical ZSM-5 with
inter-crystalline mesopores presented better dispersion of CozO4 dominated by Co(ll) species,
while hierarchical ZSM-5 with intracrystalline mesopores type showed smaller mesopore size
with a fair amount of Co(l11) and Co(ll) species. Furthermore, hierarchical ZSM-5 with inter-
crystalline mesopores demonstrated strong oxidation activity as reflected by the formation of
formaldehyde in the brief reaction time. ZSM-5 cobalt loading of 2.5% presented a superior
catalytic performance in terms of yield, conversion, and lifetime compared to higher cobalt

loading.

Supporting Information

Detailed information on the methane partial oxidation reaction mechanism is provided in

supporting information.
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Research Highlights
e Co-oxide was impregnated on hierarchical ZSM-5 with different mesopore configurations.
e Physicochemical features were gained using methane partial oxidation as a model.

e Mesopore configuration affects porosity, Co dispersion, behavior, and reducibility.



Declaration of Competing Interest

We declare that we have no financial interests and personal relationships with other people or

organizations that can inappropriately influence our work reported in this manuscript.



