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Soudabeh Saeid, Matilda Kråkström, Pasi Tolvanen, Narendra Kumar, Kari Eränen, 
Jyri-Pekka Mikkola, Leif Kronberg, Patrik Eklund, Markus Peurla, Atte Aho, 
Andrey Shchukarev and Tapio Salmi

Advanced Oxidation Process for Degradation of Carbamazepine from Aqueous Solution: 
Influence of Metal Modified Microporous, Mesoporous Catalysts on the Ozonation Process
Reprinted from: Catalysts 2020, 10, 90, doi:10.3390/catal10010090 . . . . . . . . . . . . . . . . . . 115

v



Yajun Luo, Changxi Miao, Yinghong Yue, Weimin Yang, Weiming Hua and Zi Gao

Chromium Oxide Supported on Silicalite-1 Zeolite as a Novel Efficient Catalyst for
Dehydrogenation of Isobutane Assisted by CO2

Reprinted from: Catalysts 2019, 9, 1040, doi:10.3390/catal9121040 . . . . . . . . . . . . . . . . . . 135

Huda Sharbini Kamaluddin, Sulaiman Nassir Basahel, Katabathini Narasimharao and

Mohamed Mokhtar

H-ZSM-5 Materials Embedded in an Amorphous Silica Matrix: Highly Selective Catalysts for
Propylene in Methanol-to-Olefin Process
Reprinted from: Catalysts 2019, 9, 364, doi:10.3390/catal9040364 . . . . . . . . . . . . . . . . . . . 149

Yichen Wang, Hongjuan Wang, Yuanchao Shao, Tianduo Li, Takashi Tatsumi and 
Jin-Gui Wang

Direct Synthesis of Ti-Containing CFI-Type Extra-Large-Pore Zeolites in the Presence 
of Fluorides
Reprinted from: Catalysts 2019, 9, 257, doi:10.3390/catal9030257 . . . . . . . . . . . . . . . . . . . 167

Ya-Nan Miao, Yuan Wang, Dong-Hui Pan, Xiang-Hai Song, Si-Quan Xu, Li-Jing Gao and

Guo-Min Xiao

Zn-Co@N-Doped Carbon Derived from ZIFs for High-Efficiency Synthesis of Ethyl Methyl
Carbonate: The Formation of ZnO and the Interaction between Co and Zn
Reprinted from: Catalysts 2019, 9, 94, doi:10.3390/catal9010094 . . . . . . . . . . . . . . . . . . . 177

I. Santamarı́a-Holek, S. I. Hernández, C. Garcı́a-Alcántara and A. Ledesma-Durán
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Docent Dr. Narendra Kumar has been awarded an Åbo Akademi University medal for his research,

education, scientific knowledge contributions and continuous services at the university for over 25

years. He is the recipient of several national and international awards, medals and prizes, including

the prestigious International Eurand Award for research in Drug Delivery Systems. Prof. Dr.

Narendra Kumar is an Academic Editor of the journal Catalysts, and Guest Editor of the Special Issue

Catalysts and Editor Frontiers in Chemical Engineering. He is an editorial Board Member of the

journals Catalysts, Frontiers in Chemical Engineering, Journal, American Journal of Chemical Engineering,

Journal of Waste Engineering and Biomass Valorization and Current Catalysis. He is a reviewer for

several international journals in the field of chemical engineering, heterogeneous catalysis, catalytic

materials, biomass conversion and catalytic chemical processes. He has given more than 60 plenary,

keynote and invited lectures in international conferences.

vii





catalysts

Editorial

Microporous Zeolites and Related Nanoporous Materials:
Synthesis, Characterization and Application in Catalysis

Narendra Kumar

Citation: Kumar, N. Microporous

Zeolites and Related Nanoporous

Materials: Synthesis, Characterization

and Application in Catalysis.

Catalysts 2021, 11, 382.

https://doi.org/10.3390/catal

11030382

Received: 5 March 2021

Accepted: 9 March 2021

Published: 16 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Laboratory of Industrial Chemistry and Reaction Engineering, Johan Gadolin Process Chemistry Centre,
Faculty of Science and Engineering, Åbo Akademi University, Biskopsgatan 8, FI-20500 Turku/Åbo, Finland;
narendra.kumar@abo.fi

Microporous zeolites and related nanoporous materials have been studied intensively
in academic and industrial laboratories around the world. The reasons for interest in
these materials are the unique properties of microporous zeolites such as uniform channel
systems, pore dimensions, shape selectivity, tunable Brønsted and Lewis acidic sites, coke
resistance, ion-exchange and thermal stability properties. The primary focus of research
in this field has been synthesis, characterization and applications of acidic, noble and
transition metal-modified microporous zeolites and related nanoporous materials. It should
be mentioned that since the 1960s, these catalytic materials have been utilized in several
industrial processes for synthesis of high-quality gasoline, aromatics, isomers and ethyl
benzenes. Furthermore, development of novel catalyst synthesis technology and invention
of new types of microporous zeolites with varying structures has led to the application of
these catalytic materials in petro-chemical productions, oil refinery processes, and speciality
and fine chemical syntheses. In recent years, microporous, medium porous and large
porous zeolites and related nanoporous materials have been studied for applications in
green chemical processes, environmentally friendly technologies, purification of industrial
wastewater, exhaust-emission control, synthesis of pharmaceuticals, drugs, medicinal
products and carriers for proteins and drug molecules.

The Special Issue of Catalysts contains 12 published papers. One of these published
papers is a review article [1] regarding the processes theory for irregular pores; the remain-
ing 11 are research papers [2–12]. The research paper on Zn-Co@N-Doped carbon derived
from ZIFs for high-efficiency synthesis of ethyl methyl carbonate and the formation of ZnO
and the interaction between Co and Zn [2] elaborates on the synthesis and characterization
of the Zn-Co-modified zeolitic imidazolate framework (ZIF) for the synthesis of ethyl
methyl carbonate. The significant research results were the synthesis of a new type of
zeolite material zeolitic imidazolate framework (ZIF). Furthermore, it was reported that
the loading of cobalt and calcination temperature influenced the particle size, oxidation
states and catalytic properties.

Synthesis of large pore zeolites is important from the point of view of processing of
large size organic compounds. The direct synthesis of Ti-containing CFI-type extra-large
pore zeolites in the presence of fluorides was achieved in [3]. The Ti-CFi catalyst was
synthesized with addition of seeds to enhance the crystallization process and decrease the
crystallite size.

The methanol to olefin process is a very important industrial process for the pro-
duction of olefins. There is a significant issue with the stability of catalysts due to coke
formation. Hence, there is continuous research regarding the development of new catalytic
materials. ZSM-5 zeolite embedded in an amorphous silica matrix were highly selective
catalysts for propylene in the methanol-to-olefin process [4]. Since the amount, strength and
distributions of Brønsted acid sites are important for the production of olefins, embedding
of microporous zeolites in amorphous silica gives new direction for synthesis of tailored
acid sites.

Catalysts 2021, 11, 382. https://doi.org/10.3390/catal11030382 https://www.mdpi.com/journal/catalysts
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Silicalite-1 zeolite modified with chromium oxide has been used for dehydrogenation
of isobutane to isobutene in presence of CO2. Isobutene is used for the production of
butyl rubber, fuel components such as ethyl-butyl ether and antioxidants such as butylated
hydroxyanisole. Chromium oxide is supported on silicalite-1 zeolite as a novel efficient cat-
alyst for dehydrogenation of isobutene assisted by CO2 in [5]. Oxidative dehydrogenation
of light alkanes such as propane, butane and isobutene using CO2 is very cost-effective
way to obtain isobutene.

Contamination of river, sea and ocean water with pharmaceutical components is a
growing environmental problem which needs immediate solutions through development of
advanced technologies. Taking into consideration the limited water resources, development
of green processes for purifications of pharmaceutical contaminated water is of immense
importance. An advanced oxidation process for degradation of carbamazepine from
aqueous solutions using metal modified microporous, mesoporous catalysts is covered in
[6, 8, 9]. The research paper reports the metal-modified catalytic materials for removal of
pharmaceuticals from the wastewater.

Diclofenac, a nonsteroidal anti-inflammatory drug used for treatment of osteoarthritis,
rheumatoid arthritis, migraine headache and menstrual cramps, has been found in fresh
water sources. The removal of diclofenac from the water sources is important for the envi-
ronmental, ecological, wastewater purification and sustainable development of biodiversity.
Different types of catalytic materials such as acidic and Pt-modified MCM-22 microporous
zeolites and Pt-Al2O3 catalysts have been studied for the removal of diclofenac from aque-
ous solution sources. It was observed that Pt-modified MCM-22 zeolite catalysts enhanced
the degradation of diclofenac. A method using Pt-modified heterogeneous catalysts com-
bined with ozonation for the removal of diclofenac from aqueous solutions and fate of
by-products can be seen in [8].

Isosorbide is used as an important biomaterial in the pharmaceutical industry. Green
process technology development for synthesis of pure isosorbide from sorbitol has been
proposed using different types of catalytic materials. The research published in this special
issue utilizes Mordenite, ZSM-5, MCM-22, USY and Beta zeolites with varying structures
and acidic properties for synthesis of isosorbide from sorbital. Catalytic properties of
microporous zeolite catalysts in synthesis of isosorbide from sorbitol by dehydration is
covered in [7].

Production of para-xylene using the H-ZSM-5 zeolite catalyst is an important indus-
trial chemical technology in the oil refinery process. There has been continuous research in
development of new selective catalysts for synthesis of para-xylene. Selective synthesis
of para-xylene over P-ZSM-5 zeolite catalysts by methanol aromatization and a method
of phosphorus modification of physico-chemical and catalytic properties is described
in [10]. The research papers also elaborate on the influence of phosphorus modifications on
Brønsted and Lewis acid sites, crystallinity and surface area of P-ZSM-5 zeolite catalysts.

Synthesis, characterization and applications of CHA-type zeolite in several reactions
have attracted the attention of academic and industrial research laboratories. In-depth
research regarding the preparation of CHA-type zeolites using FAU- and LTL-type zeolites
as raw materials and the influence of variations of synthesis parameters, reaction mecha-
nism and catalytic properties has been reported [11]. The synthesized CHA zeolite catalyst
showed high catalytic activity and selectivity in conversion of methanol to olefins.

Campholenic aldehyde and trans-carveol are important chemicals used in the syn-
thesis of pharmaceuticals, medicinal products, speciality chemicals, drug molecules and
fragrances productions. These chemical compounds are obtained by catalytic isomeriza-
tion of α-pinene oxide using different types of metal-modified heterogeneous catalytic
materials. The effect of solvents, metal nanoparticle size distributions, dispersion of MoO3
in Beta zeolite, surface area and structural properties have been studied in α-pinene oxide
isomerization reactions [12].

The research papers published in the Special Issue “Microporous zeolites and related
nanoporous materials: synthesis, characterization and application in catalysis” reflect
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the novel trends in the synthesis of petro-chemicals, fuel components, fine and speciality
chemicals, pharmaceuticals, drug molecules and fragrances using principles of sustainable
development of our planet, green process technology, environmentally friendly technology
and mitigation of climate change. Furthermore, research results in these published papers
will enhance and deepen the scientific knowledge of younger generations of academicians,
researchers, scientists and engineers working in the field of heterogeneous catalysis, cat-
alyst synthesis and characterization, reaction mechanisms, zeolite synthesis, oil refinery
processes, environmental catalysis and porous materials productions.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.
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2 Department of Inorganic Technology, University of Chemistry and Technology, 16628 Prague,
Czech Republic; miloslav.lhotka@vscht.cz

* Correspondence: eva.vrbkova@vscht.cz; Tel.: +420-220-444-220

Received: 28 September 2020; Accepted: 23 October 2020; Published: 28 October 2020

Abstract: Natural source turpentine is an available source of α-pinene oxide. This compound’s value
is especially given by the possibility of producing important compounds campholenic aldehyde
and trans-carveol. In this work, we would like to present the usage of MoO3-modified zeolite BETA
in α-pinene oxide isomerization concerning campholenic aldehyde and trans-carveol formation
using a wide range of solvents. Catalyst calcination temperature also influenced the reaction course
(selectivity to desired compounds and reaction rate). MoO3-zeolite BETA was prepared by the wet
impregnation method and characterized by different techniques. The use of polar aprotic solvents had
the most positive effect on the reaction course. Solvent basicity and polarity considerably influenced
the reaction rate and selectivity to particular products. The combination of high basicity and the
high polarity was the most suitable for the studied reaction from the reaction rate point of view.
Selectivity to campholenic aldehyde and trans-carveol was the most influenced by solvent basicity.
Higher solvent basicity caused the preferential formation of trans–carveol, influence on selectivity to
campholenic aldehyde formation was the opposite. The described catalyst may be used for α-pinene
oxide rearrangement to both desired products dependently on the used solvent. Molybdenum offers
an exciting alternative for previously described modifications of zeolites for this reaction.

Keywords: α-Pinene oxide; campholenic aldehyde; trans-carveol; isomerization; MoO3-zeolite BETA

1. Introduction

α-Pinene oxide is an important compound, which does not occur in nature itself. Still, simple oxidation
of α-pinene—a natural compound abundant present in renewable source turpentine (obtained from
biomass processing) [1]—leads to α-pinene oxide. The most valued compounds, which can be obtained
from this compound isomerization, are campholenic aldehyde and trans-carveol. Campholenic aldehyde,
which itself possesses by a gently woody smell, can be further used to synthesize fragrances with
sandalwood scent (e.g., sandalore, Figure 1), trans-carveol can be part of fragrances bearing caraway and
spearmint scent.

Catalysts 2020, 10, 1244; doi:10.3390/catal10111244 www.mdpi.com/journal/catalysts5
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Figure 1. Structure of trans-carveol (a), campholenic aldehyde (b) and sandalore (c).

Several biological activities (antimicrobial, anticancer [2,3]) accompany these substances.
Abrushov synthesis [4,5] serves as a process for campholenic aldehyde preparation using homogeneous
catalyst zinc (II) bromide biotransformation of d-limonene led to trans-carveol [6]. Usage of
heterogeneous catalysts in this reaction can offer environmental aspects (not handling corrosive
mixtures, the possibility of catalyst reuse). Many researchers gave attention to the study of various
heterogeneous catalysts in α-pinene oxide isomerization in recent years. Many catalysts based
on (alumo)silicates was already tested, among them iron-modified zeolites or mesoporous sieves,
providing > 60% selectivity of campholenic aldehyde formation [7–13]. Preferential formation of
trans-carveol [14,15] was described using titanium modified materials [16–18], Sn-SiO2 with 70%
selectivity of trans-carveol formation [19], methyl(trioxo)rhenium-Al2O3 providing total conversion
in a single minute [20], and 83% selectivity of trans-carveol formation, Ce-MCM-41 [21] or tungsten
modified SiO2 [22,23]. Some literary data describe the influence of solvent on selectivity in α-pinene
oxide rearrangement toward particular products. Above all, using iron- or titanium-modified
materials [7,9,14,16,17]—overall results showed that usage of basic polar solvents favored in most
cases the formation of trans-carveol and using of nonpolar solvents campholenic aldehyde formation.
On the other hand, selectivity which product occurs from α-pinene oxide rearrangement is given by a
specific combination of temperature, catalyst, and solvent type (e.g., modified clays—high selectivity
of fencholenic aldehyde formation was reported [24]).

Molybdenum modified materials are active acid catalysts (because of material Lewis acidity
enhancement due MoO3 content [25,26]) and may serve as catalysts in alkane isomerization [27–31].
Usage of molybdenum-based catalyst in α-pinene oxide is also reported [32]. Based on these facts,
we decided to prepare several types of molybdenum modified zeolites BETA and test a large number
of different solvents concerning campholenic aldehyde and trans-carveol selectivity.

2. Results and Discussion

2.1. Material Preparation and Characterization

Several types of Mo-modified materials were prepared by wet impregnation method of BETA38
zeolite. The wet impregnation method is commonly used for zeolite modification and was performed
using two temperatures based on the literature data: 60 ◦C [10,14] (for materials 20Mo450, 20Mo500,
20Mo550, 20Mo600) and RT (20Mo450RT) [25,26]. The effect of calcination temperature on the material
properties and catalytic activity was also tested—calcination temperatures 450, 500, 550 and 600 ◦C
(used calcination temperature is contained in materials name—e.g., 20Mo550 was calcined at 550 ◦C).

To determine the optimal calcination temperature, the temperature programmed heating was
applied to non-calcined material precursor obtained after the wet impregnation method (Figure 2).
TCD (thermal conductivity detector) signal helped us to determine the temperature at which all
molybdate decomposed to MoO3. This temperature was about 450 ◦C. We applied four calcination
temperatures starting from 450◦C on material precursor in connection with this finding.

6
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Figure 2. TCD (thermal conductivity detector) signal from temperature programmed heating of
noncalcined sample.

X-ray fluorescence (XRF) analysis of samples confirmed that all samples contained appropriate
Mo amount corresponding to the desired (20 wt.%) content of molybdenum in catalyst (Table 1).

Table 1. X-ray fluorescence (XRF) analysis results.

Material
MoO3

(%)
Mo (%)
calculated

SiO2

(%)
Al2O3

(%)
Others (%)

20Mo450 32.8 21.6 63.7 3.4 0.1
20Mo450RT 36.0 23.7 60.8 3.1 0.1

20Mo500 32.0 21.1 64.7 3.2 0.1
20Mo550 33.2 21.9 63.5 3.2 0.1
20Mo600 33.9 22.3 62.9 3.1 0.1

X-ray diffraction (Figure 3) confirmed the crystal structure of zeolite BETA38—characteristic bands
for alumosilicate (7.8, 12.8, 14.6, 21.4, 22.5, 25.4, 25.6, 27.3, 28.9, 29.6, 43.6 2Theta◦) were present [33].
Materials modified with MoO3 contained aforementioned characteristic bands (with the exception of
20Mo600) for alumosilicate. This fact revealed that inserting MoO3 did not destroy the zeolite structure.
Bands characteristic for MoO3 (12.8, 23.3, 27.3, 33.2, 33.8, 38.9, 39.5, 45.8, 46.3, 49.3, 52.8, 55.2, 56.4,
58.8, 64.5, 69.6, 72.8, 76.5, 78.8 2Theta◦) [34] were also present. The presence of intensive bands for
MoO3 corresponded to the fact that the sample contained a large amount of MoO3, which was not
homogenously dispersed [35]. Materials 20Mo550 and 20Mo600 were partially amorphous, which was
especially visible by the absence of a band at 7.8 2Theta◦ and a decrease of some other bands’ intensity
characteristic for alumosilicate.

Table 2 summarizes the results of the textural analyses of the catalysts. All samples of catalysts show
adsorption isotherms of type Ib and IVa (Figure 4, IUPAC classification), so samples consist of micropores
and mesopores with classical type hysteresis loop H1 (IUPAC classification), which corresponds to a
narrow range of uniform mesopores. The exception is the catalyst 20Mo600, which contains almost
only mesopores (the adsorption isotherm is only type IVa). All samples of prepared materials contain a
mixture of micropores and mesopores, but the samples differ in the ratio of micropores and mesopores.
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Figure 3. X-Ray diffractograms of nonmodified BETA38 and molybdenum modified materials
(◦ alumisilicate bands, * Mo bands).

Table 2. Textural characteristic of prepared materials and unmodified BETA38 zeolite.

Material SBET m2/g St-plot m2/g
Total Pore

Volume cm3/g

t-Plot
Micropore

Volume cm3/g

Ratio of
Micropores

(%)

BETA38 539.62 136.15 0.341 0.210 61.6
20Mo450 272.81 58.70 0.181 0.110 60.8
20Mo500 239.46 53.98 0.171 0.096 56.1
20Mo550 154.33 43.47 0.139 0.057 41.0
20Mo600 16.50 12.43 0.057 0.002 3.5

20Mo450RT 269.30 61.61 0.184 0.107 58.1

Figure 4. Adsorption isotherms of nonmodified BETA38 and molybdenum modified materials.
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The total pore volume of pores less than 40 nm diameter at p/p◦ = 0.95 (Vtotal) of modified materials
was found in the range from 0.184 cm3/g to 0.057 cm3/g, but the micropore volume (t-plot method) was
in the range from 0.110 cm3/g to 0.002 cm3/g.

We observed sealing of pores connected with a decrease of specific surface area and decrease
of micropore ratio with higher calcination temperature. Influence of temperature used during
impregnation—room temperature or 60 ◦C did not influence textural characteristics of material
(similar values in all measured parameters).

Nitrogen physisorption showed a significant decrease of catalyst specific surface area with using
higher calcination temperature. This fact can also be visible from particle size distribution (Figure 5);
in case of higher calcination temperatures, the increase of particle size is visible. Particles with larger
size, present in 20Mo550, and 20Mo600 materials can be attributed to agglomerate formation using
higher calcination temperatures. Non-modified BETA38 showed rather uniform distribution and can
be classified as a monodisperse system, whereas modified materials are rather polydisperse systems.

Figure 5. Particle size distribution of nonmodified BETA38 and molybdenum modified materials.

In all cases, after modification of material with MoO3, particle sizes Dv(50) and Dv(90) increased
compared to non-modified BETA38 material (Table 3). Materials prepared by wet impregnation at 60◦C
(20Mo450) and at room temperature (20Mo450RT) possess very similar Dv(50) and Dv(90)—1.64 and
1.94, and 35.2 and 44.2, respectively. A slight increase of value Dv(90) was observed when calcination
temperature 500 ◦C was used (20Mo500). These results also corresponded to specific surface area
results, where these materials had very similar characteristics. Another situation was observed using
higher calcination temperatures—a significant increase in Dv(50) and Dv(90) values was observed—again,
this is in accordance with physisorption measurement results, where a significant decrease of specific
surface area was observed after calcining samples at 550 and 600 ◦C.

Table 3. Particle characteristic of prepared materials.

Material Span Value
Particle Size (μm)

Dv(10) Dv(50) Dv(90)

BETA38 1.6 0.39 0.71 1.6
20Mo450 22.2 0.43 1.64 35.2

20Mo450RT 22.5 0.44 1.94 44.2
20Mo500 47.9 0.46 1.74 55.0
20Mo550 81.9 0.50 4.74 389.0
20Mo600 43.8 0.58 16.20 710.0
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Morphology of materials surface was monitored using scanning electron microscopy (Figure 6).
Elemental mapping confirmed the homogeneous distribution of molybdenum on the material surface,
and no difference was observed between the materials. SEM images of materials BETA38, 20Mo450 and
20Mo600 are provided in supplementary material (Figures S1, S2 and S3).

Figure 6. SEM image of 20Mo450 (a) and 20Mo600 (b) material with elemental maps of Si and Mo.

