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a b s t r a c t

Mn-Si-MEL zeolite was developed as a bi-functional adsorption-catalytic oxidation material for volatile or-

ganic compounds (VOCs) elimination due to its good hydrophobicity & good organophileproperty brought

by the substitution of Mn for Al in zeolite and the superior catalytic oxidation property endowed by the

existence of Mn species. Various Mn-Si-MEL samples were obtained by introducing Mn to MEL crystal-

lization system via different ways. It was found the incorporated Mn ways have a significant effect on

the behavior of Mn being involved in the crystallization of MEL and finally influenced the distribution

of Mn in zeolite as well the physicochemical properties of product zeolite. The seeding method (Mn-

S2(Seed)) is favorable for the good incorporation and uniform distribution of Mn in zeolite while both

recrystallization method (Mn-S2(RC)) and direct synthesis method (Mn-S2(DH)) are favorable for obtain-

ing more reducible Mn species and surface adsorbed oxygen species. The Mn amount incorporated into

zeolite follows Mn-S2(RC) (1.96 wt%) > Mn-S2(Seed) (1.07 wt%) ≈ Mn-S2(DH) (0.97 wt%), the adsorption

capacity of various samples follows Mn-S2(Seed) (83.3 μmol/g) ≈ Mn-S2(RC) (82.1 μmol/g) > Mn-S2(DH)

(76.1 μmol/g), while the catalytic oxidation ability of three samples follows Mn-S2(RC) ≈ Mn-S2(DH) >

Mn-S2(Seed). Furthermore, Mn-S2(RC) which exhibits both superior adsorption capacity and catalytic ox-

idation ability shows good hydrophobicity and superior recyclability, demonstrating its great potential to

be applied in the VOCs elimination by an enrichment-degradation route.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As an important contributor to the numerous environmental

problems like ground-level ozone, photochemical smog, PM2.5,

etc., volatile organic compounds (VOCs) emitted from stationary

and mobile sources cause great attention from both the govern-

ment and researchers. Among various existing technologies, cat-

alytic combustion was viewed as an efficient and environmental

friendliness route to convert hazardous VOCs to CO2 completely

[1,2]. Nevertheless, this method is not suitable for the purifica-

tion of exhaust gas with low concentration of VOCs. Therefore, ad-

sorption was commonly applied to combine with the combustion

unit to realize the first enrichment of VOCs as well as to reduce

the energy consumption during the subsequent combustion pro-

cess [3-5]. During this process, the complete desorption of VOCs

from the adsorbents seems to be key for ensuring the operation of

this technique for regenerating the adsorbent and providing high-

concentrated VOCs for the subsequent combustion unit. Due to the

combination of various units, the adsorption-combustion technique
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seems to be a complicated and long process. In order to over-

come these drawbacks described above, dual functional adsorbent-

catalyst media was proposed to develop for integrating the func-

tion of adsorption and catalytic combustion so that the process and

operation could be greatly simplified [6-8].

Zeolites have been regarded as superior adsorbents due to their

large specific surface area, high adsorption capacity, superior ther-

mal & hydrothermal stability, non-flammability as well as their tai-

lored properties [9,10]. Additionally, after doping with metals, the

zeolite-supported metal materials were also viewed as highly effi-

cient catalysts for the combustion of VOCs [11-14]. In 2004, Baek,

Kim and Ihm proposed to apply metal loaded on hydrophobic HY

as a dual functional adsorbent/catalyst media for the control of

low concentrated VOC streams and Ag/HY was selected to be the

best candidate for the dual functional adsorption-catalytic oxida-

tion system for methylethylketone and toluene abatement [6]. In

recent reports, Ru/HZSM-5 was developed for being applied in the

combined adsorption-combustion method for eliminating bulky

aromatics (toluene o-xylene and 1,3,5-trimethylbenzene) with low

concentration levels [8]. In a word, both good organophileproperty

and superior catalytic oxidation property are prerequisite for being
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Fig. 1. (A) XRD patterns, (B) Scanning electron microscope (SEM) (a0-c0) & scanning transmission electron microscope (STEM)-mapping (a1-c2), (C) Thermogravimetric-

differential thermal analysis (TG-DTA), (D) H2-temperature programmed reduction (H2-TPR) and (E) IR spectra of OH region of Mn-Si-MEL samples synthesized by different

methods. (a) Mn-S2(Seed), (b) Mn-S2(RC), (c) Mn-S2(DH).

a dual functional adsorption-catalytic oxidation material. Moreover,

good hydrophobicity is also necessary for this material to be appli-

cable in moisture VOCs exhaust purification.

In our previous study, it was found that after substituting Al

in zeolite for transition metal (Fe, Cu, Mn), the obtained metal-

silicalite could behave as a dual functional adsorption-catalytic ox-

idation material applied in the non-methane hydrocarbon (NMHC)

removal from cooking oil fumes (COFs) [15,16]. Among various

metal-silicalite samples, Mn-silicalite displays both good adsorp-

tion capacity and higher catalytic oxidation performance for NMHC

in COFs than other samples. Hence, in this work, various Mn-Si-

MEL samples were developed and comprehensively investigated to

be a superior bi-functional adsorption-catalytic oxidation candidate

for possessing the properties of organophileproperty, catalytic oxi-

dation property as well as hydrophobicity simultaneously. In detail,

Mn-containing source was introduced into the synthesis system of

MEL (an end member of the pentasil family, possessing intersect-

ing straight channels with a pore size of 5.3 Å × 5.4 Å, tailored

Si/Al ratio until ∞, Fig. S1 in Supporting information) instead of

the conventional Al source. Different introduction ways were per-

formed (see S2 Synthesis in Supporting information) and the cor-

responding types & distribution of Mn species in MEL as well as

their effect on the obtained samples’ adsorption-catalytic oxida-

tion properties were investigated and analyzed. Fig. 1A shows the

X-ray diffraction (XRD) patterns of Mn-Si-MEL samples obtained

via seeding method (Mn-S2(Seed)), recrystallization method (Mn-

S2(RC)) and direct synthesis method (Mn-S2(DH)), respectively.

Typical characteristic diffraction peaks of MEL topology at 2θ of

7.92°, 8.78°, 23.14°, 23.98° and 45.2° are observed in all three sam-

ples, confirming the successful formation of MEL framework with-

out being influenced by the introduction of Mn. Both the different

morphologies (Figs. 1B (a0-c0)) of Mn-Si-MEL samples from the

conventional Al-Si-MEL reported in our previous study [17-19] and

the ICP results (Table 1) demonstrate that Mn has been well in-

volved into zeolite crystallization process. The actual Mn content

incorporated into zeolite follows the sequence of Mn-S2(RC) > Mn-

S2(Seed) ≈ Mn-S2(DH) when the same amount of Mn source was

added into three systems. The SEM images also reflect the crys-

tal size of zeolite samples. An evident difference in crystal size

was found among three samples, following the sequence of Mn-

S2(Seed) < Mn-S2(RC) < Mn-S2(DH). Taking account of our pre-

vious study [18,20], it is well known that the presence of seeds is

favorable for the quick formation of numerous nuclei and hence re-

Table 1

Textural properties & sorption capacity of various Mn-Si-MEL samples.

Sample Mn-S2(Seed) Mn-S2(RC) Mn-S2(DH)

Mn (wt%) 1.07 1.96 0.97

Pore

characterization

SBET (m2/g) 427.9 401.0 407.6

Smicro (m2/g) 311.7 252.5 280.3

Sext (m2/g) 116.2 148.5 127.3

Vmicro (cm3/g) 0.12 0.10 0.11

Vmeso (cm3/g) 0.13 0.17 0.12

Relative atomic

ratio (%)

Mn 2p/Mn4+ 30.9 78.1 74.8

O 1s/Oβ 33.9 67.6 60.8

Adsorption capacity (μmol/g) 83.3 82.1 76.1

sults in large amounts of small crystals. In contrast, in the system

with no seed, if the Mn source was added to form the initial gel, it

will participate in both nucleation and crystal growth process. The

involution of Mn into zeolitic structure unit decelerates the forma-

tion rate of framework compared with the silicate system. As a se-

quence, fewer nuclei will be generated and subsequently grow into

large crystals of Mn-S2(DH). Noting that the Mn-S2(RC) exhibits

smaller crystal size than Mn-S2(DH) despite of being synthesized

from the system absence of seed. This is related to the adding

time of Mn into the system. Different from introducing Mn into

the initial gel of Mn-S2(DH), for Mn-S2(RC), Mn was added into

the system with well crystallized silicalite-2, whose nucleation is

much faster in the silicate gel than that in the Mn-containing gel.

The extraneous Mn introduced into the crystallized system causes

the unbalance of species & the variation of crystallization environ-

ment, and therefore lead to the dissolution of silicalite-2 frame-

work and the new formation of Mn-containing framework dur-

ing recrystallization process. Hence, the crystal size of Mn-S2(RC)

was well retained from silicalite-2 but the morphology varies

from the single-like crystal of silicalite-2 (Fig. 4d in reference

[17]) to the crystal-stacking morphology of Mn-S2(RC) due to the

fact that the additional Mn participate in the recrystallization of

zeolite.