2.2. Catalytic Testing

α-Pinene oxide isomerization can provide different products—among them, the most mentioned
and valued are campholenic aldehyde and trans-carveol. Using our reaction system—molybdenum
modified zeolite BETA38, the most abundant products were (Figure 7)—campholenic aldehyde (CA),
trans-carveol (TCV), and p-methadien-2-ol (PMD). In some cases, p-cymene and sobreol were present
in the reaction mixture (this diol occurs predominantly in the presence of water in a reaction system).
The isomer of campholenic aldehyde—fencholenic aldehyde was in our reaction system present only
in small amounts (<5%), which was not surprising because its origination literature reported only
using other types of catalyst (e.g., acid-treated clays [24]).

 

Figure 7. Reaction scheme: campholenic aldehyde (a), fencholenic aldehyde (b), trans-carveol (c),
p-methadien-2-ol (d), p-cymene (e), and sobreol (f).
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In the beginning, the activity of BETA38 (used as solid support of our catalysts) and activity of
molybdenum-based catalysts prepared by different methods was compared (Figure 8).

Figure 8. Reaction result using zeolite BETA38 and materials modified with 20 wt.% of molybdenum
prepared by different ways (1.25 g APO, 6 mL of toluene, 0.125 g of catalyst, 70 ◦C, 3 h).

The positive influence of molybdenum loading is visible—using unmodified zeolite BETA38
resulted in only low APO conversion (34%, 3 h) compared to Mo-modified materials (77−100%, 3 h).
No significant difference was observed based on the preparation of materials either by wet impregnation
at room temperature or by wet impregnation at 60 ◦C (both materials calcined at 450 ◦C). The selectivity
of PMD formation differed only slightly (12% for RT and 14% for 60 ◦C), and this difference was only in
the range of measurement error. On the other hand, the temperature of calcination after impregnation
showed to be a crucial parameter—it significantly influenced APO conversion. Using the calcination
temperatures 450 and 500 ◦C resulted in the same conversion of APO – 100% after 3 h. However,
a further increase of calcination temperature led to APO conversion decrease (83% for 550 ◦C and 77%
for 600 ◦C). A calcination temperature 550 ◦C caused a slight increase in CA selectivity. A significant
loss of material surface area connected with higher calcination temperature was definitely the reason
for the loss of material activity. We have chosen 20Mo450 material to test the influence of solvent
type on reaction course (Table 4). Reaction course of reactions using different solvents are depicted in
supplementary material (Figures S4–S6).
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It is known that used solvent can significantly influence the reaction course; in our case of APO
rearrangement, the selectivity to specific products would be the most important parameter. So far, to
the best of our knowledge, widely studied solvent influence was performed using iron-based catalysts
(Fe-zeolite, Fe-MCM-41) in APO rearrangement [15,21,41]. A wide number of solvents—nonpolar,
polar protic, and polar aprotic—were used and further described using donor number to compare
their Lewis basicity and dielectric constant to compare their polarity. Three nonpolar solvents were
tested—toluene, cyclohexane, and 1,4-dioxane (Figure 9).

Figure 9. Reaction result using catalyst 20Mo450 and different nonpolar solvents (1.25 g APO, 6 mL of
solvent, 0.125 g of catalyst, 70 ◦C, 3 h).

We obtained similar reaction results using nonpolar solvents comparing APO conversion and
selectivity to single compounds (Figure 9). The most significant result can be observed in the initial
reaction rate, which was using cyclohexane almost three times slower compared to toluene and
1,4-dioxane. On the other hand, the highest initial reaction rate was observed using 1,4-dioxane. In the
case of nonpolar solvents, campholenic aldehyde was the major product, which is in accordance
with the results already published in the literature [19,23,41]. As basicity cannot be the main reason
(the difference between donor number of toluene and cyclohexane is negligible), other factors have to
play an important role.

Usage of polar protic solvents—alcohols—was disadvantageous (Figure 10). Alcohols reacted
with APO forming products with higher MW; it is likely that addition on a C-C double bond or oxirane
ring-opening occurred. Nitromethane behaved differently probably (Table 4) because either by its
different structure or by the fact that both its dielectric constant (35.9 vs. 15-21.8) and its donor number
(2.7 vs. 19–25) are far different from dielectric constants and donor numbers of aforementioned alcohols.
Using noncyclic alcohol, the total conversion of APO was obtained in the first 5 minutes of reaction.

We tested a large number of polar aprotic solvents following in this reaction (Table 4)—among
them, the lowest APO conversions were obtained using pyridine and nitriles (acetonitrile, benzonitrile).
In the case of pyridine, this fact was probably caused by its highest Lewis basicity from all studied
solvents, which probably caused the blockage of acid sites present on catalyst surface. Pyridine is also
known due to its strong adsorption on acid sites. It is the reason why this compound is used for basicity
determination by different methods. Low catalytic activity in acetonitrile is in accordance with already
published results using similar type of catalyst—Ti-BETA [16] and could be caused by its semi-basic
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character together with its high polarity. These both solvents provided low APO conversion (10−16%,
3 h), but high selectivity of CA formation (63−67%). Usage of N,N’-dimethylformamide offered only
low APO conversion (27%, 3 h), which was surprising, as N,N’-dimethylacetamide provided almost
twice higher APO conversion.

Figure 10. Reaction result using catalyst 20Mo450 and different polar protic solvents (1.25 g APO, 6 mL
of solvent, 0.125 g of catalyst, 70 ◦C, 3 h).

Polar aprotic solvents, which were able to provide APO conversion > 40% (3 h) and selectivity to
sum of CA, TCV, and PMD > 50% (3 h) were chosen to evaluate the influence of dielectric constant and
donor number on the reaction course.

The initial reaction rate (Figure 11) was independent on dielectric constant and on donor
number, the highest values were obtained using ketones with mediate polarity and basicity from all
studied solvents.

 
Figure 11. Initial reaction rate using different polar aprotic solvents (1.25 g APO, 6 mL of solvent, 0.125
g of catalyst 20Mo450, 70 ◦C, 3 h).
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With the respect to APO conversion dependence on solvent polarity and basicity (Figure 12),
the studied solvents were be divided into two groups, with except for nitromethane. Nitromethane
did not fit in the studied influence of solvent donor number or dielectric constant on APO conversion.
Its unique character compared to other studied aprotic solvents (low Lewis basicity and high polarity)
could cause this. Excluding nitromethane, the first solvent group contained mediate polar and basic
solvents (dielectric constant 5–20, donor number 3–20), and the second group – high polar and high
basic solvents (dielectric constant 32–47, donor number 27–30 High APO conversion (96–100%, 3 h)
was observed using the first solvent group. Among the second solvent group, significantly lower APO
conversion was observed (41–45%, 3 h), which could probably be caused by the fact that basic solvents
caused partial blockage of catalyst acid sites.

Figure 12. APO conversion using different polar aprotic solvents (1.25 g APO, 6 mL of solvent, 0.125 g
of catalyst 20Mo450, 70 ◦C, 3 h), dichlorobenzene (DCB), butan-2-one (BN), cyclohexanone (CYN),
N,N’-dimethylacetamide (DMA), dimethylsulfoxide (DMSO), ethylacetate (EtOAc), N-methylpyrrolidone
(NMP), nitromethane (NM), pentan-2-one (PN), tetrahydrofuran (THF).

The solvent basicity significantly influenced the selectivity of CA and TCV (Figure 13), the effect
of solvent polarity was not so straightforward. Overall, the selectivity of TCV formation increased
with solvent basicity. On the other hand, the selectivity of CA formation decreased with increasing
solvent basicity. Solvent basicity influenced CA and TCV formation considerably more than solvent
polarity. The influence of solvent basicity on CA and TCV formation was in accordance with previously
published results in the case of iron modified zeolite BETA or H3PW12O40 [14,23,41].

We observed similar CA selectivity (3 h) using both nitrobenzene and dichlorobenzene. It was
probably caused by the fact, that these solvents possessed very similar Lewis basicity (donor numbers
2.7 and 3).

The selectivity of CA formation (Figure 14a) decreased with APO conversion in the case of
dichlorobenzene, ethylacetate, N-methylpyrrolidone, and dimethylsulfoxide. In the case of other
solvents, it remained the same in the range of measurement error. The selectivity of TCV formation
(Figure 14b) was independent on APO conversion (was in the range of measurement error) in the case
of most of the solvents except for N-methylpyrrolidone and dimethylsulfoxide. In the case of these
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two solvents, the selectivity of TCV formation increased significantly with increasing APO conversion.
Especially DMSO was the most valuable solvent for the formation of TCV.

Figure 13. Selectivity to CA (black square), TCV (red circle) and PMD (blue triangle) using different
polar aprotic solvents (1.25 g APO, 6 mL of solvent, 0.125 g of catalyst 20Mo450, 70 ◦C, 3 h).

Figure 14. Dependence on campholenic aldehyde (CA, a) and trans-carveol (TCV, b) formation selectivity
on APO conversion using different polar aprotic solvents (1.25 g APO, 6 mL of solvent, 0.125 g of catalyst
20Mo450, 70 ◦C) dichlorobenzene (DCB), butan-2-one (BN), cyclohexanone (CYN), N,N’-dimethylacetamide
(DMA), dimethylsulfoxide (DMSO), ethylacetate (EtOAc), N-methylpyrrolidone (NMP), nitromethane (NM),
pentan-2-one (PN), tetrahydrofuran (THF).

Based on literature, we proposed mechanism of two main products formation—CA and TCV
(Figure 15).
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Figure 15. Proposed mechanism for CA and TCV formation; LAS represents Lewis acid sites of MoO3.

Lewis acid site (LAS) activated epoxide ring in APO molecule inducing ring opening and
formation of carbenium cation I. Cation I. might rearrange to secondary cyclopentanoic cation II. and
tertiary p-menthenic cation III. Tertiary cation III. is more stable than secondary cation. Therefore,
the formation of TCV should be thermodynamically controlled and CA formation should be kinetically
controlled [19]. In the case of polar solvents, their solvation ability plays a role in cation I. stabilization,
which would lead to the preferential formation of cation III. Moreover, in the case of the basic solvents,
the proton transfer to cation III. can be assisted by the solvent, causing the preferential formation of
TCV. CA formation from cation II. by C-C bond cleavage is then preferred in cases when the formation
of cation III. is not favored, i.e., using nonpolar and nonbasic solvents [19].

3. Materials and Methods

Materials were prepared by wet impregnation from zeolite BETA (Si/Al = 38, CP814C, Zeolyst Int.,
Kansas city, KS, USA) and ammonium heptamolybdate tetrahydrate (Chemapol, Praha, Czech Republic,
>99.5%). Two different wet impregnation processes were used: impregnation at room temperature [25,26,42]
and at 60 ◦C [14]. To prepare the material with the desired Mo amount 20 wt.% 6.4 g of molybdate and 10 g
of zeolite BETA was used. Different calcination temperatures were used (450−600 ◦C). We denoted with the
names containing calcination temperature and in the case of impregnation performed at room temperature
also letters RT (Table 5).

Table 5. Denotation of prepared materials.

Material Denotation Temperature of Wet Impregnation Calcination Temperature (◦C)

20Mo450RT room temperature 450
20Mo450

60 ◦C

450
20Mo500 500
520Mo550 550
20Mo600 600

In a typical reaction procedure, a round bottom flask was filled with solvent (6 ml), α-pinene oxide
(1.25 g, Sigma Aldrich, Darmstadt, Germany, 97%), and the mixture was heated to 70 ◦C. Then catalyst
(125 mg, calcined before reaction at 300 ◦C/air/4 h) was inserted into the reaction mixture, and the
suspension was vigorously stirred for the next 3 hours at 70 ◦C. A wide number of solvents were used:
1,4-dioxane, N,N’-dimethylformamide, dimethyl sulfoxide, acetonitrile, cyclohexanone, cyclohexane,
tetrahydrofuran, butan-1-ol, propan-1-ol, propan-2-ol, ethylacetate, toluene (all Penta, Praha, Czech
Republic, >99.5%), butan-2-one, pyridine, butan-2-ol, (all Lachner, Neratovice, Czech Republic,
> 99%), 1,2-dichlorobenzene, benzonitrile, cyclohexanol (all Sigma Aldrich, Darmstadt, Germany,
99%), nitromethane, N,N’-dimethylacetamide (both Sigma Aldrich, Darmstadt, Germany, 95%),
N-methylpyrrolidone (Honeywell, Charlotte, NC, USA, 99%) and pentan-2-one (Aroma Praha, Židovice,
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Czech Republic, 95%). The reaction mixtures were analyzed using a gas chromatograph (Varian
CP-3800, Palo Alto, CA, USA) equipped with a nonpolar column (DB-5) and FID, conversion (xAPO)
and selectivity (s) were calculated according to the following equations. Representative chromatogram
of reaction mixture is depicted at Figure S7.

xAPO = 100− relative concentrationAPO (1)

si =
relative concentrationAPO

xAPO
(2)

Prepared materials were characterized by X-Ray spectroscopy (X-Ray powder diffraction data
were collected at room temperature with an X’Pert PRO θ–θ powder diffractometer with parafocusing
Bragg–Brentano geometry using Cu Kα radiation (λ= 1.5418 Å, U= 40 kV, I= 30 mA) and X-ray
fluorescence (an ARL 9400 XP sequential WD-XRF spectrometer was used to perform XRF analysis).
Temperature programmed heating of non-calcined material was carried out using an AutoChem II
Micromeritics Instrument 2920 (Unterschleissheim, Germany). Catalyst sample (0.1 g) was placed
in a quartz U-shaped tube and during pretreatment the material was heated to 150 ◦C under argon
flow (30 mL/min) and kept under this temperature for 1 h to remove physisorbed water. Afterward,
the linear temperature program (10 ◦C min−1) started at a temperature of 150 ◦C and the sample
was heated up in argon flow (30 mL/min) to a temperature of 700 ◦C. The specific surface area was
determined using nitrogen adsorption (3Flex volumetric analyzer, Micromeritic, Unterschleissheim,
Germany). The specific surface area of materials was calculated via the BET equation and t-plot
method. The particle size distributions of all samples were determined by laser light scattering Malvern
Mastersizer 3000 system equipped with Hydro EV wet sampling unit (Malvern Instruments Ltd.,
Cambridge, UK). The materials were characterized using a wet dispersion method. For each sample,
particle size distributions were recorded for at least 5 determinations at an obscuration range of 8
to 14%. The particle size distributions of all materials were determined using demineralized water
(conductivity < 1 μS·cm−1) with surfactant Triton X-100 (Aldrich, Darmstadt, Germany) as a dispersion
medium. The reference refractive index for materials was 1.446. For SEM analysis, materials were
applied on carbon adhesive tape and then goldened by 5 nm of gold via Quorum Q150 ES (Quorum
Technologies Ltd., Laughton, UK). Scanning was performed by scanning electron microscope TESCAN
VEGA 3 LMU (Tescan Brno, Czech Republic) in regime low vacuum (UniVac) at pressure in working
chamber 1 Pa, accelerating voltage 20 kV and BSE mode. For elemental analysis EDS analyzer OXFORD
Instrument X-max 20 mm2 with software Aztec (Oxford Instruments, Abingdon, UK) was used.

4. Conclusions

We demonstrated solvent influence on α-pinene oxide (APO) isomerization using molybdenum
modified zeolite BETA. The type of used solvent had a significant impact on the reaction
course. Nonpolar solvents provided > 95% APO conversion (3 h), and the major product was
campholenic aldehyde. Usage of polar protic solvents was disadvantageous, as they reacted with
the substrate preferentially. Among polar aprotic solvents, we observed more trends that are
interesting. Basic solvents (dimethylsulfoxide, N,N’-dimethylacetamide, N,N’-dimethylformamide,
N-methylpyrrolidone) provided significantly high selectivity of trans-carveol formation (>42%, 3 h)
but at low APO conversion (27−45, 3 h). Using ketones, total APO conversion was obtained within
3 h of the reaction, with the preferential formation of campholenic aldehyde (30−37% selectivity, 3 h).
When using ethylacetate, dichlorobenzene, and nitromethane, high APO conversion (> 86%, 3 h),
and preferential formation of campholenic aldehyde (37−45%) were observed. In nitriles, the highest
selectivity of CA formation (~64%, 3 h) was obtained. However, APO conversion was very low
(10−16%, 3 h). Pyridine showed to be an inappropriate solvent for this reaction. Only 3% APO
conversion was present after 3 h. Its highest Lewis basicity from all studied solvents probably caused
this fact. We showed that Mo modified zeolite beta is a possible available catalyst for the production
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of both campholenic aldehyde and trans-carveol. The modification of zeolite beta by molybdenum
was advantageous for the reaction course. Moreover, we showed that the calcination temperature and
solvent choice are critical parameters in the studied reaction.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/11/1244/s1,
Figure S1: SEM images of BETA38, Figure S2: SEM images of 20Mo450, Figure S3: SEM images of 20Mo600,
Figure S4: Reaction course using solvent toluene (catalyst 20Mo450, 70 ◦C), Figure S5: Reaction course using
solvent nitromethane (catalyst 20Mo450, 70 ◦C), Figure S6: Reaction course using solvent dimethylsulfoxide
(catalyst 20Mo450, 70 ◦C), Figure S7: Representative chromatogram of reaction mixture (solvent toluene).
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14. Vyskočilová, E.; Hašková, L.; Červený, L. Solvent-induced selectivity in α-pinene oxide isomerization
catalyzed by Fe-modified zeolite beta. Chem. Pap. 2019, 73, 1621–1627. [CrossRef]

15. Štekrová, M.; Kumar, N.; Diaz, S.F.; Mäki-Arvela, P.; Murzin, D.Y. H- and Fe-modified zeolite beta catalysts
for preparation of trans-carveol from α-pinene oxide. Catal. Today 2015, 241, 237–245. [CrossRef]

16. Kunkeler, P.J.; van der Waal, J.C.; Bremmer, J.; Zuurdeeg, B.J.; Downing, R.S.; van Bekkum, H. Application of
zeolite titanium Beta in the rearrangement of α-pinene oxide to campholenic aldehyde. Catal. Lett. 1998,
53, 135–138. [CrossRef]

17. Panadero, M.P.; Velty, A. Readily available Ti-beta as an efficient catalyst for greener and sustainable
production of campholenic aldehyde. Catal. Sci. Technol. 2019, 9, 4293–4303. [CrossRef]

18. Pitínová-Štekrová, M.; Eliášová, P.; Weissenberger, T.; Shamzy, M.; Musilová, Z.; Čejka, J. Highly selective
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Abstract: The effect of the raw materials including parent zeolite as aluminosilicate sources and
organic structure-directing agents (OSDAs) on the crystallization mechanism, and physicochemical
and catalytic properties of the CHA-type aluminosilicate zeolite was investigated. For this purpose,
the FAU-type and the LTL-type zeolites were used as raw material, and trymethyladamantyl
ammonium hydroxide and tetraethyl ammonium hydroxide were used as OSDAs. We firstly found
that the CHA-type aluminosilicate zeolite was crystallized from the combination of the LTL-type
zeolite and tetraethyl ammonium hydroxide as raw materials. The crystallization behaviors were
also monitored in detail. The crystallization was delayed by using the LTL-type zeolite as the starting
material regardless of the type of OSDA because of the low solubility of the LTL-type zeolite compared
to the FAU-type zeolite. We have found that the Al distribution in the CHA framework was dependent
on the raw materials. Thus, the prepared CHA-type aluminosilicate zeolite from the LTL-type zeolite
exhibited a high thermal stability and catalytic performance in the methanol to olefins reaction.

Keywords: interzeolite conversion method; CHA-type zeolite; LTL-type zeolite; crystallization
mechanism; MTO reaction

1. Introduction

An 8-membered ring (8-MR) zeolite such as CHA-type zeolites show an excellent activity for
selective catalysis due to their small pores [1–27]. In 1985, the CHA-type aluminosilicate zeolite
(hereinafter called CHA) was artificially synthesized by using FAU-type aluminosilicate zeolite
(hereinafter called FAU) as raw material with potassium cation [6]. Thus, synthesized CHA has the
Si/Al ratio of 2.0–4.0 in a framework. A high-silica type CHA (Si/Al = 5–150) has successfully been
synthesized with the assistance of trymethyladamantyl ammonium cation (TMAda+) as an organic
structure-directing agent (OSDA) [7]. Furthermore, fluoride and dry-gel conversion methods lead
to the crystallization of the siliceous CHA-type framework without Al atoms [8,9]. Thus, the Si/Al
ratio in CHA has been controlled in a wide range to date [10–15]. In addition to TMAda+, other
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OSDAs including tetraethylammonium cation (TEA+) [22,23] and benzyltrimethyl ammonium cation
(BTMA+) [18–21] have been applied in the synthesis of CHA.

Recently, besides FAU, various zeolites have been used as raw material via the so-called
“interzeolite conversion (IZC)” method [16–30]. CHA has been synthesized with a short crystallization
time using FAU- and PHI-type zeolites as raw material in the presence of TMAda+ [16,17]. CHA has
also been synthesized using LTL-type aluminosilicate zeolite (hereinafter called LTL) in the presence
of TMAda+ [28,29]. In addition to the type of zeolite as raw material, the influence of OSDA on the
composition of the final product has been studied [31,32]. The combination of FAU and BTMA+ has
led to the synthesis of CHA with the Si/Al ratio ranging from 14 to 30 [18–21]. The use of TEA+

has resulted in the synthesis of CHA with the Si/Al ratio ranging from 4.8 to 8.3 [22,23]. Nowadays,
besides CHA-type zeolites, several zeolites have been synthesized from various zeolites as raw
materials [33–38]. The *BEA-type zeolite has been converted into FAU [33], and the MFI-type zeolite
has been synthesized using the *BEA-type zeolite as the starting material [34]. In the IZC method,
structural units with local ordered structure, so-called “nano parts”, which are produced from zeolite
as the starting material, play an important role in crystallizing the targeted zeolite [35–41].

More recently, in the synthesis of CHA via the IZC method using FAU (Si/Al = 2.8), we have
found that the proportion of FAU in the raw materials strongly affected the distribution framework
of Al atoms; when the proportion of FAU was high, the Q4(2Al)-rich CHA, where “Q4(nAl)” is
Si(OSi)4−n(OAl)n, was obtained [42]. In addition to the proportion of FAU, the types of parent zeolite
and/or OSDA will affect the physicochemical properties of the resultant CHA. Although the synthesis
of zeolites using the IZC method has been reported by several groups, there are few reports on the
relationship between the type of parent zeolite and the organic structure-regulating agent.

Here, we report on a new route to synthesize CHA-type aluminosilicate zeolite by the interzeolite
conversion method using the LTL-type zeolite. Based on this new synthesis route, the effect of the
raw materials including parent zeolite as an aluminosilicate sources and organic structure-directing
agent (OSDA) on the crystallization mechanism, and physicochemical and catalytic properties was
investigated. For these purposes, FAU and LTL were used as raw materials, and TMAdaOH and
TEAOH were used as OSDA. The crystallization behaviors were also monitored in detail. Finally,
the catalytic properties for the methanol to olefins (MTO) reaction were investigated.

2. Results

2.1. Synthesis of CHA-Type Zeolite

The CHA-type aluminosilicate zeolites were synthesized by using FAU and LTL via the IZC
method in the presence of TMAda+ as OSDA; the obtained products using FAU and LTL as starting
material were designated as CHA–FAU–TMAda and CHA–LTL–TMAda, respectively. The Si/Al ratio
in gel was set at 15. The XRD patterns of the calcined products revealed that all the products had a pure
CHA phase (Figure S2 (Supplementary Materials)). The Si/Al ratios in the products are listed in Table 1.
When TMAda+ was used as the OSDA, the Si/Al ratios in CHA–FAU–TMAda and CHA–LTL–TMAda
were 14.6 and 16.3, respectively, being almost in accordance with that in gel. In this case, the yields of
the products, which were calculated by the weight of the as-synthesized product excluded from the
organic content, were 94 and 84 wt %, respectively. On the other hand, the use of TEAOH resulted in
the formation of CHA with a low yield and low Si/Al ratio compared to that of TMAdaOH. The Si/Al
ratios synthesized with LTL and FAU were 10.5 and 6.3, respectively (designated as “CHA–LTL–TEA”
and “CHA–FAU–TEA”, respectively). The yields of the products synthesized with TEAOH were
much lower than those with TMAdaOH (ca. below 50%). In addition, in the case of CHA–LTL–TEA,
the crystallization of the CHA structure proceeds after the dissolution of LTL, as described later, and
the crystallization is progressed by the IZC method.
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Table 1. Physicochemical properties of the as-made samples.

Sample
in Gel

Yield/% Si/Al Na+/Al K+/Al (Na+ + K+)/Al SDA/Al
Si/Al Na/Si K/Si SDA/Si

CHA–LTL–TMAda 15 0.3 0.0 0.2 84 16.3 0.07 0.06 0.07 1.02
CHA–FAU–TMAda 15 0.3 0.0 0.2 94 14.6 0.12 - 0.12 1.10

CHA–LTL–TEA 15 0.3 0.1 0.55 49 10.5 0.05 0.16 0.21 0.78
CHA–FAU–TEA 15 0.3 0.1 0.55 40 6.3 0.36 0.18 0.54 0.23

The crystallization time was 120 h and the temperature was 443 K.

There were differences in the (Na+ + K+)/Al and OSDA/Al ratios among the products (Table 1).
The OSDA/Al ratios in gels containing TMAdaOH and TEAOH were 0.2 and 0.55, respectively.
Nevertheless, the use of TEAOH resulted in the formation of CHA with a low OSDA/Al compared
to that of TMAdaOH. In the synthesis of CHA via the IZC method in the presence of OSDA, parent
zeolite as a silica and alumina source is considered to be re-crystallized into the targeted structure
being accompanying by OSDA as well as Na and K [31]. TMAda+ molecule was more effectively
incorporated into the final product. This is because TMAda+, which has a higher C/N ratio than
TEA+, would be easily combined with the amorphous aluminosilicate species produced from the
parent zeolites through hydrophobic interaction [31]. Note that the OSDA/Al ratio for CHA–FAU–TEA
(ca. 0.23) was much lower than that for CHA–LTL–TEA (ca. 0.78). This would be caused by the high
loadings of Na and K in place of OSDA, and a higher dissolubility of FAU than LTL (described below).
Thus, our results suggest that OSDA greatly affects the composition of the final products, and that
the crystal growth process would be different depending on the combination of the parent zeolite
and OSDA.

2.2. Evaluation of Al Species in CHA Structure

The 27Al MAS NMR spectra of the calcined products are shown in Figure S3 (Supplementary
Materials). A strong peak at 58 ppm assignment to the tetrahedral coordinated Al atoms in an
oxygen environment. Furthermore, the peak at 0 ppm, which is assigned to octahedrally coordinated
extra-framework Al atoms, was hardly observed. These results show mostly Al species in the products
included in the CHA framework.

The 29Si MAS NMR technique was applied to investigate the distribution of framework Al
(Figure 1) [42]. All the spectra showed two peaks at −110 and −105 ppm, which correspond to Q4(0Al)
and Q4(1Al), respectively, where Q4(nAl) is Si(OSi)4−n(OAl)n. Note that a broad peak around −100 ppm
was observed, and it consists of two peaks at −101 and −99 ppm, which were assigned to Q4(2Al) and
Q3(0Al), respectively, where Q3(nAl) is Si(OH)(OSi)3−n(OAl)n, respectively [43]. The proportions of
the Si species estimated by deconvolution are listed in Table 2. When TMAdaOH was used as the
OSDA, the proportion of Q3(0Al), the structural defect sites, was significantly high compared to the
use of TEAOH. In these cases, the excess amounts of Na and OSDA species in comparison with the Al
content were loaded; the (Na + OSDA)/Al ratios for CHA–LTL–TMAda and CHA–FAU–TMAda were
calculated to be 1.09 and 1.22, respectively (Table 1). Thus, excess loadings would cause the formation
of the negatively charged defect sites, resulting in the high proportion of Q3(0Al).

Interestingly, there was a marked difference in the Al distribution among the products;
the Q4(2Al)/Q4(1Al) ratio was dependent on the type of zeolite used, not OSDA. Note that
CHA–LTL–TEA was the lowest (ca. 0.05). The use of FAU resulted in a high Q4(2Al)/Q4(1Al)
ratio compared to that of LTL. The FAU used as the parent zeolite had a high proportion of Q4(2Al)
compared to LTL (Figure S1 (Supplementary Materials)). Thus, the amorphous aluminosilicate species
produced from FAU would contain a high proportion of Q4(2Al), resulting in the Q4(2Al)/Q4(1Al) ratio
in the products. These results indicate that the raw materials including parent zeolite strongly affected
the Al distribution.
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Figure 1. 29Si MAS NMR spectra with curve fittings of the products: (a) CHA–LTL–TMAda,
(b) CHA–FAU–TMAda, (c) CHA–LTL–TEA, (d) CHA–FAU–TEA. TEA: Tetraethylammonium cation;
TMAda: Trymethyladamantyl ammonium cation.

Table 2. 29Si MAS NMR spectra deconvolution results.

Sample
Si/Al
(ICP)

Si/Al a

(NMR)

Proportion of Q4(nAl) b and Q3(nAl) c/%
Q4(2Al)/Q4(1Al)

Q4(3Al) Q4(2Al) Q4(1Al) Q4(0Al) Q3(0Al)

CHA–LTL–TMAda 16.3 14.7 <0.1 2.1 22.9 67.0 7.9 0.091
CHA–FAU–TMAda 14.6 19.6 <0.1 1.5 16.4 73.1 9 0.122

CHA–LTL–TEA 10.5 12.9 <0.1 1.3 28.4 69.1 1.2 0.046
CHA–FAU–TEA 6.3 6.2 <0.1 9.8 44.4 44.6 0.11 0.22

a Si/Al(NMR): Si/Al atomic ratio in the sample determined by 29Si MAS NMR spectra. b Q4(nAl): Si(OSi)4−n(OAl)n.
c Q3(nAl): Si(OSi)3−n(OH)(OAl)n.

2.3. Crystallization Behavior of CHA via the IZC Method Using FAU and LTL

2.3.1. Crystallinity

The crystallization behaviors were monitored in detail. The changes in the XRD patterns of
the products along with crystallization time are shown in Figure 2. For CHA–LTL–TMAda and
CHA–FAU–TMAda, the diffraction peaks of the parent zeolites (LTL and FAU) were clearly observed
until 24 and 6 h, respectively. The crystallinity was estimated based on relative intensity, and the
change in the crystallinity of the FAU, LTL and CHA phases along with the crystallization time are
shown in Figure 3. In the synthesis from LTL, the crystallinity of LTL was gradually decreased along
with the crystallization time, and the LTL phase mostly disappeared after 120 h irrespective of type of
OSDA. The CHA phase was clearly observed after 24 h, and its crystallinity was dramatically increased
at the crystallization time of 48 h. Finally, a pure CHA phase was obtained after 120 h. On the other
hand, in the synthesis from FAU, the FAU phase was quickly decreased to below 20% at only 1 h
irrespective of the type of OSDA, and almost 100% crystallinity of CHA was achieved within 24 h, and
the CHA phase was completely retained for 120 h. The pH values in the synthesis gels containing
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TMAdaOH and TEAOH were almost similar (ca. 13.2 and 13.6, respectively). Therefore, observed
differences could be explained by the difference in the dissolubility between FAU and LTL, which is
caused by the framework density: 13.3 and 16.7 T/1000 Å3 is for FAU and LTL, respectively. We have
considered that FAU was quickly dissolved and produced more amorphous aluminosilicate species
compared to LTL, and the produced amorphous aluminosilicate species were crystallized into the
CHA phase in the presence of OSDA.

Figure 2. XRD patterns of (a) CHA–LTL–TMAda; (b) CHA–FAU–TMAda; (c) CHA–LTL–TEA and
(d) CHA–FAU–TEA at different crystallization times.
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Figure 3. Relationship between crystallization time and crystallinity of LTL (�), FAU (�) and CHA (�).
(a) CHA–LTL–TMAda, (b) CHA–FAU–TMAda, (c) CHA–LTL–TEA, (d) CHA–FAU–TEA.

2.3.2. Solid Yield and Al Content

The changes in the solid yield and Si/Al ratio along with crystallization time were investigated
(Figure 4). When TMAdaOH was used as the OSDA, the Si/Al ratios of the solid products were
dramatically increased when the formation of CHA started, and the Si/Al ratios in the final products
were almost similar to that of the synthesis gel, irrespective of the parent zeolites. The yields were also
increased along with the formation of CHA, and they reached over 94 and 84% for CHA–LTL–TMAda
and CHA–FAU–TMAda, respectively. For CHA–LTL–TMAda, the yield and Si/Al ratio were gradually
increased along with the crystallization time ranging from 12 to 72 h. The amorphous silicate species
derived from LTL were consumed for the crystal growth. On the other hand, for CHA–FAU–TMAda,
the yield and Si/Al ratio were unchanged after 24 h, suggesting that CHA was completely crystallized
for 24 h.

When TEAOH was used as the OSDA, there was a clear difference in the change in the Si/Al
ratio along with the crystallization time between CHA–LTL–TEA and CHA–FAU–TEA. When the
crystallization time was increased from 24 to 72 h, the Si/Al ratio of CHA–LTL–TEA was increased
from 3.2 to 10.5, and then it was unchanged after 72 h. For CHA–FAU–TEA, the yield was drastically
increased to 31% for 12 h, and it finally reached 40%. Correspondingly, the Si/Al ratio was increased to
4.5 for 12 h, and it had a slight increase. It finally reached 6.3 at 120 h. These results imply that the
crystallization of CHA was mostly completed within 12 h.

The changes in the amount of OSDA, Na+, and K+ were also monitored in terms of the charge
balance of zeolite framework. Figure 5 shows the changes in the amount of OSDA amount along with
the crystallization time. For CHA–LTL–TMAda, the TMAdaOH in product was stable (ca. 0.4 mmol
g−1) until 24 h, and it was dramatically increased up to 0.8 at 48 h. It reached about 1.2 mmol g−1 at
72 h. For CHA–FAU–TMAda, the TMAdaOH/Al quickly reached 1.2 within 12 h, and it was almost
unchanged after 12.
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Figure 4. Relationship between crystallization time and yield (�) and Si/Al ratio (�). (a) CHA–LTL–
TMAda, (b) CHA–FAU–TMAda, (c) CHA–LTL–TEA, (d) CHA–FAU–TEA.

Figure 5. Relationship between crystallization time and SDA/Al. (a) CHA–LTL–TMAda, (b) CHA–FAU–
TMAda, (c) CHA–LTL–TEA, (d) CHA–FAU–TEA (�: Na+, �: K+, •: OSDA).

29



Catalysts 2020, 10, 1204

The TEAOH/Al ratio in CHA–LTL–TEA was gradually increased to 0.78 for 72 h. On the other
hand, that in CHA–FAU–TEA reached 0.2 within 6 h, and it was almost unchanged after 6 h. Thus,
the behavior of the OSDA/Al ratio against the crystallization time was dependent on the type of the
parent zeolites, not OSDA.

2.3.3. Particle Morphology

The changes in the particle morphology of the products along with the crystallization times
ranging from 1 to 120 h were investigated (Figure 6). The SEM images of LTL and FAU used as starting
material are shown Figure S1 (Supplementary Materials), showing cylindrical particles 0.2–0.3 μh
and octahedral particles 0.8–1.0 μa in size, respectively. When TMAdaOH was used as OSDA, cubic
particles about 5.0 μw in size were finally formed irrespective of the parent zeolites. At the initial
stages of the crystallization until 3 h, particles attributed to the amorphous product were observed.
The presence of an amorphous product was consistent with the observation of the so-called “halo
peak” at 20◦ in the XRD measurement (Figure 1). The formation of the cubic particles began at 6 h
(Figure 3a), and cubic particles were clearly observed at 12 h for CHA–FAU–TMAda, while amorphous
particles were still observed for CHA–LTL–TMAda at this time

The particle size of CHA–FAU–TMAda was almost unchanged after 12 h. For CHA–LTL–TMAda,
the formation of cubic particles began at 48 h, and it was almost completed at 72 h. There was
not a marked difference in the particle size of the final products between CHA–LTL–TMAda and
CHA–FAU–TMAda. So-called “hydrophobic effect” of TMAda+ species might enhance the interaction
with amorphous aluminosilicate species derived from the parent zeolites. Such species would be
involved in crystal growth, resulting in the formation of large crystals.

When TEAOH was used as OSDA, cubic particles 0.3–0.4 μm in size were observed at 3 h, and
their formation was almost completed at 6 h for CHA–FAU–TEA. On the other hand, LTL were still
observed until 6 h, the formation of cubic particles began at 24 h, and the particles gradually grew
along with the crystallization time. Finally, stacked cubic particles 1.0 μm in size were formed at 120 h.
Thus, in the use of TEAOH, the use of LTL led to the increase in the particle size.

Figure 6. Cont.
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Figure 6. SEM images of (a) CHA–LTL–TMAda, (b) CHA–FAU–TMAda, (c) CHA–LTL–TEA,
(d) CHA–FAU–TEA at different crystallization times.

These results indicated that the parent zeolite affected the nucleation of CHA. In the synthesis
from FAU, FAU was quickly dissolved, forming “nanoparts” containing Na+ and K+ cations, which
would enhance the nucleation of CHA [44–46]. On the other hand, the dissolution of LTL was slow,
and the production of the nanoparts was also retarded. As a result, the nucleation of CHA would also
be delayed, forming larger-sized CHA compared to the use of FAU.

2.4. Hydrothermal Stability

Hydrothermal stability is one of the most important properties of zeolite. The CHA samples
synthesized from LTL are expected to show a high hydrothermal stability because they showed a
high Q4(1Al) proportion compared to those from FAU [42]. The XRD patterns of the NH4

+ from
samples before and after the hydrothermal treatment are shown in Figure 7. CHA–FAU–TEA was
collapsed upon the hydrothermal treatment. It is well known that zeolite with a high Al content
shows a poor hydrothermal stability because water vapor reacts easily with framework Al species,
enhancing the cleavage of the Si–O–Al bond [47]. For CHA–LTL–TMAda and CHA–FAU–TMAda,
the CHA structure was retained after the hydrothermal treatment, while the intensities were slightly
decreased; the relative crystallinity was decreased to 73 and 49%, respectively. CHA–LTL–TMAda
showed a slightly higher hydrothermal stability than CHA–LTL–TMAda in spite of a similar Si/Al
ratio and particle size. Note that the relative crystallinity of CHA–LTL–TEA was almost unchanged
after the hydrothermal treatment; the relative crystallinity was calculated to be 91%. The difference in
the hydrothermal stability would be related to the Al distribution as well as the Al content. We have
reported that the CHA-type zeolite with more Q4(1Al) species and/or lower defect sites is more stable in
hydrothermal conditions [42]. Considering that the use of FAU resulted in a high Q4(2Al)/Q4(1Al) ratio
compared to that of LTL (Table 2), it is successfully concluded that the high hydrothermal stability of
CHA–LTL–TMAda and CHA–LTL–TEA is derived from a low Q4(2Al)/Q4(1Al) ratio. Such properties
would be advantageous for the application to the selective reduction of NOx.
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Figure 7. XRD patterns of before (black line) and after (red line) hydrothermal treatment of the samples.
(a) CHA–LTL–TMAda, (b) CHA–FAU–TMAda, (c) CHA–LTL–TEA, (d) CHA–FAU–TEA.

2.5. MTO Reaction

The prepared CHA samples were used as catalyst for the MTO reaction. Figure 8 shows the
change in the conversion of methanol and the products’ selectivities along with time on stream
(TOS) at 350 ◦C. Table S1 (Supplementary Materials) summarizes the products’ selectivities when
the selectivity to ethene was the highest in each sample. At the initial region (TOS = 10 min), for all
the samples, the methanol conversion reached 100% and the main product was ethene followed by
propene. The selectivity to ethene was increased along with the TOS until the deactivation started.
Furthermore, dimethylether (DME) was formed after the deactivation started. Thus, the prepared CHA
samples in this study exhibited similar catalytic properties to those in the literature [48,49]. The CHA
catalysts synthesized using TMAdaOH, CHA–LTL–TMAda and CHA–FAU–TMAda showed a longer
catalytic life and higher selectivity to light olefins compared to those synthesized using TEA, although
the use of TMAdaOH resulted in the formation of larger particles (Table S1 (Supplementary Materials)).
CHA–FAU–TEA showed the shortest catalytic life. The difference in the acid amount is one of the
critical reasons for catalytic life (Table S1 (Supplementary Materials)). In addition, the distribution of
framework Al would influence the catalytic properties described below.

In the MTO reaction, light olefins are produced by the cracking of alkanes and alkenes and the
so-called “hydrocarbon pool mechanism” [50,51]. The higher yields of paraffins could be caused by
the Lewis acid site derived from extra-framework Al species in the hydrogen transfer reactions [52,53].
Therefore, we investigated the Al state of the H+-type products (Figure S4 (Supplementary Materials))
in addition to the calcined Na+-type products (Figure S3 (Supplementary Materials)): Figures S3 and
S4 (Supplementary Materials) revealed that the ion-exchange process resulted in the formation of
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extra-framework Al species, in particular CHA–FAU–TEA. In addition, CHA–FAU–TEA gave the
highest value for the Q4(2Al)/Q4(1Al) ratio (Table 2). It has been reported that Q4(2Al) species would
enhance hydrogen transfer reactions [12,42], accelerating aromatization followed by coke formation.
Thus, CHA–FAU–TEA showed the shortest catalytic life (Figure 8).

Figure 8. The methanol to olefins (MTO) reaction over (a) CHA–LTL–TMAda, (b) CHA–FAU–TMAda,
(c) CHA–LTL–TEA, and (d) CHA–FAU–TEA.

3. Materials and Methods

3.1. Synthesis of CHA-Type Zeolite from FAU- and LTL-Type Zeolites

JRC-Y-4.8 (Si/Al = 2.4, Catalysis Society of Japan, Tokyo, Japan) and HSZ-500KOA (Si/Al = 3.0,
Tosoh Corp., Tokyo, Japan) were used as FAU and LTL, respectively (Figure S1 (Supplementary
Materials)). Two kinds of OSDA, trymethyladamantylammonium hydroxide (TMAdaOH) (SACHEM,
Texas, USA) and tetraethylammonium hydroxide (TEAOH) (TCI 35% in water, Tokyo, Japan) were
used. Fumed silica (Cab-O-Sil M5, CABOT, MA, USA) was added as an additional silica source to
achieve the targeted composition of the mother gel.

In the presence of TMAdaOH, the molar ratio of the mother gel was 1 SiO2/0.033 Al2O3/0.2
NaOH/0.2 TMAdaOH/40 H2O. In this work, 15 mmol SiO2 was applied to synthesize the CHA-type
zeolite. The 10 wt % seed crystal (CHA-type zeolite synthesized by Ref. [24]) was added to the mother
gel. After stirring at room temperature for 1 h, the mother gel was hydrothermally treated at 443 K in a
stirring for 1–120 h for the evaluation of crystallization behavior. The solid product was recovered
by filtration, washed with distilled water, and dried at 373 K. The sample was calcined under 873 K
for 5 h in air. Then, the calcined Na-form sample was carried out the ion exchange at 353 K for 3 h
using 2.0 M NH4NO3 aqueous solution. This treatment was repeated 3 times to convert into the
NH4-type. Finally, the H+-type was obtained after calcination of the NH4-type under an air atmosphere
at 873 K for 5 h. Thus, obtained products using FAU and LTL as starting materials were designated as
CHA–FAU–TMAda and CHA–LTL–TMAda, respectively.

In the presence of TEAOH, the following system was used: 1 SiO2/0.033 Al2O3/0.3 NaOH/
0.1KOH/0.55 TEAOH/40 H2O, and 15 mmol SiO2 was also applied. The 10 wt % seed crystal was
added to the mother gel. The prepared mother gel was hydrothermally treated, and then the H-type
form was obtained by the method similar to the use of TMAdaOH. The products were designated as
CHA–FAU–TEA and CHA–LTL–TEA.
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3.2. Characterization

X-ray diffraction (XRD) patterns were collected on a Rint-Ultima III (Rigaku, Tokyo, Japan) using
a CuKα X-ray source (40 kV, 20 mA). The crystallinity was calculated based on the relative intensity,
which was estimated as follows.