The thermal stability of Mn-Si-MEL samples was detected and

reflected in the Thermogravimetric-Differential Thermal Analysis

(TG-DTA) curve (Fig. 1C). The main weight loss occurs in the tem-

perature range of 300-550 °C, correlated to the combustion of the

template that induces the formation of zeolitic framework. No ad-

ditional weight loss was observed until 700 °C, demonstrating the

superior stability of this zeolitic framework, which could be appli-
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Fig. 2. Dynamic adsorption breakthrough curves (A), adsorption capacity (B), catalytic conversion curves (C), mineralization rate curves (D), Mn 2p X-Ray photoelectron

spectroscopy (XPS) (E) and O 1s XPS (F) of various samples (a) Mn-S2(Seed), (b) Mn-S2(RC), (c) Mn-S2(DH), (d) Al-S2, (e) Al-S2-w (adsorption in presence of water vapor),

(f) Mn-S2(RC)-w (adsorption in presence of water vapor).

cable in most industrial environments. Noting that two peaks in

the DTA curve during the combustion of organic template present

in both Mn-S2(RC) and Mn-S2(DH). As was analyzed in our previ-

ous work [15], the exothermic peak at higher temperature (∼450

°C) is ascribed to the conventional combustion of organic template

located in the channels of zeolite in presence of O2, while the ex-

tra exothermic peak at lower temperature (394-404 °C) could be

attributed to the fact that the formation of some reducible Mn

species in the zeolite could act as a catalyst for promoting the

combustion of organic template. Only a single peak was observed

in Mn-S2(Seed) at higher temperature (446 °C), suggesting that the

existence state of Mn species in zeolite via seeding method, by

which Mn was impregnated in the seed crystals to be introduced

into the initial gel, is much different from those by the other two

methods. It seems that there is no reducible Mn species formed in

Mn-S2(Seed). The Mn distribution in various samples was verified

by the STEM-mapping images (Figs. 1B (a1-c2)). Mn-S2(Seed) has

a uniform distribution of Mn species throughout the zeolite crys-

tals (Figs. 1B (a1, a2)), while evident aggregation of Mn elements

was found in both Mn-S2(RC) (Figs. 1B (b1, b2)) and Mn-S2(DH)

(Figs. 1B (c1, c2)). Taking account of the TG-DTA analysis above, it

is reasonable to believe these aggregated areas shown in the STEM

images should be related to the Mn species with reducible abil-

ity. H2-Temperature Programmed Reduction (H2-TPR) (Fig. 1D) gave

a verification about reducibility of various Mn-S2 samples again.

Similar reduction profiles with two main reduction peaks, which

were attributed to the reduction of Mn4+ to Mn3+ (low temper-

ature) and Mn3+ to Mn2+ (high temperature) [21,22], were ob-

served in all three samples, confirming the oxidation performance

of these Mn-Si-MEL zeolites. Noteworthy is that Mn-S2(Seed) dis-

plays a shift to high temperature in both reduction peaks com-

pared with the other two samples. This, on one side, implies the

weaker reducibility of the former, on the other hand, confirms

again the different Mn states & distribution of the former from the

latter samples.

The bi-functional performance of Mn-Si-MEL zeolite as both

a good adsorbent and a superior catalytic oxidation catalyst for

VOCs elimination was tested by using toluene as a model pollu-

tant molecular. As shown in Fig. 2A, the Mn-Si-MEL samples ex-

hibit comparable dynamic adsorption behavior and capacity with

the conventional Al-MEL (Al-S2) under dry gas, implying the good

organophileproperty of Mn-Si framework similar to Si-Al frame-

work. Nevertheless, in the presence of water vapor (11.5 mg/L), the

Mn-Si-MEL sample (Mn-S2(RC)) displays much larger adsorption

capacity (59.0 μmol/g) than that of Al-MEL (38.9 μmol/g) (Fig. 2B),

suggesting the much better hydrophobicity of Mn-Si framework

than the Si-Al framework. Fig. 1E gives a solid proof for the con-

clusion above. Different from the Al-S2 possessing the stretching

vibration band of terminal Si-OH groups at ∼3730 cm−1 [23], the

band of less acidic hydroxyls at ∼3650 cm−1 [24] and the bridging

acidic hydroxyl stretching vibration at ∼3590 cm−1, all three Mn-

S2 samples possess the main band at ∼3730 cm−1 with no band

at ∼3650 cm−1 and very weak band at ∼3590 cm−1. As was re-

ported from Prins et al. [25], although the groups mentioned above

could all be able to adsorb polar compounds, the bridging Si-OH-Al

groups are the most contributor to the strong binding with water.

For Mn-Si-MEL samples, the absence of Al in the framework avoids

the formation of hydrophilic structure and therefore, increases the

zeolitic framework hydrophobicity. It should be mentioned that the

bridging acidic hydroxyl is also a reflection of framework metal

atoms [26,27]. The weak band at ∼3590 cm−1 found in three Mn-

S2 samples indicates that Mn could be involved in the formation

of zeolitic framework of MEL by these methods, and the incor-

poration content of Mn into zeolite follows the sequence of Mn-

S2(Seed) > Mn-S2(DH) > Mn-S2(RC), which is in good agreement

with the STEM-mapping results mentioned above as well as the

microporous properties priority of Mn-S2(Seed) > Mn-S2(DH) >

Mn-S2(RC) listed in Table 1.