Relative crystallinity of LTL, FAU =

The sum of the peak intensity of LTL, FAU
at each crystallization time

The sum of peak intensity of raw materials
(1)

Relative crystallinity of CHA =

The sum of peak intensity of CHA
at each crystallization time

The sum of peak intensity of CHA at 5days
(2)

Sum of peak intensity at 2 θ

LTL = 5.5◦,11.7◦,14.6◦,19.2◦,22.6◦,24.2◦,25.5◦,28.0◦,29.0◦ and 30.5◦

FAU = 6.0◦,10.1◦,11.8◦,15.6◦,18.7◦,20.4◦,23.7◦,27.1◦ and 31.4◦

CHA = 9.8◦,16.1◦,18.2◦,21.0◦,25.3◦,26.4◦ and 31.1◦

FE-SEM images of the powder samples were collected on an S-5200 microscope (Hitachi, Tokyo,
Japan). The amount of the Si and Al was analyzed by ICP-AES using a ICPE-9000 spectrometer
(Shimadzu, Kyoto, Japan). The amount of Na and K in the samples was estimated by atomic absorption
spectroscopy (AAS) on a AA-6200 spectrometer (Shimadzu, Kyoto, Japan). The amount of organic
species in the as-synthesized samples was determined based on the weight loss from 573 to 1073 K
in a thermogravimetric (TG) profile, which was performed on a thermogravimetric–differential
thermal analyzer (TG-DTA, Thermo plus EVO II) (Rigaku, Tokyo, Japan). To determine the acid
amount, temperature-programmed NH3 desorption profiles (NH3-TPD) were recorded on BEL-CAT
(MicrotracBEL, Osaka, Japan). Solid-state NMR spectra were obtained on a JEOL ECA-600 spectrometer
(14.1 T) (JEOL, Tokyo, Japan). The samples were spun at 15 kHz by using a 4 mm ZrO2 rotor. For 27Al
MAS (Magic Angle Spinning) NMR spectra, the 27Al chemical shift was referenced to −0.54 ppm,
AlNH4(SO4)2·12H2O. For 29Si MAS and 29Si CP/MAS NMR spectra, the 29Si chemical shift was
referenced to −34.12 ppm using polydimethylsiloxane (PDMS)(Sigma-Aldrich, St. Louis, MO, USA).

3.3. Hydrothermal Stability

About 300 mg of binder-free zeolite pellets (50/80 mesh) were filled into a quartz-tube flow
micro-reactor (inner diameter 6 mm) and heated from room temperature to 1073 K under air flow at
a heating rate of 5 K min−1 with 40 vol % H2O (PH2O = 40.5 kPa, W/F = 1.62, N2 balance), and the
hydrothermal stability of the zeolite was investigated by hydrothermal treatment at 1073 K for 5 h.
The stability was assessed based on the relative crystallinity, which is defined as the change in the sum
of the intensities of the diffraction peaks assigned to the CHA structure.

3.4. MTO Reaction

The reaction was performed by using a continuous flow reactor at atmospheric pressure.
The H+-form samples were pressed, crushed, and sorted into grains using 50/80 meshes without
a binder. The grains were packed into a quartz tubular flow microreactor (6 mm inner diameter)
in a vertical furnace and heated under helium from room temperature to 773 K. This temperature
was maintained for 1 h prior to the reaction, and then cooled to the desired reaction temperature.
The pressure of methanol was set at 5 kPa with He as a carrier gas. W/F for methanol was set at 34 g h
mol−1. Ethene, propene, butenes, C1–C4 paraffins, over-C5 hydrocarbons, and dimethyl ether (DME)
were detected as products, which were analyzed by an online gas chromatograph GC-2014 (Shimadzu,
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Kyoto, Japan) equipped with HP-PLOT/Q capillary column and an FID (flame ionization detector).
The conversion of methanol and selectivity of the products was calculated by the formula below.

Conversion of reactants = 100− C− atoms of Methanol (output)
C− atoms of Methanol (input)

× 100 (3)

product distribution =
C− atoms of the product

(C− atoms of Methanol (input) −C− atoms of Methanol (output)
× 100 (4)

4. Conclusions

A new synthesis route of CHA-type aluminosilicate zeolite by the interzeolite conversion method
using the LTL-type zeolite in the presence of tetraethyl ammonium hydroxide has successfully been
developed. Based on this new synthesis route, the effect of the raw materials including parent zeolite
as aluminosilicate sources and an organic structure-directing agent (OSDA) on the crystallization
mechanism, and the physicochemical and catalytic properties, were investigated. We have found
that OSDA greatly affects the composition of the final products, and that the raw materials strongly
influenced the Al distribution in the final products; the use of FAU resulted in a high Q4(2Al)/Q4(1Al)
ratio compared to that of LTL. By monitoring the crystallization behaviors, the crystallization was
delayed by using the LTL-type zeolite as raw material regardless of the type of organic structure-directing
agent because of the low dissolubility of the LTL-type zeolite compared to the FAU-type zeolite.

The hydrothermal stability and catalytic performance in the MTO reaction of the prepared
CHA-type zeolites were clearly dependent on the raw materials. The use of LTL-type zeolite as a
raw material improved the hydrothermal stability, which is closely related to the Al distribution in
the CHA framework. The CHA zeolites synthesized using TMAdaOH showed a longer catalytic life
and higher selectivity to light olefins in the MTO reaction compared to those synthesized using TEA.
The results obtained from this study clearly showed that the raw materials for the CHA-type zeolite
should be optimized depending on its application. Furthermore, our findings will contribute to the
diversification of the IZC method, to the improvement of hydrothermal stability of zeolite, and also to
the control of the distribution of the heteroatoms in the zeolite framework.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/10/1204/s1,
Figure S1: Physicochemical properties of used as parent zeolite for the synthesis of CHA, Figure S2: XRD patterns
of products, Figure S3: 27Al MAS NMR spectra of the calcined Na+-type products, Figure S4: 27Al MAS NMR
spectra of the H+-type products, Table S1: The products’ selectivities in the MTO reaction over products.
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Abstract: The presence of pharmaceuticals in surface water, drinking water, and wastewater
has attracted significant concern because of the non-biodegradability, resistance, and toxicity of
pharmaceutical compounds. The catalytic ozonation of an anti-inflammatory pharmaceutical,
ibuprofen was investigated in this work. The reaction mixture was analyzed and measured by
high-performance liquid chromatography (HPLC). Liquid chromatography-mass spectrometry
(LC-MS) was used for the quantification of by-products during the catalytic ozonation process.
Ibuprofen was degraded by ozonation under optimized conditions within 1 h. However, some
intermediate oxidation products were detected during the ibuprofen ozonation process that were
more resistant than the parent compound. To optimize the process, nine heterogeneous catalysts
were synthesized using different preparation methods and used with ozone to degrade the ibuprofen
dissolved in aqueous solution. The aim of using several catalysts was to reveal the effect of various
catalyst preparation methods on the degradation of ibuprofen as well as the formation and elimination
of by-products. Furthermore, the goal was to reveal the influence of various support structures
and different metals such as Pd-, Fe-, Ni-, metal particle size, and metal dispersion in ozone
degradation. Most of the catalysts improved the elimination kinetics of the by-products. Among these
catalysts, Cu-H-Beta-150-DP synthesized by the deposition–precipitation process showed the highest
decomposition rate. The regenerated Cu-H-Beta-150-DP catalyst preserved the catalytic activity
to that of the fresh catalyst. The catalyst characterization methods applied in this work included
nitrogen adsorption–desorption, scanning electron microscopy, transmission electron microscopy,
and Fourier-transform infrared spectroscopy. The large pore volume and small metal particle size
contributed to the improved catalytic activity.

Keywords: advanced oxidation process; zeolites; catalyst preparation; catalyst characterization;
wastewater treatment
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1. Introduction

Due to a globally increasing consumption of pharmaceuticals in the recent years, a pharmaceutical
cocktail has emerged in surface waters and effluents from human communities. The detection of
pharmaceutical species has caused a significant concern among scientists and laymen associations
because the slip of pharmaceuticals has a negative effect on the environment [1,2]. In the current
decade, various studies have been published concerning the appearance and ecological hazard
of pharmaceuticals and personal care compounds released to the environment. Some of these
pharmaceuticals pose a high risk to the marine life and humankind [3–5]. Pharmaceuticals can have a
serious effect even at very low concentration levels, because they are designed to have a high biological
activity at low doses to perform specific mechanisms in humans and animals [6]. These particles can
mainly enter aquatic systems directly from pharmaceutical factories, hospitals, and households as
well as livestock [7,8]. Pharmaceuticals are hardly decomposed at all by conventional water treatment
due to their chemical stability. Among these treatments, biodegradation is one of the valid methods
for removing pharmaceuticals. However, for pharmaceuticals that are resistant to biodegradation
processes, an advanced oxidation process (AOP) is necessary [9].

AOPs provide an excellent potential for the destructive treatment of organic compounds such as
pharmaceutical residues. These processes imply the mineralization of organic components to CO2 via
highly reactive and nonselective species, i.e., hydroxyl radicals (HO·), H2O2, and O3 [10]. Several AOP
processes for this purpose are for instance, ozone-based processes [11], Fenton and photo-Fenton [12],
UV, UV/H2O2 [13], as well as electrochemical oxidation [14]. For producing potable water, an addition
of disinfection chemicals is needed. Some of the conventional disinfectants are chlorine, chloramines,
and ozone [15]. It is known that chlorine applied for the disinfection of drinking water is able to react
with organic contaminates present in water and generate by-products such as chloroform. This has
directed to employ alternative disinfection processes such as catalytic ozonation [16].

Ozone is generally employed in water treatment due to its solubility, reactivity as well as
electrophilic and nucleophilic characteristics. Ozone is a strong oxidant; however, it has some
limitations, because it reacts with some organic and inorganic compounds (e.g., saturated aliphatic
acid and NH4

+). To reach a high degree of mineralization, AOPs including ozone could be utilized,
for example O3/H2O2, O3/UV, O3/UV/H2O2 and catalytic ozonation, which can create more effective
radicals such as HO· [17]. The advantage with the ozonation process is that it can be applied at ambient
pressure and temperature; furthermore, this process creates unselective hydroxyl radicals, which are
able to eliminate micropollutants such as personal care products and pharmaceuticals from waste
waters. Among the ozone-based technologies, one of the most recommended approaches to improve
the purification performance and to achieve a higher level of mineralization is the combination of
ozone and an efficient and durable catalyst [18].

Catalytic ozonation can be feasible technology for the elimination of an extensive range of
contaminants from industrial wastewaters and pharmaceuticals in wastewaters. Nevertheless, catalytic
ozonation is mostly utilized at the laboratory scale. This kind of treatment has successful outcomes and
it consists of homogeneous and heterogeneous catalytic ozonation. In homogeneous catalytic ozonation,
ozone can be activated through metal ions existing in water. On the other hand, in heterogeneous
catalytic ozonation, ozone can be activated via metal oxides upon supports. Typical solid materials
used in heterogeneously catalyzed ozonation are zeolites, metal oxides supported on zeolites, and
carbon compounds [19,20].

Copper has been applied as a catalytic material during the last few decades due to its redox
character, recyclability, and low price in a number of industrial processes. Various methods have
been utilized for the synthetization of copper-based catalysts [21–23]. For example, Xin et al. studied
the CuO/SBA-15 catalyst preparation through the deposition–precipitation process. This method
displayed an effective and scalable way of fabricating a copper-based catalyst with a desirable oxidation
activity [21].
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Ibuprofen [2-(4-isobutyl phenyl) propionic acid] (IBU) is generally prescribed for suppressing
inflammation, pain, and fever [24,25]. IBU is prepared in several formulations and manufactured
in high volumes. Furthermore, IBU is one of the primary pharmaceuticals placed in the list of
essential drugs of the World Health Organization (WHO) [26]. IBU is one of the over-the-counter used
painkillers, and it is frequently combined with other conventional medicines, containing antihistamines
and decongestants [27]. Residues of IBU have been widely detected in surface and ground waters [28].
For example, IBU was found at high concentrations in the effluent and receiving water of waste water
treatment plants (WWTPs) in the River Aire and Calder catchments in the UK, and the maximum
concentration of detected IBU was 4.83 μg/L [29]. Lindqvist et al. described that IBU is the most
frequently used pharmaceutical compound in Finland, and it is one of the highest detected compounds
in the raw sewage. This compound was found at the discharge points of the sewage treatment
effluents in rivers, because of the meager removal of the sewage treatment plants. In their research,
concentrations of 13.1μg/L IBU were discovered in the influent of sewage treatment [30]. The occurrence
of IBU in aquatic ecosystems has been associated with several toxic impacts on marine organisms.
For the fresh water fish Rhamdia quelen, an IBU exhibition for a long duration (14 days) but at low
concentration can induce health effects [26]. The degradation of IBU has been investigated in several
studies. For instance, Jin et al. investigated the degradation of IBU by FeII-NTA complex-activated
persulfate including hydroxylamine, which demonstrated the successful degradation of IBU. However,
hydroxylamine is a toxic agent, and it is not environmentally friendly [31]. Moreover, Xiang et al.
investigated the IBU degradation applying the combination of UV and chlorine, which showed a high
first-order rate constant. Nevertheless, the controversial issue of this method was the toxicity of the
chlorinated by-products [32]. The abiotic degradation of IBU and toxic impacts of basic ibuprofen and
its secondary residues reveals the various grade of toxicity of these pharmaceuticals [33]. Accordingly,
it is very urgent to discover a practically applicable method for removing IBU without or with a small
amount of disinfectants or hazardous by-products. The elimination of IBU by catalytic ozonation using
multi-walled carbon nanotubes was investigated by Du et al., who revealed that this catalyst improved
the removal of IBU because the catalyst enhanced the HO• formation [34]. This study confirmed that
catalytic ozonation could be a beneficial method for the elimination of IBU; however, unfortunately,
nothing was reported about the formation and transformation of the by-products of this reaction.

In the previous work of our group, the degradation of IBU with either non-catalytic, or
with H- and Fe-modified Beta zeolite catalyzed ozonation has been studied. Besides optimizing
the degradation process and to increase the ozone concentration in water, different experimental
parameters were examined. However, in the previous study, IBU was degraded entirely in three
hours of catalytic ozonation under optimal conditions, but by-products were not studied [35].
Based on previous experience, the present work was designed to achieve the total decomposition
of IBU and transformation products of IBU in a shorter time of ozonation. For this purpose,
different nitrogen concentrations were used in the inlet gas of ozonator, and nine different
catalysts (Cu-H-Beta-25-IE, Cu-H-Beta-150-IE, Cu-H-Beta-300, Cu-H-Beta-150-EIM, Cu-H-Beta-150-DP,
Cu-Na-Mordenite-12.8-IE, Pd-H-MCM-41-EIM, Fe-SiO2-DP, and Ni-H-Beta-25-EIM) were used for
the removal of IBU. The intermediates and by-products formed in these experiments were studied
and tentatively identified by liquid chromatography-mass spectrometry (LC-MS/MS). In addition, the
catalysts were characterized by several methods.

2. Results and Discussion

2.1. Physico-Chemical Characterization

2.1.1. Transmission Electron Microscopy (TEM)

To study the particle size distributions and structures of Cu, Pd, Fe, and Ni-based
catalysts, high-resolution transmission electron microscopy (TEM) was used. TEM micrographs
of Cu-H-Beta-25-IE, Cu-H-Beta-150-IE, Cu-H-Beta-300-IE, Cu-H-Beta-150-EIM, Cu-H-Beta-150-DP,
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Cu-Na-Modernite-12.8-IE, Pd-H-MCM-41-EIM, Fe-SiO2-DP, and Ni-H-Beta-25-EIM as well as the Cu,
Pd, Fe, and Ni particle size distributions, given as histograms, are displayed in Figure 1a–i.
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Figure 1. Transmission electron microscope (TEM) images and Cu, Pd, Fe, Sn, Ni particle size distribution
histograms of Cu-H-Beta-25-IE, Cu-H-Beta-150-IE, Cu-H-Beta-300-IE, Cu-H-Beta-150-EIM, Cu-H-Beta-150-DP,
Cu-Na-Mordenite-12.8-IE, Pd-H-MCM-41-EIM, Fe-SiO2-DP, and Ni-H-Beta-25-EIM (a–i).

The Cu, Pd, Fe, and Ni average particle size and particle size distributions were determined by
TEM (Table 1). The largest average Cu particle size (11.49 nm) was determined for Cu-H-Beta-300-IE.
It was observed that the method of the catalyst synthesis influenced the average Cu crystal size. Thus,
Cu-H-Beta-150-DP illustrated the smallest average Cu particle size (4.88 nm). The average particle size
of Pd, Fe, and Ni were measured to be 6.31 nm, 5.86 nm, and 11.61 nm, respectively.

Table 1. Cu, Pd, Fe Sn, Ni particle size average of Cu-H-Beta-25-IE, Cu-H-Beta-150-IE, Cu-H-Beta-300-IE,
Cu-H-Beta-150-EIM, Cu-H-Beta-150-DP, Cu-Na-Mordenite-12.8-IE, Pd-H-MCM-41-EIM, Fe-SiO2-DP,
and Ni-H-Beta-25-EIM catalysts.

Entry Catalyst Average Metal Particle Size (nm)

1 Cu-H-Beta-25-IE 6.42
2 Cu-H-Beta-150-IE 8.13
3 Cu-H-Beta-300-IE 11.49
4 Cu-H-Beta-150-EIM 9.22
5 Cu-H-Beta-150-DP 4.88
6 Cu-Na-Mordenite-12.8-IE 5.56
7 Pd-H-MCM-41-EIM 6.31
8 Fe-SiO2-DP 5.86
9 Ni-H-Beta-25-EIM 11.61

2.1.2. Nitrogen Physisorption

The specific surface areas and pore volumes of the catalysts were analyzed by nitrogen
adsorption–desorption (Table 2). The specific surface areas and pore volumes of fresh, spent, and
regenerate catalysts are presented in Table 3. The lowest specific surface area was determined for
Fe-SiO2-DP (305 m2/g) and the highest was presented for Cu-H-Beta-300-IE (1013 m2/g) catalyst.
The Cu-H-Beta-150-EIM spent catalysts showed a decrease in the surface area (470 m2/g) as compared
to Cu-H-Beta-150-EIM-Fresh (846 m2/g) catalyst (Table 3). This evidence might be due to the adsorption
of produced organic intermediates or the oxidation of the catalyst surface via ozone [36,37]. However,
the Cu-H-Beta-150-EIM and Cu-H-Beta-DP spent catalysts were successfully regenerated, the surface
areas of the regenerated Cu-H-Beta-150-EIM and Cu-H-Beta-150-DP were determined to 537 m2/g
and 640 m2/g, respectively, which confirms that a good recovery was obtained for Cu-H-Beta-150-DP.
The surface areas of the regenerated catalysts were not the same as those for the fresh catalysts, and they
were slightly decreased possibly because of the thermal regeneration of the ozone-oxidized surfaces.
In earlier research on the catalytic ozonation of pharmaceutical compound diclofenac, it was observed
that the amount of metal loading was very important and effective on the MCM-41 catalyst activity.
For this reason, the metal loading was examined by us. The catalyst activity was enhanced via metal
loading; however, overloading the metal can block the pores and active sites of the catalysts, resulting
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in a dramatic decline of the catalytic activity. Consequently, the metal content was kept small for most
of the synthesized catalysts [38].

Table 2. Specific surface area, pore volume, and metal (Cu, Pd, Fe, Ni) content of the catalysts employed
in the ozonation experiments.

Entry Catalyst
Specific Surface

Area (m2/g)
Pore Specific

Volume (cm3/g)
Metal Concentration

(wt %)

1 Cu-H-Beta-25-IE 694 0.246 1.13
2 Cu-H-Beta-150-IE 542 0.192 1.34
3 Cu-H-Beta-300-IE 1013 0.359 0.53
4 Cu-H-Beta-150-EIM 846 0.300 7.34
5 Cu-H-Beta-150-DP 731 0.259 6.19
6 Cu-Na-Mordenite-12.8-IE 446 0.158 3.93
7 Pd-H-MCM-41-EIM 699 0.411 2.23
8 Fe-SiO2-DP 305 0.504 6.52
9 Ni-H-Beta-25-EIM 567 0.201 10.31

Table 3. Specific surface area, pore volume of the fresh, spent, and regenerated Cu-H-Beta-150-EIM,
Cu-H-Beta-150-DP catalysts.

Entry Catalyst
Specific Surface Area (m2·g−1) Pore Specific Volume (cm3·g−1)

Fresh Spent Regenerated Fresh Spent Regenerated

4 Cu-H-Beta-150-EIM 846 470 537 0.300 0.1672 0.1909
5 Cu-H-Beta-150-DP 731 548 640 0.259 0.1948 0.227

2.1.3. Energy Dispersive X-ray Microanalyses (EDXA)

The Cu, Ni, Pd, and Fe metal contents in the metal-modified catalysts were analyzed using
energy-dispersive X-ray microanalyses (EDXA); the analysis was performed three times for each
catalyst, and the average amount was calculated and presented in Table 2. The largest amount of
Cu was obtained for the Cu-H-Beta-150-EIM catalyst, the lowest amount of Cu- was obtained for the
Cu-H-Beta-25-IE catalyst, and the largest metal content was obtained for Ni-H-Beta-25-EIM (Table 2).

2.1.4. Scanning Electron Microscopy (SEM)

The morphologies of the catalysts were studied with scanning electron microscopy (SEM)
using a Zeiss Leo Gemini 1530 microscope. SEM reveals the crystal size, shape, and distribution.
The crystal size distribution of the (a) Cu-H-Beta-25-IE, (b) Cu-H-Beta-150-IE, (c) Cu-H-Beta-300-IE,
(d) Cu-H-Beta-150-EIM, (e) Cu-H-Beta-150-DP, (f) Cu-Na-Mordenite-12.8-IE, (g) Pd-H-MCM-41-EIM,
(h) Fe-SiO2-DP, and (i) Ni-H-Beta-25-EIM are presented in Figure 2a–i.

Figure 2. Cont.
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Figure 2. Scanning electron micrographs and crystal size distribution histograms of
(a) Cu-H-Beta-25-IE, (b) Cu-H-Beta-150-IE, (c) Cu-H-Beta-300-IE, (d) Cu-H-Beta-150-EIM,
(e) Cu-H-Beta-150-DP, (f) Cu-Na-Modernite-12.8-IE, (g) Pd-H-MCM-41-EIM, (h) Fe-SiO2-DP, and
(i) Ni-H-Beta-25-EIM catalysts.

The crystal sizes of the catalysts were measured, and the size distributions are given in the form of
histograms. The average sizes of the crystals of all the studied catalysts were calculated, and they are
listed Table 4. The largest average crystal size (369.51 nm) was measured for Cu-Na-Mordenite-12.8-IE
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(Table 4), while the second largest crystal size (290.42 nm) was measured for Cu-H-Beta-300-IE.
The smallest crystal size (76.08 nm) was measured for Cu-H-Beta-25-IE.

Table 4. Average crystal size of Cu-H-Beta-25-IE, Cu-H-Beta-150-IE, Cu-H-Beta-300-IE, Cu-H-Beta-150-EIM,
Cu-H-Beta-150-DP, Cu-Na-Modernite-12.8-IE, Pd-H-MCM-41-EIM, Fe-SiO2-DP, and Ni-H-Beta-25-EIM catalysts.

Entry Catalyst Average Crystal Size (nm)

1 Cu-H-Beta-25-IE 76.08
2 Cu-H-Beta-150-IE 88.142
3 Cu-H-Beta-300-IE 290.42
4 Cu-H-Beta-150-EIM 126.05
5 Cu-H-Beta-150-DP 80.87
6 Cu-Na-Mordenite-12.8-IE 369.51
7 Pd-H-MCM-41-EIM 155.70
8 Fe-SiO2-DP 134.59
9 Ni-H-Beta-25-EIM 97.07

2.1.5. Pyridine Adsorption–Desorption with FTIR Spectroscopy

Brønsted and Lewis acid sites of the proton form and Cu- modified zeolites were analyzed with
Fourier transform infrared spectroscopy (FTIR). The amount of the Brønsted and Lewis acid sites of the
proton form and Cu-H-Beta-25-IE, Cu-H-Beta-150-IE, and Cu-H-Beta-300-IE catalysts are presented in
Table 5 [39].

Table 5. Brønsted and Lewis acidities of the proton and Cu modified Beta zeolites [39].

Catalysts Brønsted Acidity (μmol/g) Lewis Acidity (μmol/g)

250 ◦C 350 ◦C 450 ◦C 250 ◦C 350 ◦C 450 ◦C
H-Beta-25 269 207 120 162 128 113

Cu-H-Beta-25-IE 136 211 67 180 35 3
Cu-H-Beta-150-IE 153 170 113 179 46 2
Cu-H-Beta-300-IE 37 41 2 74 27 2

The Cu-modified Cu-H-Beta-25-IE, Cu-H-Beta-150-IE and Cu-H-Beta-300-IE catalysts exhibited
a decrease of the Brønsted and Lewis acid sites as compared to the pristine H-Beta-25 catalyst.
The plausible explanation for the decrease in the Brønsted and Lewis acid sites in the Cu-modified
H-Beta-25, Cu-H-Beta-150 and Cu-H-Beta-300 is the substitution of these sites by CuO (Table 5).
The largest decrease in the Brønsted and Lewis acid sites was obtained for the Cu-H-Beta-300-IE
catalyst. The lowest amount of tetrahedra Al (IV) present in the H-Beta-300 is the reason for such a low
amount of Brønsted and Lewis acid sites. The details of the characterization of the acid sites in H-Beta-25,
H-Beta-150, and H-Beta-300 using FTIR-Pyridine and nuclear magnetic resonance (NMR) are given in
Ref [40]. Yang et al. proposed a mechanism for the catalytic ozonation of pharmaceuticals including
IBU in mesoporous alumina-supported manganese oxide. According to their mechanism, hydroxyl
groups are formed via the interaction of water and Lewis acid sites of the catalysts. These hydroxyl
groups act as Brønsted acid sites and are able to adsorb ozone on the catalyst surface, on which ozone
is transformed to •OH and •O3-catalyst complexes. According to this mechanism, the main active
species are hydroxyl radicals [41].

2.1.6. X-ray Powder Diffraction (XRD)

X-ray powder diffraction was utilized to study the phase purity and structure of Cu-H-Beta-25-IE,
Cu-H-Beta-150-IE, Cu-H-Beta-300-IE, Cu-H-Beta-150-EIM, Cu-H-Beta-150-DP, Ni-H-Beta-25-EIM,
Cu-Na-Modernite-12.8-IE, Pd-H-MCM-41-EIM, and Fe-SiO2-DP catalysts (Figure 3).
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Figure 3. X-ray powder diffraction of (a) Cu-H-Beta-25-IE, Cu-H-Beta-150-IE, Cu-H-Beta-300-IE,
Cu-H-Beta-150-EIM, Cu-H-Beta-150-DP, Ni-H-Beta-25-EIM, (b) Cu-Na-Modernite-12.8-IE, (c) Pd-H-MCM-41-EIM,
and (d) Fe-SiO2-DP catalysts.

2.2. Evaluation of Catalytic Properties in the Degradation of Ibuprofen in Presence of Heterogeneous Catalysts
in Combination with Ozonation

2.2.1. Effect of Different Nitrogen Gas Flow Rate on the Decomposition of IBU

Figure 4 demonstrates the effect of the nitrogen inlet gas flow and temperature on the removal of
IBU. Among these experiments, 2.5 mL/min nitrogen shows the highest decomposition rate compared to
the experiments carried out without nitrogen and 50 mL/min nitrogen. A slightly higher decomposition
rate was observed at 20 ◦C compared to 5 ◦C under these conditions. The dissolved ozone concentration
at 20 ◦C, using 450 mL/min and 2.5 mL/min nitrogen was 8.317 mg/L and at 20 ◦C, using 450 mL/min
and 50 mL/min nitrogen was 3 mg/L, which was determined with the indigo method. The ozonator
manufacturer proposed to use small amounts of nitrogen in the inlet gas flow to improve the ozonator
performance, which indicates that 2.5 mL/min is the optimal flowrate (Figure 4).
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Figure 4. The degradation of Ibuprofen [2-(4-isobutyl phenyl) propionic acid] (IBU) by ozonation
in absence of catalyst. [IBU] = 10 mg/L, gas flow rate = 450–500 mL/min, T = 20, 5 ◦C, stirring
rate = 1070 rpm.

The removal of IBU and diclofenac in water by ozonation alone, and in combination of
photocatalysis with ozonation has been studied by H. Aziz et al. [42], who suggested that ozonation
alone contributes to a high energy yield; however, it gives low mineralization of pharmaceuticals.
On the other hand, the combination of photocatalysis with ozonation provides a high degradation rate
and mineralization for IBU.

The combination of ozonation with heterogeneous catalysis is one of the most practical ways
because the catalyst can be simply separated from the solution. This reaction progresses in three possible
mechanistic via heterogeneous catalytic ozonation stages: ozone adsorbs on the catalyst surface driving
to generate hydroxyl radicals which degrade organic pollutants, organic pollutants adsorb on the
catalyst oxidation proceeded via dissolved ozone, and at the end, both ozone and the organic pollutant
adsorb on the catalyst with following surface reaction [18]. Additionally, heterogeneous catalysts with
sufficient stability and low loss progress the efficiency of the ozonation process. The performance of
the catalytic ozonation mainly depends on the type of catalyst, its surface characteristics, and the pH of
the solution, which influence the properties of the active sites. Therefore, the crucial step is to select an
appropriate catalyst [43].

The degradation of IBU using Cu-modified Beta zeolite catalysts were higher than the non-catalytic
one (Figure 5). The explanation for the higher degradation of IBU is attributed to the presence of
catalytic active Cu sites, and the presence of Brønsted and Lewis acid sites. Although the largest
amount of Brønsted acid sites was determined for H-Beta-25, Cu-H-Beta-25 exhibited a smaller amount
of the Brønsted acid sites (Table 5). Hence, it was concluded that it is not only the amount of Brønsted
acid sites, but the Cu sites are important for the enhanced degradation of IBU as well. Furthermore,
the amount of Cu present in the Beta zeolite, the Cu particle size, and acid sites were associated to the
high activity in degradation of IBU. Cu-H-Beta-150-EIM and Cu-H-Beta-150-DP catalysts showed the
highest catalytic activity (Figure 5) in the degradation of IBU. In the catalytic ozonation for the removal
of IBU proposed by Wang et al. a sludge-Corncob activated carbon was employed as the catalyst.
It was reported that the elimination efficiency of IBU in ozone combined with the catalyst is higher
compared to the sum of catalyst adsorption and ozonation alone, which is a supportive proof for the
catalytic reaction. However, nothing was mentioned about the side products of this treatment [44].
The catalyst activity in the absence of ozone was studied for the degradation of IBU. After two hours,
the concentration of IBU did not change at 20 ◦C, which perhaps indicates that IBU was not adsorbed
on the catalyst surface and was not activated in the absence of ozone. Ikhlaq et al. have studied the
ozonation of ibuprofen on ZSM-5 zeolites (both of ZSM-5 and H-Beta zeolite catalysts have a high
density of acid sites), which revealed the formation of carboxylic acids as by-products, which were not
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detected when using ozonation alone [45]. It can be concluded that during the catalytic ozonation in
contrast to plain ozonation, an effective oxidative process takes place.

 
Figure 5. The degradation of IBU via catalytic ozonation in the presence of 2.5 mL/min nitrogen.
[IBU] = 10 mg/L, gas flow rate = 452.5 mL/min, T = 20 ◦C, stirring rate= 1070 rpm.

2.2.2. Quantification of Oxidation Products

A quantification method was developed for the intermediate products, which were frequently
detected in the ozonation experiments, namely: 1-OH-IBU, 2-OH-IBU, α-OH-IBU, APMP, and
1-OXO-IBU. The main product in all the experiments was 1-OXO-IBU. Between 150 and 330 μg/L of
1-OXO-IBU was formed, which implies that 1–3% of IBU was transformed into 1-OXO-IBU. Similarly,
between 0.3% and 0.6% of IBU was transformed into 1-OH-IBU, between 0.2% and 0.5% of IBU was
transformed into 2-OH-IBU and up to 0.1% of IBU was transformed into α-OH-IBU. Thus, the total
concentrations of the products add up to only a small percentage of the original concentration of IBU.
The analysis indicated that a significant amount of IBU is transformed into products which are not
detected by LC-MS, such as small organic acids and carbon dioxide. The molecular structure of IBU
and the main by-products are displayed in Figure 6.

 
Figure 6. Structural formulas of IBU and the by-products detected.

Figure 7 shows the concentrations of the by-products during the decomposition of IBU.
The influence of the catalyst synthesis method on the formation and removal of the by-products can be
seen in these figures. The Cu-H-Beta-150-DP catalysts synthesized by the deposition–precipitation
technique showed the highest degradation activity of by-products (Figure 7a). The catalytic activity
using Cu-H-Beta-150-DP was better in the degradation of 1-OXO-IBU, 1-OH-IBU, 2-OH-IBU, and APMP
compared to the other Cu zeolite catalysts and non-catalytic experiments (Figure 7a–d). The highest
catalytic activity achieved with Cu-H-Beta-150-DP is attributed to the smallest Cu nanoparticles
(4.88 nm, see Table 1). The Cu-H-Beta-150-EIM catalyst revealed an equal activity in the destruction of
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1-OXO-IBU and 2-OH-IBU compared to Cu-H-Beta-150-DP, because these two catalysts have similar
morphologies (Figure 2d,e). Besides, these results revealed that both the deposition–precipitation and
the evaporation impregnation methods were appropriate for the introduction of metallic copper in
the catalysts. Cu-H-Beta-25-IE, Cu-H-Beta-150-IE, and Cu-H-Beta-300-IE exhibited a related activity
in the destruction of the IBU by-products. Furthermore, Cu-H-Beta-300-IE showed a slightly higher
degradation rate compared to the two other catalysts (Cu-H-Beta-25-IE and Cu-H-Beta-150-IE), which
was possibly due to the higher surface area and higher crystal size of Cu-H-Beta-300-IE (1013 m2/g).
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Figure 7. (a) 1-OXO-IBU, (b) 1-OH-IBU, (c) 2-OH-IBU, and (d) APMP concentration during
the decomposition of IBU in the presence of 2.5 mL/min nitrogen. [IBU] = 10 mg/L, gas flow
rate = 450 mL/min, T = 20 ◦C, stirring rate = 1070 rpm.

Figure 8 illustrates the decomposition of IBU in the presence of fresh and regenerated catalysts.
As shown by the figure, regenerated catalysts give similar decomposition rates for IBU compared
to the fresh catalysts. The regeneration of the Cu-H-Beta-150-DP and Cu-H-Beta-150-EIM spent
catalysts were conducted at 400 ◦C for 120 min. This temperature was sufficient to remove the
carboneous deposits (Coke) from Cu-H-Beta-150-DP and Cu-H-Beta-150-EIM. The increase in the
surface areas of the regenerated catalysts clearly shows that carboneous deposits (coke) were removed
from the catalyst surfaces (Table 3). Temperatures exceeding 400 ◦C might contribute to sintering
Cu nanoparticles, thus deactivating them in the catalytic degradation of ozone. It was observed
that Cu-H-Beta-150-DP-regenerated and Cu-H-Beta-150-EIM-regenerated catalysts exhibited a similar
catalytic activity in the degradation of ibuprofen to that of the fresh counterparts. The regeneration
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and reuse of these catalysts is considerable from the long-term viewpoint of the catalyst stability and
cost efficiency.

 
Figure 8. The degradation of IBU via catalytic ozonation in the presence of 2.5 mL/min nitrogen.
[IBU] = 10 mg/L, gas flow rate = 452.5 mL/min, T = 20 ◦C, stirring rate = 1070 rpm.

Although the regenerated catalysts exhibited a good stability in the removal of by-products
similar to the fresh catalysts (Figure 9a–d) it should be mentioned that the degradation of 1-OXO-IBU
(main by-product) was much higher with the Cu-H-Beta-150-DP-fresh, Cu-H-Beta-150-EIM-fresh,
Cu-H-Beta-150-DP-regenerated, and Cu-H-Beta-150-EIM-regenrated catalysts than the non-catalytic
degradation (Figure 9a–d). These results revealed that the Cu-H-Beta-150-DP and Cu-H-Beta-150-EIM
catalysts could be regenerated and reused for the removal of IBU.
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Figure 9. (a) 1-OXO-IBU, (b) 1-OH-IBU, (c) 2-OH-IBU, and (d) APMP concentration during
the decomposition of IBU in the presence of 2.5 mL/min nitrogen. [IBU] = 10 mg/L, gas flow
rate = 450 mL/min, T = 20 ◦C, stirring rate = 1070 rpm.

The degradation of IBU was studied in the presence of several metal-modified catalysts to
compare them with Cu-H-Beta-150-DP catalysts (Figure 10). These experiments revealed that the
degradation rate of IBU was higher with Cu-H-Beta-150-DP, Cu-Na-Mordenite 12.8-IE, Fe-SiO2-DP,
Pd-MCM-41-EIM catalysts than under non-catalytic conditions. Cu-H-Beta-150-DP showed the highest
degradation rates of all the catalyst materials studied.

 
Figure 10. The degradation of IBU via catalytic ozonation in the presence of 2.5 mL/min nitrogen.
[IBU] = 10 mg/L, gas flow rate = 452.5 mL/min, T = 20 ◦C, stirring rate = 1070 rpm.

Figure 11 illustrates and compares the effect of different catalysts on the appearance and the
degradation of by-products. Cu-H-Beta-150-DP, Cu-Na-Mordenite-12.8-IE, Ni-H-Beta-25-EIM, and
Pd-H-MCM-41-EIM showed a higher decomposition rate of 1-OXO-IBU compared to the non-catalytic
experiments. Cu-H-Beta-150-DP, Cu-Na-Mordenite-12.8-IE, and Ni-H-Beta-25-EIM showed a higher
decomposition rate of 1-OH-IBU compared to the non-catalytic experiments. Cu-H-Beta-150-DP,
Cu-Na-Mordenite-12.8-IE, Ni-H-Beta-25-EIM, and Pd-H-MCM-41-EIM showed a higher decomposition
rate of 2-OH-IBU compared to the non-catalytic experiment.

These outcomes were in line with the research published by Bing et al., who identified the presence
of aliphatic acids—for instance, 2-hydroxy-propanoic acid and glycolic acid from the catalytic ozonation
of IBU at the end samples. The results revealed that the catalytic ozonation of IBU proceeds via
concurrent hydroxylation; subsequently, the aromatic rings open to form small organic acid molecules
toward carbon dioxide and water, wherein the intermediates were generated and degraded at a higher
velocity than in the non-catalytic ozonation [46]. These observations confirm that catalytic ozonation
has a more effective oxidation achievement compared to ozonation alone for the degradation of
the by-products.

The formation of transformation products is dependent on the structure, type of metal, as well as
the amount of Brønsted and Lewis acid sites on the solid catalysts (Figure 11a–d). The Cu-H-Beta-150-DP
catalyst in the presence of the ozonation reactions for the removal of IBU produced less intermediate
transformation products compared to other catalytic processes. This Beta zeolite catalyst with the
three dimensional, 12-ring channel and disorder structure, with uniform spherical structured crystals
(Figure 2e) exhibited the highest activity compared to the other catalysts screened in this work. On the
other hand, copper metal improved the activity of Cu-H-Beta-150-DP compared to Ni-H-Beta-150-DP.
Using other catalysts in some cases led to a reduction in the amount of products formed and in some
cases to an increase in the amount of products. The amount of products that were formed correlated
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with the rate of the IBU transformation so that in the experiments with a more rapid reaction rate,
a lower amount of products was created. Cu-Na-Mordenite-12.8-IE additionally exhibited a higher
degradation rate compared to other catalysts; this was perhaps due to the copper metal modification
and low metal particle size (5.56 nm), which lead to a higher distribution of metal active sites on
the support. However, it was not as effective as Cu-H-Beta-150-DP due to the small pore volume
(0.158 cm3/g).
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Figure 11. (a) 1-OXO-IBU, (b) 1-OH-IBU, (c) 2-OH-IBU and (d) APMP concentration during
the decomposition of IBU in the presence of 2.5 mL/min nitrogen. [IBU] = 10 mg/L, gas flow
rate = 450 mL/min, T = 20 ◦C, stirring rate = 1070 rpm.

3. Materials and Methods

3.1. Chemicals

IBU (C13H18O2, MW: 206.28 g/mol, CAS number: 15687-27-1, >98% purity) was purchased from
Sigma Life Science (China). HPLC grade methanol (H3COH, MW: 32.04 g/mol, CAS number: 67-56-1)
and orto-phosphoric acid 85% (H3PO4, MW: 98 g/mol, CAS: 7664-38-2) were used. Potassium indigo
tri-sulfonate (C16H7K3N2O11S3, MW: 616.72 g/mol, CAS number: 67627-18-3) was provided from
Sigma-Aldrich (USA), sodium phosphate monobasic (H2NaO4P, MW: 119.98 g/mol, CAS number:
7558-80-7) was provided from Sigma life science (Germany). Orto-phosphoric acid was used for the
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determination of soluble ozone in the aqueous samples [33]. Ethanol (C2H6O, MW: 46.06 g/mol, CAS
number: 64-17-5, >96% purity) was obtained from Altia (Finland).

3.2. Catalyst Preparation

Nine different catalysts—Cu-H-Beta-25-IE, Cu-H-Beta-150-IE, Cu-H-Beta-300-IE, Cu-H-Beta-150-EIM,
Cu-H-Beta-150-DP, Cu-Na-Mordenite-12.8-IE, Pd-H-MCM-41-EIM, Fe-SiO2-DP, and Ni-H-Beta-25-EIM—were
synthesized. The NH4-Beta-25 zeolite was provided from Zeolyst International. The H-Beta-25 catalyst was
obtained using the step calcination procedure of NH4-Beta-25 zeolite. The calcination was carried out in a
muffle oven at 450 ◦C for 240 min. The methods used for the synthesis of metal-modified (Cu-, Fe-,
Pd-) catalysts were as follows: evaporation impregnation (EIM), solution ion exchange (IE), and
deposition–precipitation (DP). Cu-modified catalysts were prepared, using an aqueous solution of
Cu(NO3)2 as a precursor. The Pd-modified MCM-41 catalyst was prepared using aqueous solution
of palladium nitrate, whereas aqueous solution of Ferric nitrate was utilized as a precursor for the
preparation of the Fe-modified SiO2 catalyst.

The Cu-H-Beta-25-IE catalyst was synthesized by the ion-exchange method, which was carried out
in a beaker via an aqueous solution of copper nitrate Cu(NO3)2 and H-Beta-25 at ambient temperature
for 24 h. After ion exchange, the catalyst was filtered and washed by two liters of distilled water;
then, the Cu-H-Beta-25-IE catalyst was dried at 100 ◦C. The Cu-H-Beta-25-IE catalyst was calcined at
450 ◦C in a muffle oven. Cu-H-Beta-150-IE and Cu-H-Beta-300-IE have similar synthesis procedures
as aforementioned.

One of the typical catalyst preparation methods for the synthesis of metal modified catalyst is the
evaporation impregnation technique employing aqueous solutions of metal nitrate for the preparation
of the catalysts. Stekrova et al. used this method for the preparation of H- and Fe-modified zeolite
beta catalysts [47]. Cu-H-Beta-150-EIM catalyst was synthesized using the evaporation impregnation
technique. The synthesis was carried out using an aqueous solution of Cu(NO3)2 and H-Beta-150
zeolite in a rotavapor. It was rotated for 24 h, during which the aqueous phase was evaporated.
The Cu-H-Beta-150-EIM catalyst was dried in an oven overnight at 100 ◦C. The catalyst was calcined
via a muffle oven at 450 ◦C for 3 h.

One of the most common processes of metal introduction in catalysts is deposition–precipitation.
The method is a modification of the precipitation processes in solution. It involves the conversion
of a highly soluble metal precursor into a substance with a more limited solubility, which
precipitates upon the support [48]. The Cu-H-Beta-150-DP zeolite catalyst was synthesized using
the deposition–precipitation technique. The synthesis was carried out in a beaker using Cu(NO3)2

aqueous copper nitrate solution and H-Beta-150. The pH of the aqueous solution was adjusted with
NH4OH to 10, at which the synthesis was performed. After 24 h, the Cu–H-Beta-150-DP was filtered
and washed via two liters of water, and it was dried in an oven during the night and calcined in a
muffle oven at 450 ◦C for 3 h.

The synthesis of Cu-Na-Mordenite-12.8-IE catalyst was performed by the ion-exchange method
utilizing aqueous solution of copper nitrate as a precursor. The synthesis procedure was similar to
that of Cu-H-Beta-25-IE, Cu-H-Beta-150-IE, and Cu-H-Beta-300-IE catalysts. The decomposition of the
copper nitrate was carried out in a muffle oven at 450 ◦C for 240 min.

The Pd-H-MCM-41-EIM catalyst was synthesized using the evaporation–impregnation technique.
The synthesis was carried out in a flask containing an aqueous solution of Pd(NO3) and H-MCM-41
mesoporous materials. The flask was rotated for 24 h in an evaporator at 60 ◦C, during which the
aqueous phase evaporated and the catalyst was recovered. The catalyst was dried at 100 ◦C in an oven
overnight and calcined via the muffle oven at 400 ◦C for 180 min.

The Fe-SiO2-DP catalyst was synthesized using the deposition–precipitation technique.
The synthesis was carried out in a beaker utilizing an aqueous iron nitrate solution Fe(NO3)2 and SiO2.
The pH of the aqueous solution was adjusted with aqueous solution of NH4OH (25%) to pH 10, at
which the synthesis was performed. After 24 h, the Fe-SiO2-DP was filtered and washed via two liters
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of water. The washing of synthesized catalyst using two liters of distilled water was necessary for the
pH neutralization. The catalyst was dried in an oven overnight at 100 ◦C and calcined in a muffle oven
at 450 ◦C for 180 min.