Superior catalytic activity is the other important key factor for

evaluating the performance of bi-functional materials. Figs. 2C and

D reflect the catalytic activity of toluene converted over three

Mn-Si-MEL samples. Both Mn-S2(DH) and Mn-S2(RC) exhibit obvi-

ously superior catalytic activity for the deep oxidation of toluene

compared with Mn-S2(Seed). Considering the reducibility of Mn

species in three samples discussed above, it seems that the Mn

species related to the zeolitic framework possess weaker oxida-

tion than the extra-framework Mn species. X-Ray photoelectron

spectroscopy (XPS) spectra of three Mn-Si-MEL samples were col-

lected for verifying this deduction. As a surface analysis technique,

XPS can well analyze the element state on the surface of catalysts.

The weak signal of Mn-S2(Seed) once again confirms that the Mn

is well incorporated into zeolite framework rather than distribute

or aggregate on the surface of zeolite crystals like Mn-S2(DH) &

Mn-S2(RC) (Fig. 2E). A spin-orbit doublet with Mn 2p3/2 (Bing en-

ergy (BE) of ∼52 eV) and Mn 2p1/2 (BE of ∼640 eV) appeared in

all three Mn-S2 samples. According to peak-fitting deconvolutions,
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three peaks Mn2+ (∼643 eV), Mn3+ (∼638 eV) and Mn4+ (∼640

eV) were derived from Mn 2p3/2 [13]. The relative content of Mn4+

in total Mn species in Mn-S2(RC) & Mn-S2(DH) is much higher

than that in Mn-S2(Seed) (Table 1), which might benefit from their

higher extra-framework Mn species. A higher Oβ (surface adsorbed

oxygen species)/(Oα + Oβ + Oγ ) (total oxygen species = adsorbed

oxygen from the hydroxyl species/adsorbed water species + sur-

face adsorbed oxygen species + lattice oxygen) [28] ratio was also

observed in both Mn-S2(RC) and Mn-S2(DH) compared with Mn-

S2(Seed) (Fig. 2F and Table 1). It has been well reported that a

high concentration of Oβ and metal species with high oxidation

state (Mn4+) over a catalyst is beneficial for promoting the oxida-

tion process [29]. Therefore, both the Mn-S2(RC) and Mn-S2(DH)

exhibit much better higher oxidation ability for toluene than Mn-

S2(Seed).

Based on these studies above, the Mn-S2(RC) with both sat-

isfactory hydrophobic-adsorption capacity and catalytic oxidation

performance for toluene was chosen for a cycling test. The adsorp-

tion capacity was well kept for Mn-S2(RC) after several cycles (Fig.

S2 in Supporting information), demonstrating the potential appli-

cation of this bifunctional Mn-Si-MEL zeolite in the enrichment-

degradation of VOCs with low concentration. The life time test un-

der humid condition was also performed for Mn-S2(RC) (Fig. S3 in

Supporting information). The fact that the conversion of toluene

could be kept at a high level in presence of H2O also suggests its

good potential to be applied in a humid atmosphere. Moreover, the

GC-MS spectra (Fig. S4 in Supporting information) of toluene con-

version over Mn-S2(RC) at different temperature was also taken

for illustrating the conversion of toluene over Mn-Si-MEL, which

follows from toluene firstly to intermediate organinc products (i.e.,

benzaldehyde, phenol, octanal, diethylhexanol, phenylacetaldehyde,

nonaldehyde, benzoic acid and decanal, etc.) and finally to CO2 and

H2O for deep oxidation.

In summary, this work presents the potential of Mn-Si-MEL ze-

olite applied as a bi-functional adsorption-catalytic oxidation ma-

terial for VOCs elimination. The substitution of Al by Mn in zeolite

composition greatly improves the hydrophobicity of zeolites. Be-

sides, the incorporation of Mn endows zeolites good catalytic oxi-

dation despite their intrinsic adsorption properties. Three methods,

including seeding method, recrystallization method and direct syn-

thesis method were applied to introduce Mn into zeolite. It was

found that the seeding method is favorable for the uniform dis-

tribution of Mn throughout zeolitic framework, while both recrys-

tallization method and direct synthesis method are favorable for

obtaining more reducible Mn species and surface adsorbed oxygen

species, both of which benefit the catalytic combustion of toluene.

Moreover, Mn-S2(RC) shows superior recyclability, confirming its

potential to be a preferred candidate for the elimination of VOCs

by an enrichment-degradation route.
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