Ni-modified catalysts were prepared using an aqueous solution of Ni (NO3)2 as a precursor
for nickel. The Ni-H-Beta-25-EIM catalyst was synthesized with the evaporation–impregnation
technique. The synthesis was carried out using an aqueous solution of Ni(NO3)2 and H-Beta-25 zeolite
in a rotavapor. It was rotated for 24 h at 60 ◦C, during which the aqueous phase was evaporated.
The Ni-H-Beta-25-EIM catalyst was dried in an oven during the night at 100 ◦C. The catalyst was
calcined by a muffle oven at 450 ◦C for 180 min.

3.3. Physico-Chemical Characterization of Employed Catalyst

The characterization of the catalysts was performed employing transmission electron microscopy
(TEM) JEM 1400 Plus, Jeol Ltd, Tokyo, Japan; scanning electron microscopy (SEM) Zeiss Leo Gemini
1530 microscope and energy disperse X-ray analysis (SEM/EDXA), nitrogen physisorption, and Fourier
transform infrared spectroscopy (FTIR) ATI Mattson Infinity series, Madison, U.S.A as specified below.
The equipment that was utilized to obtain the electron micrographs of the catalysts, metal particle
size, and structural properties of catalysts was a JEM 1400 Plus transmission electron microscope by
120 kV accelerating voltage and a resolution of 0.38 nm equipped by OSIS Quemesa 11 Mpix digital
camera (rephrase/split) (TEM, model JEM 1400 plus: Jeol Ltd., Tokyo, Japan). The average metal
particle size distributions were estimated by counting many particles from the transmission electron
graphs. The metal particle size (Cu-, Pd-, Ni-) distribution was given in the form of histograms.
The morphology of catalysts was analyzed using SEM (Zeiss Leo Gemini 1530, oberkochen, Germany).
The crystallite size of Cu-H-Beta-25-IE, Cu-H-Beta-150-DP, Cu-H-Beta-300-IE, Cu-H-Beta-150-EIM,
Cu-Na-Mordenite-12.8-IE, Pd-H-MCM-41-EIM, and Fe-SiO2-DP catalysts were determined using SEM
and given in the form of histograms. For the specific surface area and pore volume determination of the
catalysts, nitrogen adsorption was employed with the aid of a Carlo Erba Sorptomatic 1900 instrument
(Carlo Erba Sorptomatic 1900-Fisons Instruments, Milan, Italy) and calculated with Dubinin and BET
equations. Before the measurement, the fresh and regenerated catalysts were outgassed at 150 ◦C and
the spent catalysts were outgassed at 100 ◦C for 3 h.

The catalyst acidities were estimated with Fourier transform infrared spectroscopy (FTIR, ATI
Mattson Infinity series, Madison, U.S.A). The amount of Brønsted and Lewis acid sites were measured
by employing pyridine (≥99.5%) as the probe molecule. First, a thin pellet disc of the catalyst was
pressed, installed into the FTIR cell, and heated up to 450 ◦C for 1 h. Then, the temperature was lowered
to 100 ◦C, background spectra of the pellet were recorded, and pyridine was adsorbed on the catalyst
sample for 30 min and desorbed consequently by discharge at 250, 350, and 450 ◦C, correspondingly.
The pyridine desorption at 250–350 ◦C displays weak, medium, and strong sites, 350–450 ◦C indicate
medium and strong sites, and 450 ◦C indicates strong sites [49]. X-ray diffraction patterns of the
catalysts were recorded on a Panalytical X’Pert3 Powder diffractometer with a CuKα (λ = 1.5406 Å)
source. The diffractograms were recorded in the 2θ range of 5–70◦ in the step size of 0.013◦ with a
count time of 99 s at each step.

3.4. Experiment Method for Ozonation Activity and Kinetics

The kinetic experiments were conducted in a double jacket glass reactor operated in semi-batch
mode, connected to an ozone generator. It is advantageous to utilize the ozone generator to provide
ozone, because an ozone generator can produce functionally and stable ozone in situ [19]. Via a 7 μm
disperser at the lowest point of the reactor, an ozone gas mixture was constantly bubbled into the
mixed liquor including IBU, ethanol (used as a diluting solvent because of the low solubility of IBU in
pure water), and deionized water, which affords the semi-batch mode reactor. To provide vigorous
mixing of the liquid phase, a SpinchemTM rotating bed stirrer was used. The ozonation process was
carried out with 1000 mL of solution, 10 mg/L of IBU concentration, 10 mL/L ethanol, 450–500 mL/min
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gas flow, 1070 rpm mixing rate, 5–20 ◦C reactor temperature, and 3 h reaction time. Using a high
concentration of IBU (10 mg/L) was due to enabling the identification of transformed intermediates
and by-products at low concentration during experiments. The ozonator manufacturer requires the
use of a small amount of N2 (0.5–5%) in the feed for the high-grade performance of the ozone generator.
When an oxygen gas flow rate of 0.450 L/min combined with 0.05, 0.0025, and 0 L/min N2 (super-dry
feed gas dew point—60 ◦C), the ozone generator (Absolute Ozone, Nano model, Edmonton, AB,
Canada) generated around 60 mg/L concentration of ozone in the gas phase. For pH measurement, the
pH-stat device (tiamoTM, Metrohm, Herisau, Switzerland) was used, and the pH of the solution was
approximately 5, but after 15 min, the ozonation pH dropped to 4.5 and later slowly decreased to 3.3
during the experiments. Then, 0.5 g of catalysts were immobilized within the rotating bed stirrer and
the catalyst particle sizes were between 150 and 500 μm; these particles remained inside the stirrer
pretty well. Samples were withdrawn before, during, and at the end of the experiments [35]. A general
schematic view of the experimental apparatus is presented in Figure 12.

Figure 12. Scheme of the semi-batch reactor system for the evaluation of heterogeneous catalysts in the
degradation of ibuprofen.

3.5. Chemical Analysis

IBU was determined via an HPLC (Agilent Technologies 1100 series) with a UV-Vis photo diode
array detector set at 214 nm, and a quaternary pump. The column used was an Ultra Techsphere
ODS-5u-(C18), 250 mm × 4.6 mm. The mobile phase consisting of a 70:30 mixture of methanol and
0.5% phosphoric acid (pH: 1.8) was flowing at 1 mL/min; the sample injection volume and retention
time were 20 μL and 10 min, sequentially [35].

For the LC-MS/MS spectrometry, an Agilent 6460 triple quadrupole mass spectrometer equipped
with an Agilent Jet Spray electrospray ionization (ESI) source was employed in multiple reaction
monitoring (MRM) mode. Nitrogen was used as drying gas, sheath gas, nebulizer gas, and collision gas.
Drying gas and sheath gas were kept at 11 and 12 L/min, respectively and heated to 350 ◦C. The nebulizer
pressure was set to 25 psi. A capillary voltage of 4500 V and a nozzle voltage of 1500 V were utilized.
The compounds were analyzed in positive and negative ionization modes. The fragmentor voltage and
collision energy were optimized for both compounds individually using the MassHunter Optimizer
software (Table 6). An accelerator voltage of 3 V was used. The chromatographic separation was made
using an Agilent 1290 binary pump equipped with a vacuum degasser, an autosampler, a thermostatted
column oven set to 30 ◦C, and a Waters xbrigde C18 column (2.1 × 50 mm, 3 μm). The eluents were 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile (B). Initially, the composition was held at
5% (B) for 0.5 min; then, the composition was increased linearly to 95% (B) over 3 min. The eluent
composition was held at 95% (B) for 0.5 min before being returned to the primary conditions over the
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next 0.1 min and given 1.4 min for equilibration. The flow rate was 0.4 mL/min. The injection volume
was 10 μL. The internal standard system was used for quantification.

Table 6. Mass spectrometer parameters for the ibuprofen oxidation products.

Compound Precursor Ion Product Ion Fragmentor (V) Collision Energy (V) Polarity

1-oxo-Ibuprofen 221.1 175.1 70 8 positive
133.1 70 16 positive

1-OH-Ibuprofen 221.3 159.1 70 4 negative
143 70 16 negative

2-OH-Ibuprofen 221.3 177.1 65 0 negative
159.1 65 4 negative

α-OH-Ibuprofen 221.1 175.1 55 16 negative
133.1 55 20 negative

2-OH-Ibuprofen-d6 227.3 183.2 65 0 negative

4. Conclusions

Cu-modified Cu-H-Beta-25-IE, Cu-H-Beta-150-IE, Cu-H-Beta-300-IE, Cu-Na-Mordenite,
Ni-H-Beta-25-EIM, Fe-modified SiO2-DP, and Pd-modified H-MCM-41 catalysts were successfully
synthesized and used for the degradation of ibuprofen in presence of ozone as the oxidizing agent.
The method of introduction of Cu- in H-Beta zeolite, the particle size of Cu, and acid sites were observed
to influence the degradation of ibuprofen. The DP and EIM preparation methods exhibited a higher
performance catalysts compared to the IE preparation method. Furthermore, the type and structure of
the support materials used for the catalyst synthesis of beta, mordenite zeolites, MCM-41 mesoporous
material, and SiO2 were of an immense importance for the catalytic activity in the degradation of
ibuprofen from this comparison; the H-Beta structure revealed the highest activity, while SiO2 exhibited
the lowest activity.

The results revealed that IBU was successfully decomposed by ozone in the absence of the optimal
catalyst operated at 20 ◦C, 450 mL/min oxygen, and 2.5 mL/min nitrogen within one hour. In catalytic
experiments, Cu-H-Beta-150-EIM and Cu-H-Beta-150-DP showed the highest degradation rates, and
IBU degraded entirely within 30 min. Liquid chromatography-mass spectrometry was used to quantify
by-products at very low concentration levels. Most of the catalysts were useful in the elimination of
the by-products. Cu-modified catalysts were the most effective in the removal of the by-products,
especially Cu-H-Beta-150-DP. This catalyst exhibited a low average particle size for Cu around 4.88 nm
with a high pore volume (0.259 cm3/g). Moreover, the H-Beta zeolite is a hydrophobic catalyst that can
attach organic IBU from water and steer the heterogeneous catalysis in the presence of ozone, which
makes Cu-H-Beat-150-DP a suitable catalyst for the destruction of IBU. Thus, it can be concluded that
the role of copper modification on the catalyst is important in the degradation of IBU. Nevertheless,
the metal particle size of copper, its dispersion, and the amount of copper are also taking part in the
degradation reaction. Hence, one has to take into consideration all the above significant facts while
elaborating on the explanations for IBU degradation. Furthermore, the regenerated Cu-H-Beta-150-DP
catalysts were also useable for the degradation of IBU.
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Abstract: Phosphorous modified ZSM-5 zeolites were synthesized by incipient wetness impregnation.
Their performances for the methanol to aromatics conversion (MTA) were subsequently evaluated
and the relationship between the catalyst structure and performance was focused on. The obtained
results indicated that the introduction of phosphorous resulted in the modification of the catalyst
structure characteristics and acidic properties, i.e., the reduction in the external surface area and
micropore volume, the narrowing of the pore size, and the decrease in the quantity and strength of
acid sites. As a result, the P/HZSM-5 catalyst exhibited the enhanced selectivity for the para-xylene
(PX) in xylene isomers and xylene in aromatics, and their increase degrees were intensified with the
increasing P content. The selectivity of PX in X increased from 23.8% to nearly 90% when P content
was 5 wt.%. Meanwhile, the selectivity of xylene in aromatics was enhanced from 41.3% to 60.2%.

Keywords: methanol to aromatics; para-xylene; selectivity; phosphorous modified ZSM-5

1. Introduction

Para-xylene (PX) is of great value since it is useful in manufacturing terephthalic acid, which is an
intermediate in the manufacture of synthetic fibers. The catalytic process for producing PX has been
paid much attention and become a quite competitive subject in the petrochemical industry [1,2]. The
reactions of toluene disproportionation [3,4], transalkylation of benzene with trimethylbenzene [5,6]
and toluene methylation [7–9] were used to produce PX. However, it is imperative to develop new
technologies because of the depletion of oil. The conversion of methanol to hydrocarbons over acidic
zeolite catalysts is now considered an important and feasible non-petroleum route to obtain valuable
chemicals [10–18]. Therefore, it is a significative work to design a shape selectivity catalyst for high
PX selectivity in methanol to aromatics conversion (MTA). The reaction of methanol to para-xylene
(MTPX) is a new technology for the upgrading of coal, biomass or natural gas into liquid fuels, which
makes the production process of PX less reliant on crude oil resource.

In recent decades, the selective production of PX via alkylation or disproportionation of toluene has
been studied over various zeolites catalysts, such as ZSM-5, MCM-22, mordenite and Y zeolite [19–23].
Among these zeolite catalysts, ZSM-5 zeolite has attracted more attention because of the well-defined
10 membered-ring channels that are much more favorable to the diffusion of PX than that of OX
(ortho-xylene) or MX (meta-xylene). Therefore, an excellent PX selectivity could be expected by
modifying ZSM-5 zeolite appropriately. It is found that the para-selectivity and external surface acidity
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are usually inversely related [10]. Meanwhile, zeolites are known as shape-selective catalysts due to the
presence of micropores with a pore diameter close to the molecular diameter of the products. Hence, in
order to obtain high PX selectivity, it is important to reduce the acid sites, decrease the external surface
area or modify the pore-openings by post synthesis modification. A number of modification methods are
reported to improve para-selectivity, including silanation [24,25], precooking [26] and metal/non-metal
oxide impregnation [27,28]. Among them, the impregnation of phosphate species on ZSM-5 has been
shown to be convenient and effective to achieve a high PX selectivity [3,29,30]. The earlier study by
Kaeding and coworkers [27,31] showed that the oxides of phosphorus species in zeolite pores imparted
a diffusion barrier in the micropores exhibiting an increase in the para selectivity. Védrine et al. [32]
found that phosphorus species passivated acid sites primarily at the entrance of the channels of the
zeolite and the strong acid sites remained unmodified. They concluded that the high selectivity for
para isomers of xylene (X) were assumed to be related to the narrowing of the pore size and the zeolite
framework phosphorus species, rather than to the modification of acid sites’ strength. Janardhan
and coworkers [30] reported that the introduction of phosphorous into ZSM-5 zeolite generated new
acid sites with pore narrowing, which were formed by the interaction of phosphates with bridging
hydroxyl groups of ZSM-5 zeolites in the micropores. The active sites generated monolayer islands over
zeolite surface and narrowed the pore opening, leading to a high selectivity of PX for alkylation and
disproportionation reactions. Recently, the non-petroleum route to produce PX through MTA reaction
has been increasingly investigated. Miyake et al. [33] reported a Zn/ZSM-5@silicalite-1 core-shell
zeolite catalyst which showed a high xylene yield and PX selectivity, and the yield of PX could reach
40.7%. Wei et al. [34] designed a Zn–P–Si–ZSM-5 catalyst which showed increased selectivity PX
(89.6%) in X for MTA reaction. The catalyst was impregnated with a Zn and P over the ZSM-5 sample,
and then SiO2 was loaded by chemical liquid phase deposition (CLD) modification. Zhu et al. [2]
prepared Mg–Zn–Si-HZSM-5 catalyst by using the CLD method with polyphenylmethylsiloxane and
then introducing Zn and Mg through vacuum impregnation. The prepared catalyst showed a high
selectivity of PX in X (98.9%) and a relatively long lifetime for the MTA.

In this work, the highly shape-selective P/HZSM-5 catalysts for the MTA reaction were prepared
by incipient wetness impregnation with H3PO4 as a source of phosphorus and the different amounts
of loaded phosphorus were obtained by changing the concentration of H3PO4 solution. Then,
the obtained samples were investigated by X-ray powder diffraction (XRD), infrared spectra for
pyridine adsorption (Py-IR), N2 adsorption–desorption, temperature programmed desorption of
NH3 (NH3-TPD), solid-state magic angle spinning nuclear magnetic resonance (MAS NMR) and
thermogravimetric analysis (TG). Due to the fine modification of pore size and acidic properties, the
selectivity of PX in X and the selectivity for xylene in aromatics over P/HZSM-5 catalyst both increased.

2. Results and Discussion

2.1. Catalyst Characterization

As shown in Figure 1, all the zeolite catalysts exhibited the similar peaks, which were the typical
MFI structure. (JCPDS no. 73–1138) No new diffraction peak could be observed after the introduction
of P species, even at the loadings of 5 wt.% P. The results indicated that the introduction of P did
not destroy the structure of ZSM-5 framework severely and P was highly dispersed in ZSM-5 zeolite.
Also, the relative crystallinities of prepared catalysts as shown in Table 1 decreased evidently. The
crystallinity of the ZSM-5 zeolite was reduced to 76.4% after the loading of 5 wt.% P, which was most
likely due to the framework defects caused by a certain degree of dealumination of the framework [2],
as illustrated in the following 27Al MAS NMR results (Figure 6A). The surface area and pore volume of
HZSM-5 and P/HZSM-5 samples calculated by nitrogen adsorption–desorption were shown in Table 1.
The BET surface area, external surface area and micropore volume all obviously decreased with the
increase in P doping concentration, while the mesopore volume was almost constant, which could be
ascribed to the fact that the loadings of P species blocked or destroyed some micropores in HZSM-5
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during the process of phosphorus modification [35]. This indicated that the phosphorus species were
not only doped on the external surface but also in the ZSM-5 channels. Compared with the total surface
area, the external surface area decreased more obviously. The external surface area had decreased by
more than 57% with 5 wt.% P loading.

 
Figure 1. XRD patterns of the different catalysts: (a) HZSM-5, (b) 0.5% P/HZSM-5, (c) 1% P/HZSM-5,
(d) 2% P/HZSM-5, (e) 3% P/HZSM-5 and (f) 5% P/HZSM-5.

Table 1. Textural properties of parent and P-modified HZSM-5 samples.

Samples Crystallinity (%) SBET (m2·g) Se (m2·g) Vmes (cm3·g) Vmic (cm3·g)

HZSM-5 100 381 13.5 0.03 0.18
0.5% P/HZSM-5 96.2 360 12.9 0.04 0.17
1% P/HZSM-5 94.4 333 11.8 0.03 0.15
2% P/HZSM-5 87.6 311 9.4 0.03 0.14
3% P/HZSM-5 85.2 285 8.5 0.03 0.13
5% P/HZSM-5 76.4 246 5.8 0.04 0.10

Note: SBET, BET surface area; Se, external surface area, calculated by the t-plot method; Vmes, mesopore volume;
Vmic, micropore volume, obtained by the t-plot method; the relative crystallinity is compared with the parent
HZSM-5 having the strongest diffraction intensity.

The incorporation of phosphorus obviously influenced the porous structure of HZSM-5,
as illustrated in Figure 2. The loading of P made the pore size distribution of HZSM-5 a little
narrow and the pore size become remarkably smaller. The shrinkage of pore size in P modified HZSM-5
zeolites may be attributed to the formation of hydroxy-bridged P species in ZSM-5 zeolites or the
accumulation of P species in the channels of ZSM-5 zeolites, which may impart a diffusion barrier and
influence product diffusion in the micropores resulting in an increase in shape selectivity [30]. In order
to reveal the probable relationship between the pore size and the catalytic properties, the adsorption
isotherms of PX and MX on HZSM-5 and 5% P/HZSM-5 are shown in Figure 3. The adsorption results
verified that m-xylene was more diffusion-limited than p-xylene on P modified HZSM-5 catalyst. This
indicated that the introduction of P was beneficial to enhance the competitive adsorption of p-xylene
because of pore narrowing. A similar phenomenon was found when SiO2 was loaded on the surface of
the ZSM-5 catalyst. Compared with the unmodified ZSM-5 catalyst, the Si-modified catalyst enhanced
the diffusion barrier in the mouth or channel of the zeolite and significantly inhibited the adsorption
and diffusion of m-xylene [6].
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Figure 2. Pore size distribution of parent and P modified HZSM-5 zeolites: (a) HZSM-5, (b) 0.5%
P/HZSM-5, (c) 1% P/HZSM-5, (d) 2% P/HZSM-5, (e) 3% P/HZSM-5 and (f) 5% P/HZSM-5.
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Figure 3. Adsorption isotherms of para-xylene (PX) (A) and meta-xylene (MX) (B) on HZSM-5 (a) and
5% P/HZSM-5 (b).

The total acid quantity and strength of acid sites in parent and P-modified HZSM-5 zeolites were
obtained by NH3-TPD, as shown in Figure 4. The HZSM-5 zeolite exhibited a typical NH3- TPD profile
with two characteristic peaks at about 190 and 380 ◦C, representing the ammonia adsorbed on the
weak acid sites and strong acid sites, respectively [36]. After the doping with P, the evident changes in
the peak temperature and area of the strong acid sites were observed. The peak temperature of the
strong acid sites shifted towards a low temperature and the peak area decreased obviously. The more
P doping was used, the smaller the peak area became, indicating that the decrease in the amount and
strength of strong acid sites was due to the doping with P. The low-temperature peak also slightly
shifted toward a low temperature, demonstrating that the loading of P also reduced weak acid strength.
The difference was that the density of weak acid sites in low temperature was less affected with the
increase in P loadings (as listed in Table 2).

Chemisorption of pyridine on HZSM-5 and P-modified HZSM-5 zeolites also illustrated the
changes in zeolite acidity. As shown in Figure 5, all catalysts showed absorption peaks at about
1545 and 1450 cm−1, which were ascribed to pyridine chemisorbed on Brönsted (B) acid sites and
pyridine adsorbed on Lewis (L) acid sites, respectively [37,38]. The incorporation of phosphorus led to
a dramatic decline in the amount of both Brönsted and Lewis acidic sites. When small amounts of P
were added (≤1 wt.%), the acid amount of the Brönsted acid sites showed a sharp decrease compared
to that of the Lewis acid sites (as listed in Table 2). Whereas, further increasing phosphorus content
from 1 to 5 wt.% resulted in an evident decrease in the acid amount of the Lewis acid sites and a slight
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decrease in the amount of the Brönsted acid sites. In summary, the loading of phosphorus reduced
both the acid strength and amount of HZSM-5 zeolite, especially strong acid sites.

Figure 4. NH3-TPD profiles of parent and P-modified HZSM-5 zeolites: (a) HZSM-5, (b) 0.5% P/HZSM-5,
(c) 1% P/HZSM-5, (d) 2% P/HZSM-5, (e) 3% P/HZSM-5 and (f) 5% P/HZSM-5.

Table 2. Acidity characterization of HZSM-5 and P/HZSM-5 zeolites.

Samples
Acidity by Strength a (mmol·g) Acidity by Type b (mmol·g)

Strong Weak Total Brönsted Lewis L/B

HZSM-5 0.32 0.20 0.52 0.170 0.054 0.32
0.5% P/HZSM-5 0.24 0.17 0.41 0.082 0.046 0.56
1% P/HZSM-5 0.18 0.19 0.37 0.079 0.033 0.42
2% P/HZSM-5 0.15 0.18 0.33 0.075 0.020 0.27
3% P/HZSM-5 0.13 0.20 0.33 0.073 0.009 0.12
5% P/HZSM-5 0.05 0.26 0.31 0.072 0.005 0.07

a Determined by NH3-TPD. b Obtained by Py-IR. L/B, the ratio of the amount of Lewis acidic sites to that of Brönsted
acidic sites.

Figure 5. FT-IR spectra of pyridine adsorption on parent and P-modified HZSM-5 zeolites: (a) HZSM-5,
(b) 0.5% P/HZSM-5, (c) 1% P/HZSM-5, (d) 2% P/HZSM-5, (e) 3% P/HZSM-5 and (f) 5% P/HZSM-5.
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27Al MAS NMR has been extensively used as an effective technique to identify states of the
Al atoms in the zeolite. Figure 6A showed 27Al MAS NMR spectra of HZSM-5 and P/HZSM-5
samples. For the parent HZSM-5 zeolite, a characteristic peak of typical Al species around 53 ppm was
detected that could be ascribed to a tetrahedral framework aluminum [32]. A relatively weak signal
appeared at 0 ppm which could be assigned to octahedral aluminum species, revealing that there
existed a small number of extra-framework aluminum species in the HZSM-5 zeolite. With increasing
impregnation degree, new peaks at about −14 and 40 ppm appeared. The signal at −14 ppm was
related to octahedral aluminum interacting with a P atom [39]. The peak around 40 ppm was generally
assigned to a tetrahedral framework aluminum or extra-framework aluminum species in a distorted
environment [40]. With the increase in P loadings, the intensity of signals at −14 and 40 ppm increased
while that at 53 ppm decreased, illustrating that the dealumination of the HZSM-5 zeolite framework
occurred as a result of the phosphate impregnation, consistent with the XRD, micropore volume and
acidity measurement results.

Figure 6. 27Al MAS NMR spectra (A) and 31P MAS NMR spectra (B) of parent and P-modified HZSM-5
zeolites: (a) HZSM-5, (b) 0.5% P/HZSM-5, (c) 1% P/HZSM-5, (d) 2% P/HZSM-5, (e) 3% P/HZSM-5 and
(f) 5% P/HZSM-5.

The 31P MAS NMR spectra of P/HZSM-5 zeolites were shown in Figure 6B. The peak at 0 ppm was
ascribed to excess P species which did not interact with framework aluminum. The signal around−6 ppm
was assigned to P species in pyrophosphoric acid or pyrophosphates, whereas the −12 ppm signal
was assigned to P species for intermediate groups in short-chain polyphosphates or pyrophosphates.
The signals from −18 to −40 ppm were mainly due to extra-framework aluminophosphate and highly
condensed polyphosphate complexes. Another signal appearing at −46 ppm could be assigned to
intermediate P4O10 groups [32,41]. As can be seen in Figure 6B, the signals at 0 and −12 ppm increased
slightly with the increase in P content, whereas the peaks from−18 to−40 ppm decreased evidently. This
indicated that the phosphorus content had a remarkable effect on the existent state of the phosphorus
species, which may have an influence on the catalytic performance.

2.2. Influence of Phosphorus on the Catalytic Performance

The effect of phosphorus on the catalytic performance was illustrated in Figure 7 and Table 3.
The introduction of phosphorus exhibited a significant impact on the catalytic stability, methanol
conversion, and product selectivity. Compared with the unmodified HZSM-5, a small amount of
phosphorus (≤1 wt.%) could enhance the catalyst stability at a certain degree. Further increasing the P
content, the catalyst stability and methanol conversion both decreased evidently. Equilibrium mixtures
of xylene isomers generally contain only 23%–24% PX. As can be seen in Figure 7B, the PX selectivity
in xylene was 23.8% on unmodified HZSM-5 zeolite. The introduction of phosphorus to HZSM-5
zeolite appreciably increased the selectivity for PX in xylene in the MTA reaction. The selectivity of PX
in xylene increased with the increase in P content and it reached nearly to 90% when P content was
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5 wt.%. Meanwhile, the selectivity for xylene in aromatics was enhanced with increasing the P content.
The further detailed results were listed in Table 3. The modified catalysts also greatly improved the
selectivity of light olefins (C2

=~C5
=) and decreased the generation of aromatics and alkanes (C1

−~C4
−).
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Figure 7. Methanol conversion with the time on stream (TOS) (A) and product selectivity at a TOS
of 12.5 h (B) over parent and P-modified HZSM-5 zeolites: (a) HZSM-5, (b) 0.5% P/HZSM-5, (c) 1%
P/HZSM-5, (d) 2% P/HZSM-5, (e) 3% P/HZSM-5 and (f) 5% P/HZSM-5.

Table 3. Products distribution of the methanol to aromatics (MTA) reaction over different catalysts.

Catalysts Conv.MeOH

Production Selectivity (wt.%)
Xylene in
Aromatics

PX
in X

Yield
of PX b

C1
−~C4

− C2
=~C5

= C5+ non-
Aromatics

Aromatics Others a - - -

HZSM-5 99.8 37.91 7.96 18.78 33.26 2.09 43.14 23.83 3.41
0.5%

P/HZSM-5 99.6 34.20 8.29 24.43 31.14 1.94 43.30 28.70 3.86

1% P/HZSM-5 99.2 26.24 14.70 29.64 29.22 0.20 45.33 46.02 6.05
2% P/HZSM-5 83.6 16.59 42.74 16.33 23.05 1.29 49.12 76.14 7.21
3% P/HZSM-5 75.1 11.96 49.75 16.65 20.57 1.07 56.44 86.12 7.51
5% P/HZSM-5 68.4 10.73 62.42 9.86 15.42 1.57 60.16 89.05 5.65

a Others, H2 and COX; b the yield of PX is calculated through methanol conversion × aromatics selectivity × xylene
selectivity in aromatics × PX selectivity in X; Conv.MeOH, methanol conversion. The data were obtained at 12.5 h.

Generally, in the MTA reaction, methanol is dehydrated to form dimethyl ether with the action of
protons, which can be converted to light olefins by further dehydration and methylation. The light
olefins are further developed into C5+ non-aromatic hydrocarbons by polymerization and cyclization.
Then the aromatics and alkanes are generated by hydrogen transfer and dehydro–cyclization reactions
under the action of Brönsted acid sites [14,42]. The results of acidity measurement showed that the
amount of the Brönsted acid sites decreased obviously after the doping of P, which was consist with
the changes in the selectivity of aromatics and alkanes. In addition, because phosphorus can enter the
channels of catalyst and cover the strong acid sites of the inner surface, the amount and strength of
strong acid sites decreased significantly with P doping, resulting in the poor methanol conversion [43].

The spent catalysts were studied using thermogravimetric analysis. The weight loss of the
samples on the range of 300–750 ◦C revealed the decomposition of coke deposition [9]. As shown in
Figure 8, the amounts of coke deposition in the used P/HZSM-5 catalysts decreased to a certain extent.
Especially, increasing P content to more than 1% resulted in an obvious decrease in coke amounts.
As can be seen from the catalytic performance (Figure 7 and Table 3), when P content was above 1%,
the catalyst stability and methanol conversion both decreased evidently, whereas the selectivity of PX
in X improved greatly. The phenomenon may be due to the fact that high level loadings of P blocked
more pore volume and external surface area, which reduced the resistance of coke deposition of the
catalyst. The narrowed pore size lead by the introduction of P limited the diffusion of products and
made the micropore entrance block quickly, resulting in a fast coke deposition rate and deactivation of
the catalyst.
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Figure 8. Thermogravimetric analysis (TG) curves of the spent HZSM-5 and P/HZSM-5 catalysts.

Meanwhile, the introduction of P reduced external surface area and narrowed the pore size,
leading to an increase in the selectivity of xylene and PX. It is reported that the narrowing of the
pore openings and the poisoning of external acid sites can enhance the PX selectivity in X isomers in
MTA reaction [2]. Firstly, the narrowed pore size made the generation of PX easier than that of other
X isomers and C9+ aromatics, and the small amount of other X isomers and C9+ aromatics formed
was also difficult to diffuse out the zeolite channel. Moreover, the isomerization reaction of PX was
inhibited after PX diffusing to the external surface which was poisoned by P species [42]. Therefore,
the P/HZSM-5 was highly shape-selective for PX in the MTA reaction. However, the PX yield did not
increase significantly as expected because of the decrease in the selectivity of aromatics and methanol
conversion. The previous work found that the introduction of Zn species could generate the Zn-Lewis
acid sites, which was beneficial to the formation of aromatics through the dehydration and cyclization
reactions of light olefins [14]. Therefore, it is suggested that the catalyst with a high aromatics selectivity
and high PX selectivity could be obtained by loading Zn over 5% P/HZSM-5.

3. Materials and Methods

3.1. Catalyst Preparation

To obtain the sample with uniform crystal size, ZSM-5 zeolite was synthesized by seed-induction
synthesis. The silicalite-1 seed was synthesized by modifying the procedures reported in reference [44].
The obtained colloidal silicalite-1 was directly used as a seed to prepare ZSM-5 zeolites. ZSM-5 samples
were synthesized with the molar composition: SiO2:0.011Al2O3:0.02Na2O:0.15TPAOH:30H2O prepared
from silica sol (30 wt.% SiO2), sodium aluminate (NaAlO2, Al2O3 ≥ 41 wt.%), tetrapropylammonium
hydroxide (TPAOH, 48.67 wt.% in aqueous solution). The synthesis mixture was conducted at 170 ◦C
in a teflon-lined, stainless-steel autoclave under rotation (20 r/min). The obtained samples were
recovered by centrifugation and repeatedly re-suspended in distilled water to remove physically
attached templates. The recovered samples were dried at 100 ◦C overnight and calcined at 560 ◦C for
10 h in air, repeatedly ion-exchanging Na+ with aqueous NH4NO3 solution (1 M, m(liquid)/m(solid) =
40) at 80 ◦C for 6 h, and subsequently calcined at 560 ◦C for 6 h.

Incipient wetness impregnation was used to incorporate Phosphorous species into HZSM-5 and
the different phosphorous content was obtained by changing the concentration of H3PO4 solution,
then dried at 100 ◦C overnight and calcined at 560 ◦C for 6 h under ambient condition.
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3.2. Catalyst Characterization

X-ray powder diffraction (XRD) patterns were collected on a Rigaku MiniFlex II desktop X-ray
diffractometer (Rigaku, Tokyo, Japan) with monochromated Cu Kα radiation (30 kV and 15 mA).
By assuming that the zeolite sample had the largest peak area in the range of 2θ from 22◦ to 25◦ (here,
it was the parent HZSM-5), as a reference had a crystallinity of 100%, the relative crystallinity of the
P/HZSM-5 catalyst was then estimated by comparing its total peak area in this 2θ range with that of
the parent HZSM-5.

Nitrogen adsorption/desorption isotherms were measured at –196 ◦C on a BELSORP-max
gas adsorption analyzer (MicrotracBEL, Osaka, Japan). The adsorption isotherms of p-xylene
and m-xylene on the zeolites were measured at 25 ◦C on the BELSORP-max instrument. The
measurement process and result analysis were similar to those described in our previous work [14].
Similarly, temperature-programmed desorption of NH3 (AutoChem II 2920 chemisorption analyzer,
Micromeritics, Atlanta, GA, USA) (NH3-TPD, to obtain the amount and strength of acid sites), and
infrared spectra for pyridine adsorption (Tensor 27 FT-IR spectrometer, Bruker, Karlsruhe, Germany)
(Py-IR, to get the acidity of Brönsted and Lewis acidic sites [45]), were performed by following similar
procedures with the same apparatus as reported previously [12,14].

Solid-state NMR investigations were performed on Bruker Avance III 600 spectrometer (Bruker,
Karlsruhe, Germany). 31P MAS NMR was recorded with 85% phosphoric acid as the reference at
161.9 MHz with a pulse length of 3 μs (60◦) and pulse interval of 60 s. 27Al MAS NMR was carried out
with 1.0 M aqueous solution of Al(NO3)3 as the reference at 104.3 MHz, with the pulse of 1.7 μs, and a
pulse interval of 60 s. All the data were acquired at a spinning speed of 8 kHz.

Coke deposition after MTA reactions was performed by TG on a Rigaku Thermo plus Evo TG
8120 instrument (Rigaku, Tokyo, Japan). The spent catalysts were combusted from room temperature
to 800 ◦C with a heating rate of 10 ◦C min−1 in air.

3.3. Catalyst Evaluation

The MTA reaction was performed in a fixed-bed micro reactor (Pengxiang, Tianjin, China). The
reaction was carried out with methanol WHSV of 3.2 h−1 at 390 ◦C and 0.5 MPa. The zeolite catalysts
were crushed and sieved to 20–40 mesh and pretreated at reaction temperature for 8 h in a nitrogen flow.
The gas and liquid products were separated with a cold trap and analyzed by gas chromatographs
(7890A, Agilent, Palo alto, CA, USA). The specific parameters of GC were the same values as described
previously [14].

4. Conclusions

The phosphorous-modified HZSM-5 zeolites were prepared by incipient wetness impregnation.
The effect of phosphorous on the structure of HZSM-5 and its relationship with the catalytic performance
of P/H-ZSM-5 catalysts in MTA was studied. The results indicated that the introduction of P could
reduce micropore volume and external surface area, narrow the pore size and decrease the amount
and strength of strong acid sites. The pore size and acid properties of zeolite were finely modified by
introducing phosphorous, which resulted in the P/HZSM-5 catalyst enhancing the PX selectivity in
X isomers for MTA reaction. The PX selectivity in X and the selectivity for xylene in aromatics both
improved significantly with the increase in P content. However, excessive P (>1%) also resulted in the
decrease in aromatic selectivity and methanol conversion. The PX selectivity (in xylene) could reach
nearly to 90% when P content was 5 wt.%, while the selectivity of xylene in aromatics was enhanced
from 41.3% to 60.2%. Owing to the decrease in the selectivity of aromatics and methanol conversion,
the yield of PX needs to be further improved. It is suggested that the catalyst with a high PX selectivity
in X and high PX yield could be obtained by loading Zn over 5% P/HZSM-5 which can generate the
Zn-Lewis acid sites to enhance the formation of aromatics through the dehydration and cyclization
reactions of light olefins.
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Abstract: The degradation of the pharmaceutical compound diclofenac in an aqueous solution
was studied with an advanced oxidation method, catalytic ozonation. Diclofenac was destroyed
in a few minutes by ozonation but several long-lasting degradation by-products were formed.
For this reason, the combination of heterogeneous catalysts and ozonation was applied to eliminate
them completely. The kinetics of the diclofenac degradation and the formation of by-products
were thoroughly investigated. Loading of Pt on the catalysts resulted in an improvement of the
activity. The Mesoporous Molecular Sieves (MCM) were one of the promising catalysts for the
degradation of organic pollutants. In this study, six heterogeneous catalysts were screened, primarily
MCM-22-100 catalysts with different Pt concentrations loaded via the evaporation-impregnation
(EIM) method, and they were applied on the degradation of diclofenac. It was found that the
presence of Pt improved the degradation of diclofenac and gave lower concentrations of by-products.
The 2 wt % Pt-H-MCM-22-100-EIM demonstrated the highest degradation rate compared to the
proton form, 1% or 5 wt % Pt concentration, i.e., an optimum was found in between. Pt-H-Y-12-IE and
Pt-γ-Al2O3 (UOP)-IMP catalysts were applied and compared with the MCM-22 structure. Upon use
of both of these catalysts, an improvement in the degradation of diclofenac and by-products was
observed, and the 2 wt % Pt-H-MCM-22-100-EIM illustrated the maximum activity. All important
characterization methods were applied to understand the behavior of the catalysts (X-ray powder
diffraction, transmission electron microscopy, nitrogen physisorption, scanning electron microscopy,
energy dispersive X-ray micro-analyses, pyridine adsorption-desorption with FTIR spectroscopy,
X-ray photoelectron spectroscopy). Finally, leaching of Pt and Al were analyzed by inductively
coupled optical emission spectrometry.

Keywords: diclofenac; catalytic ozonation; heterogeneous catalyst; catalyst characterization; advanced
oxidation processes
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1. Introduction

The appearance of pharmaceutical compounds in the aquatic environment, particularly in the
surface waters, has become a global concern because various pharmaceuticals are frequently detected
in wastewaters, surface waters as well as ground waters around the world. In rivers and surface
waters, pharmaceuticals are sometimes observed at very high concentrations, even up to mg per liter
scales [1–3]. This is mainly due to the residuals of veterinary and medical pharmaceuticals discharged
to surface waters from the excreta of human and animals, the sewage effluent of water treatment
processes, as well as hospital and domestic wastewaters [4]. Owing to the typically strong biological
activity of the pharmaceuticals, they are harmful for marine animals, micro-organisms and potentially
human beings as well [5,6]. Most of these compounds are persistent to the treatment applied in
conventional wastewater treatment plants [7].

Diclofenac (2-(2-(2,6-dichlorophenylamino) phenyl) acetic acid), or DCF, is a non-steroidal
anti-inflammatory drug (NSAID). The molecular structure of DCF is displayed in Figure 1. DCF can
be used as oral tablets or as a topical gel for the prescription of osteoarthritis, rheumatoid arthritis,
migraine headache, and menstrual cramps [8,9]. DCF has been identified in numerous freshwaters
worldwide, and more than 100 publications have announced its occurrence in surface waters and
ground waters. This medicine is analyzed in freshwaters at Eco toxicological levels [10]. As an example,
DCF was reported by the Ministry of Health of Malaysia (2010) as one the most generally used domestic
drug, and it was detected in the three largest rivers Lui, Gombak, and Selangor at concentrations of 2.76,
4.84 ng/L, and 4.30 ng/L, respectively [4]. In Pakistan, DCF and five of its transformation by-products
have been detected in the Malir and Lyari River, as well as in surface and effluent waters of Karachi.
The highest measured concentrations of DCF, 4′-hydroxydiclofenac, and 5-hydroxydiclofenac were
85,000 ng/L, 18,000 ng/L, and 3000 ng/L, respectively [11]. The occurrence of DCF has been studied
in waste waters of Colombian rivers too. Concentrations corresponding to 400 ng/L at Bogotá and
256 ng/L at Medellin wastewater influent have been detected. Even after the water treatment plants
(in the effluents), the concentrations were 340 ng/L and 170 ng/L [2]. In Europe, too, the concentrations
of DCF are alarming. For example, in the surface waters of Milan it was detected at up to 100 ng/L [6].
In the investigation of the concentrations of pharmaceuticals along a 32 km expansion of a highly
wastewater contaminated watercourse (rivers and lakes) in Eastern Finland, the DCF load varied from
6000 mg/day to 10,000 mg/day depending on the seasons [12].

 

Figure 1. Structural formula of diclofenac (DCF).

DCF is reported to have potentially adverse effects on aquatic organisms such as that it has an
influence on the kidney and gill integrity in the brown trout a salmonid kind and more over it have
potential of bioaccumulation via food chain [13–15]. Stickleback fish which was exposed to sewage
effluents containing DCF at low concentrations (μg/L) were affected by kidney alterations [16].

Usually, DCF is not entirely degraded via wastewater treatment methods. It is in fact poorly
biodegradable throughout the entire wastewater treatment plants [8,17]. Consequently, it remains in
effluents and pollutes surface and ground waters which are the principal sources of drinking water.
Indeed, frequent detection of DCF in drinking water sources prove this evidence [18,19]. DCF can

76



Catalysts 2020, 10, 322

potentially interact with organic and inorganic contaminants in the environment, especially in the
wastewater treatment processes, for instance with organic pollutants and metals, which may drive to
the production of other harmful pollutants [20].

Various studies have focused on how to decrease the toxicity and improve the degradation
of emerging pharmaceutical pollutants. Advanced oxidation processes (AOPs) are one of the most
promising technologies for the removal of organic macro-pollutants. They could provide practical
technologies to the degradation of non-biodegradable pharmaceuticals in contaminated wastewater
as a replacement to the biological treatment [21–23]. Some methods have been proposed for the
removal of DCF from wastewater using adsorption [24], photocatalytic degradation [25], the use of
microorganisms [26], and sludge treatment [8]. Still, most of the treatments proposed have issues
such as long-term procedure, low effectiveness, adverse environmental impact, high cost, or they
have been proposed without analyzing the by-products at all [24]. A promising AOP method is
ozonation, because ozone has the ability to attack aromatic molecules and unsaturated bonds, and it is
a well-known method for the removal of pharmaceuticals [27,28]. There is, however, a risk concerning
the formation of toxic by-products appearing during ozone treatment [29]. While 99% of DCF can
be removed 99% by ozonation, only 24% of it was mineralized and the toxicity was only slightly
decreased [30]. Combination of heterogeneous catalysis and ozonation improves the removal of organic
micro pollutants by the transformation of ozone into high reactive species or by direct reactions on
the surface of catalysts [31]. Aguinaco et al. investigated the elimination of DCF from the water via
photocatalytic ozonation, where TiO2 was employed as a catalyst. Their study revealed that DCF was
removed after 6 min, and the total amount of organic compounds were removed to 60% after 60 min of
reaction [32]. Loading Pt on supported catalysts increases their activity during the ozonation process
in the elimination of organic pollutants such as Pt-supported alumina in the removal of paracetamol
and Pt-Ce/BEA catalyst in toluene oxidation [33,34].

This work investigates the efficiency of catalytic ozonation on the removal of DCF and the
evolution of by-products. Pt-modified catalysts were synthetized, several types of characterizations
were applied to understand the catalytic behavior. The effect of the Pt loading on the catalysts,
the catalyst concentration and catalyst structures in the transformation of DCF and its degradation
by-products were studied, too.

2. Results and Discussion

2.1. Results Physico-Chemical Characterization of Pt-Modified Catalysts

2.1.1. X-Ray Powder Diffraction (XRD)

X-ray powder diffraction was used to determine the phase purities and structures of
H-MCM-22-100, 1 wt % Pt-MCM-22-100-EIM, 2 wt % Pt-MCM-22-100-EIM, 5 wt % Pt-MCM-22-100-EIM,
Pt-H-Y-12-IE and Pt-γ-Al2O3 (UOP)-IMP catalysts. The measured XRD patterns of the MCM-22-100
samples are shown in Figure 2a. (2θ: 0–40) and 2b. (2θ: 40–100). The reference pattern fitted to the data
is a zeolite structure with the MWW framework [35]. The 2% and 5 wt % Pt samples were phase pure.
The detection limit for the impurities is around 1 vol.% when the reference pattern fits the data well,
like in this case. The 1 wt % Pt sample has a hint of Si phase visible. The sample without Pt has extra
peaks possibly originating from a different type of a framework. Estimating from the relative peak
intensity, amount of the impurity phase was about 10–20 vol.%. The results are collected in Table 1.
The lattice parameters given in the table were obtained from the Rietveld refinements and the crystal
sizes were estimated from the FWHMs of the (102) peaks using the Scherrer equation after correcting
the FWHMs for the instrument resolution. The agreement between the fits and the measured XRD data
is good in the MCM-22-100 sample series. Thus, the phase identification and the lattice parameters can
be reported with a high degree of certainty. The impurities in the H-MCM-22-100 sample could have
two different sources: one is a large unit cell structure visible as peaks at the low angles and the other
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is a small unit cell structure visible as a shoulder in the peak at 26◦ and as a separate peak at 49.5◦.
The latter peaks do not match with Al, Si or Al2O3.

The measured XRD pattern of the Pt-H-Y-12-IE sample is shown in Figure 2c. The reference pattern
fitted to the data is a zeolite structure with the Faujasite (FAU) framework [36]. In addition to the FAU
framework, the Pt-H-Y-12-IE sample shows a Pt phase. A fcc structure was used to fit the Pt phase.
The fit results are collected in Table 1. The lattice parameters given in the table were obtained from
the Rietveld refinements and the crystal sizes were estimated from the FWHMs of the (331) peak for
FAU and of the (111) peak for Pt phase using the Scherrer equation after correcting the FWHMs for the
instrument resolution.

The measured XRD pattern of the Pt-γ-Al2O3 (UOP)-IMP sample is displayed in Figure 2d.
The pattern shows broad smooth features which contain multiple peaks smeared by the Scherrer
broadening into a single large peak. The data were Rietveld refined using a tetragonal unit cell [37].
The fit results are collected in Table 1. The lattice parameters and the crystal sizes given in the table for
the Pt-γ-Al2O3 (UOP)-IMP sample were obtained from the Rietveld refinements.

The majority phase in all the four types of MCM-22 zeolite catalysts were MWW. There were some
impurities present in the catalysts, which were present as SiO2 domains in the synthesized MCM-22
zeolite. The presence of SiO2 phase in the MCM-22 catalysts were attributed to the unreacted source
of silica. It is noteworthy to mention that some of the peaks appearing, which were not identified
as SiO2, Al2O3 can be attributed to the PtO2 oxide phase. The three Pt-modified catalysts 1 wt %
Pt-MCM-22-100-EIM, 2 wt % Pt-MCM-22-100-EIM and 5 wt % Pt-MCM-22-100-EIM, peaks present as
PtO2 should be observed. However, due to small amounts of Pt in 1 wt % Pt-MCM-22-100-EIM and
2 wt % Pt-MCM-22-100-EIM, PtO2 phase was not visible. Further explanation for the absence of the
PtO2 phase could be nano size of PtO2 < 3 nm which are not detected by an X-ray powder diffractometer.

The agreement between the fits and the measured XRD data is reasonable in both Pt-H-Y-12-IE
and Pt-γ-Al2O3(UOP)-IMP samples. Resolving a small fraction of Pt particles from the γ-Al2O3

phase is very challenging because all the Pt peaks, except for a single peak at 80◦, coincide with
the γ -Al2O3 peaks. To detected small amounts of Pt in γ-Al2O3 would need to be compared the
Pt-γ-Al2O3(UOP)-IMP sample measurement to a clean reference sample of γ-Al2O3.

Table 1. The Rietveld refinement results for the H-MCM-22-100, 1 wt % Pt-MCM-22-100-EIM, 2 wt %
Pt-MCM-22-100-EIM, 5 wt % Pt-MCM-22-100-EIM Pt-H-Y-12-IE and Pt-γ-Al2O3 (UOP)-IMP catalysts.

Sample Phase Phase Fraction (wt %) α (A◦) c (A◦) Crystal Size (nm)

H-MCM-22-100 MWW 80–90 14.25 25 29

1 wt % Pt-MCM-22-100-EIM MWW
Si

96.1
3.9

14.27
5.4

25 19

2 wt % Pt-MCM-22-100-EIM MWW >99 14.25 25 20

5 wt % Pt-MCM-22-100-EIM MWW >99 14.23 25 22

Pt-H-Y-12-IE FAU
Pt (fcc)

98.4(3)
1.6(3)

24.341(1)
3.925(1)

- 66
30

Pt-γ-Al2O3 (UOP)-IMP γ-Al2O3 - 5.678(3) 7.866(4) 4.6
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Figure 2. X-ray powder diffraction patterns of H-MCM-22-100, 1 wt % Pt-MCM-22-100-EIM, 2 wt %
Pt-MCM-22-100-EIM, 5 wt % Pt-MCM-22-100-EIM (a,b), Pt-H-Y-12-IE (c) and Pt-γ-Al2O3 (UOP)-IMP
(d) catalysts.

2.1.2. Transmission Electron Microscopy (TEM)

The TEM images of (a) H-MCM-22-100, (b) 1 wt % Pt-MCM-22-100-EIM, (c) 2 wt %
Pt-MCM-22-100-EIM, (d) 5 wt % Pt-MCM-22-100-EIM, (e) Pt-H-Y-12-IE and (f) Pt-γ-Al2O3 (UOP)-IMP
catalysts and Pt particle size distributions are illustrated in histograms displayed in Figure 3. Figure 3a
shows the structure of H-MCM-22-100 by TEM images, the lengths of the channels can be measured
from these images between 1.12–1.63 nm.

The TEM images exhibited the largest Pt particles for the Pt-H-Y-IE catalyst (30.6 nm) and the
second largest Pt particles for 1 wt % Pt-MCM-22-100-EIM (24.9 nm). The smallest average Pt- particles
were obtained for 5 wt % Pt-MCM-22-100-EIM (2.7 nm) catalyst. The explanation for the very small
nanoparticles of Pt in 5 wt % Pt-MCM-22-100-EIM compared to 1 wt % Pt-MCM-22-100-EIM can be
attributed to a very high dispersion of Pt on the H-MCM-22-100 catalyst. Furthermore, high dispersion
of Pt nanoparticles in H-MCM-22-100 can also be attributed to the presence of Pt nanoparticles only
at the size of 5 nm (Figure 3d). Additionally, the description of variations in the average Pt particles
is attributed to the methods of Pt introduction in the support materials H-MCM-22, H-Y and Al2O3

(Table 2). Furthermore, the structures of the supports H-MCM-22, H-Y and Al2O3, surface area,
Brønsted and Lewis acid sites of these catalytic materials can also influence the formation of Pt particles,
size and dispersion.
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Figure 3. Transmission electron microscope (TEM) images and Pt particle size distribution histograms
of (a) H-MCM-22-100, (b) 1 wt % Pt-MCM-22-100-EIM, (c) 2% nwt Pt-MCM-22-100-EIM, (d) 5% nwt
Pt-MCM-22-100-EIM, (e) Pt-H-Y-12-IE, and (f) Pt-γ-Al2O3 (UOP)-IMP.

Table 2. Pt particle size average of 1 wt % Pt-MCM-22-100, 2 wt % Pt-MCM-22-100, 5 wt %
Pt-MCM-22-100-EIM, Pt-H-Y-12-IE and Pt-γ-Al2O3 (UOP)-IMP catalysts.

Entry Catalyst Average Pt Particle Size Distribution (nm)

1 1 wt % Pt-MCM-22-100-EIM 24.9
2 2 wt % Pt-MCM-22-100-EIM 8.1
3 5 wt % Pt-MCM-22-100-EIM 2.7
4 Pt-H-Y-12-IE 30.6
5 Pt-γ-Al2O3 (UOP)-IMP 9.5

2.1.3. Nitrogen Physisorption

The catalysts were characterized by nitrogen physisorption for the measurement of the specific
surface areas and the specific pore volumes. The surface areas were calculated the aid of the
Brunauer-Emmett-Teller (BET) theory. The results from nitrogen physisorption analysis are presented
in Table 3.

Table 3. Specific surface area and pore volume of the catalysts used in the ozonation experiments.

Entry Catalyst
Specific Surface Area (m2/g) Specific Pore Volume (cm3/g)

Fresh Spent Fresh Spent

1 H-MCM-22-100 538 431 0.191 0.153
2 1 wt % Pt-MCM-22-100-EIM 708 493 0.251 0.175
3 2 wt % Pt-MCM-22-100-EIM 631 464 0.224 0.165
4 5 wt % Pt-MCM-22-100-EIM 652 468 0.231 0.166
5 Pt-H-Y-12-IE 835 767 0.296 0.275
6 Pt-γ-Al2O3 (UOP)-IMP 238 189 0.767 0.493
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The highest specific surface areas and pore volumes were obtained for the Pt-H-Y-12-IE catalyst
(835 m2/g). For the spent Pt-H-Y-12-IE catalyst a decrease of the surface area and pore volume was
observed. This decrease in the surface area and pore volume is attributed to the coke formation in the
pores of the Pt-H-Y-IE zeolite catalyst. All the spent catalysts studied in the reaction showed a decrease
in the surface area and the pore volume. However, the extent to which the decrease in surface area and
pore volume took place, was dependent on the structure of zeolite, i.e., H-MCM-22, H-Y and Al2O3.
The Pt-γ-Al2O3 (UOP)-IMP spent catalyst showed the highest decrease in the surface area, followed
by H-MCM-22 spent zeolite catalyst according to Table 3. The Pt-modified H-MCM-22 and H-Y-12
zeolite catalysts exhibited lower surface areas than the Pt-modified H-MCM-22, H-Y-12 fresh catalysts.
The reason for such a decrease in the surface area for Pt-γ-Al2O3 (UOP)-EIM (189 m2/g) is probably
due to the coke formation in the pores of the catalysts. The Pt-modified MCM-22-100-EIM catalysts
exhibited a smaller decrease in the surface area (Table 3) for the spent catalysts. A plausible explanation
for the lower decrease in the surface area for 1 wt % Pt-, 2 wt % Pt-, 5 wt % Pt-H-MCM-22-100-EIM
can be attributed to the presence of Pt- in the MCM-22 zeolite catalysts, which has a coke inhibiting
property. Similarly, decrease in the surface area for the Pt-H-Y-IE catalyst (767 m2/g) spent catalyst was
much lower than the fresh Pt-H-Y-IE (835 m2/g) catalyst.

2.1.4. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Microanalyses

Scanning electron microscopy (SEM) was applied for the measurement of the crystal size, shape
and distributions of the synthesized catalytic materials. Furthermore, the crystal size distributions
for the H-MCM-22, Pt-modified H-MCM-22-100-EIM, H-Y-IE and γ-Al2O3 (UOP)-IMP catalysts were
measured as (100–800 nm) and (300–800 nm), respectively (Figure 4). The differences in the crystal
size distributions for Pt-modified H-MCM-22-100-EIM and Pt-modified H-Y-IE are attributed to the
variations in the shapes and structures of the studied H-MCM-22 (MWW) and H-Y (FAU) zeolites. It is
noteworthy to mention that modifications of pristine H-MCM-22 and H-Y zeolite catalysts with Pt- did
not influence the parent structures (Figure 4). The largest average crystal size (396 nm) was measured for
5 wt % Pt-H-MCM-22-100-EIM catalyst among the 1 wt % Pt-, 2 wt % Pt-, 5 wt % Pt- catalysts. The second
largest crystals were measured for H-MCM-22 (386 nm) catalyst. The Pt-H-Y-IE zeolite catalyst exhibited
the average crystal size (493 nm). The crystal size distribution of the (a) H-MCM-22-100, (b) 1 wt %
Pt-MCM-22-100-EIM, (c) 2 wt % Pt-MCM-22-100-EIM, (d) 5 wt % Pt-MCM-22-100-EIM, (e) Pt-H-Y-12-IE
and (f) Pt-γ-Al2O3 (UOP)-IMP catalysts are presented in Figure 4a–f.
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Figure 4. SEM images and crystal size distribution histograms of (a) H-MCM-22-100, (b) 1 wt %
Pt-MCM-22-100-EIM, (c) 2 wt % Pt-MCM-22-100-EIM, (d) 5 wt % Pt-MCM-22-100-EIM, (e) Pt-H-Y-12-IE
and (f) Pt-γ-Al2O3 (UOP)-IMP catalysts.

The amounts of Pt (wt %) in the Pt-modified H-MCM-22-100-EIM, H-Y-12 and γ-Al2O3 catalysts
were determined using energy dispersive X-ray micro-analysis. The smallest amount of Pt (0.63 wt %)
(Table 4) was measured for 1 wt % Pt-H-MCM-22-100-EIM catalyst and the largest amount of
Pt (7.13 wt %) was measured for Pt-γ-Al2O3 catalyst. The differences in the loadings of Pt in
H-MCM-22-100, H-Y-12 and γ -Al2O3 catalysts were attributed to the methods of the catalyst synthesis,
the support structure and the SiO2/Al2O3 ratio of the zeolites.

Table 4. Average crystal size and Pt concentration of H-MCM-22-100, 1 wt % Pt-MCM-22-100, 2 wt %
Pt-MCM-22-100, 5 wt % Pt-MCM-22-100-EIM, Pt-H-Y-12-IE and Pt-γ-Al2O3 (UOP)-IMP catalysts.

Entry Catalyst Average Crystal Size (nm) Pt Concentration (wt %)

1 H-MCM-22-100 386.20 -
2 1 wt % Pt-MCM-22-100-EIM 169.67 0.63
3 2 wt % Pt-MCM-22-100-EIM 193.51 1.60
4 5 wt % Pt-MCM-22-100-EIM 396.79 6.81
5 Pt-H-Y-12-IE 493.96 3.65
6 Pt-γ-Al2O3 (UOP)-IMP 116.16 7.13

2.1.5. Measurements of the Brønsted and Lewis Acid Sites by FTIR Spectroscopy Using Pyridine as a
Probe Molecule

The amount of Brønsted and Lewis acid sites of the pristine H-MCM-22-100 and Pt-modified
H-MCM-22-100-EIM, H-Y-12-IE and γ-Al2O3 catalysts were determined by FTIR spectroscopy using
pyridine adsorption/desorption. Pyridine was desorbed at 250, 350, and 450 ◦C, and these temperatures
indicate the presence of weak, medium and strong acid sites (Table 5).

The largest amount of Brønsted acid sites was obtained for Pt-H-Y-12-IE (145 μmol/g), the zeolite
catalyst with lowest SiO2/Al2O3 ratio 12, the second largest amount of Brønsted acid site was obtained
for the 1 wt % Pt-MCM-22-100-EIM catalyst (111 μmol/g), the lower amount of Brønsted acid cites is
attributed to the high SiO2/Al2O3 ratio 100. It is noteworthy to mention that the H-MCM-22 zeolite
catalyst exhibited a much lower amount of Brønsted acid sites (33 μmol/g). The Pt-modified H-MCM-22
i.e., 1 wt % Pt-MCM-22-100-EIM, 2 wt % Pt-MCM-22-100-EIM and 5 wt % Pt-MCM-22-100-EIM
catalysts, exhibited an increase of the Brønsted acid sites, the enhancement is attributed to the presence
of Pt in the structure of MCM-22. The Pt-γ-Al2O3 (UOP)-IMP catalyst exhibited the lowest amount of
Brønsted acid sites, which is attributed to the lower amount of acid sites in γ-Al2O3.
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Table 5. Brønsted and Lewis acidities of proton and Pt modified zeolites.

Catalysts Brønsted Acidity (μmol/g) Lewis Acidity (μmol/g)
250 ◦C 350 ◦C 450 ◦C 250 ◦C 350 ◦C 450 ◦C

H-MCM-22-100 33 67 20 13 1 0
1 wt % Pt-MCM-22-100-EIM 111 4 0 3 0 0
2 wt % Pt-MCM-22-100-EIM 86 3 0 5 0 0
5 wt % Pt-MCM-22-100-EIM 62 0 2 10 1 1

Pt-H-Y-12-IE 145 6 0 11 3 0
Pt-γ-Al2O3 (UOP)-IMP 6 3 1 12 39 2

2.1.6. Characterization of the Oxidation States of Pt in Pt-Modified H-MCM-22-100-EIM,
Pt-H-Y-12-EIM and Pt-γ-Al2O3-EIM Catalysts by X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to analyze the oxidation states of Pt (PtO,
PtO2 and Pt0) catalysts in 1 wt % Pt-H-MCM-22-100-EIM, 2 wt % Pt-H-MCM-22-100-EIM, 5 wt %
Pt-H-MCM-22-100-EIM, Pt-H-Y-12-EIM and Pt-γ-Al2O3 (UOP)-EIM catalysts. The presence of PtO,
PtO2 and Pt0 were observed in all the above-mentioned Pt-modified catalysts (Figure 5). The binding
energies (eV) of the Pt0 – 71 (eV), PtO – 72 (eV), PtO2 – 74 (eV) were measured for all the studied
Pt-modified catalysts. It was inferred from these binding energies that the surface of Pt modified catalytic
materials consisted of oxidation states of Pt0, PtO and PtO2, respectively. Similar binding energies for
Pt0, PtO, PtO2 have been previously reported by J. Z. Shyu et al. [38] and R. Bouwman et al. [39].
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Figure 5. XPS spectra of (a) H-MCM-22-100, (b) 1 wt % Pt-MCM-22-100, (c) 2 wt % Pt-MCM-22-100,
(d) 5 wt % Pt-MCM-22-100, (e) Pt-H-Y-12-IE and (f) Pt-γ-Al2O3 (UOP)-IMP catalysts.

2.2. Non-Catalytic and Catalytic Ozonation of Diclofenac

2.2.1. Influence of Pt Modified Catalysts in Degradation of Diclofenac

The degradation of DCF was investigated by non-catalytic as well as catalytic experiments using
ozone as the oxidant. Initially, the catalysts H-MCM-22-100 with different Pt-modified concentrations
were used (Figure 6). The kinetic experiments revealed that the degradation rate of DCF was
higher in the presence of heterogeneous catalysts compared to non-catalytic experiments. The 2 wt %
Pt-MCM-22-100-EIM showed the highest decomposition rate, 95% of DCF had transformed at
4 min, whereas there was still 65% of DCF was left when no catalyst was used. Moreover,
the 2 wt % Pt-MCM-22-100-EIM demonstrated a higher degradation efficiency compared to 5 wt %
Pt-MCM-22-100-EIM. The excessive loading of metals on the support could decrease the amount of
active sites, thus weakening the interaction among the metal and the support [40].
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Figure 6. DCF degradation by ozonation and H-MCM-22-100, 1 wt % Pt-MCM-22-100-EIM, 2 wt %
Pt-MCM-22-100-EIM and 5 wt % Pt-MCM-22-100-EIM catalysts. CDCF = 30 mg/L, gas flow rate
= 110 mL/min, T = 20 ◦C, stirring speed = 900 rpm, CO3, g = 21 mg/L, C catalysts = 0.5 g/L.

In addition, ozonation of DCF was investigated with 0, 0.25, 0.50 and 1.00 g of 2 wt %
Pt-MCM-22-100-EIM catalyst. The results reveal that using 0.25 g of 2 wt % Pt-MCM-22-100-EIM
catalyst increased the degradation rate compared to non-catalytic experiments. Moreover, 0.5 g and 1 g
of 2 wt % Pt-MCM-22-100-EIM catalyst showed a maximum degradation rate of DCF. After 4 min of
ozonation, 65% of DCF was still left in case of non-catalytic experiments whereas in case of catalytic
reactions, 35% remained when 0.25 g catalyst was added, 8.3% when 0.5 g was added and 13% when
1 g of 2 wt % Pt-MCM-22-100-EIM catalyst was added (Figure 7a). Moreover, the normalized figure
(Figure 7b) of these three amounts of catalyst illustrates an overlap of the kinetic curves revealing that
the degradation rate is not dependent on the catalyst amount, which suggests the absence of gas-liquid
mass transfer limitations.
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Figure 7. (a) DCF degradation by ozonation without, and with 0.25, 0.50 and 1.00 g of 2 wt %
Pt-MCM-22–100 catalyst, (b) Normalized. CDCF = 30 mg/L, gas flow rate = 110 mL/min, T = 20 ◦C,
stirring speed = 900 rpm, CO3, g = 21 mg/L.

A comprehensive study on the ozonation of DCF using different Pt-modified catalyst structures
was conducted to evaluate its effect on the degradation of DCF. Two catalysts, Pt-H-Y-IE and Pt-γ-Al2O3

(UOP)-IMP were used and compared with the 2 wt % Pt-MCM-22-100-EIM. Figure 8 reveals that the
transformation of DCF was relatively similar for these three catalysts.
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Figure 8. DCF degradation by ozonation and 2 wt % Pt-MCM-22-100-EIM, Pt-γ-Al2O3 (UOP)-IMP
and Pt-H-Y-12-IE catalysts. CDCF = 30 mg/L, gas flow rate = 110 mL/min, T = 20 ◦C, stirring speed
= 900 rpm, CO3, g = 21 mg/L, C catalysts = 0.5 g/L.

2.2.2. Quantification of Ozonation Transformation-Products

According to the literature, the advanced oxidation process of DCF leads to the formation of one
or more hydroxylated products [30,41]. Two of the hydroxylated products (4’-OH-DCF and 5-OH-DCF)
were purchased (Figure 9) and an MRM method was developed to quantify them in order to investigate
the effect of heterogeneous catalysis on the formation and transformation of hydroxylated DCF products.
The transition used to quantify both 4’-OH-DCF and 5-OH-DCF was the same (m/z 310 -> 266), but the
isomers were distinguished by their different retention times. The qualitative transitions were different
for the isomers. The presence of the hydroxylated internal standard of the 4’-OH-DCF isomer further
helped with distinguishing between the isomers. Chen et al. investigated the mineralization of DCF
by ozonation combined with Fe-MCM-41 and Fe-MCM-48 catalysts. Their studies illustrated that
mineralization of DCF using these catalysts is higher compared to non-catalytic ozonation [42,43].
For this reason, the MCM-structured catalyst was applied in our experiments to study the degradation
of by-products and the performance of the MCM catalyst was compared by other structures.

 

Figure 9. DCF and its major hydroxylation products.

2.2.3. 5-Hydroxy Diclofenac

Figure 10 illustrates the growth of one of the by-products, 5-OH-DCF, which emerges during the
ozonation of DCF. In these experiments, using a heterogeneous catalyst resulted in a lower concentration
of 5-OH-DCF compared to non-catalytic experiments. The lowest concentration of 5-OH-DCF was
observed for the 2 wt % Pt-MCM-22-100-EIM catalyst. The presence of the heterogeneous catalysts
affects the formation of 5-OH-DCF. When only the H-MCM-22-100 catalyst was used, the concentration
of 5-OH-DCF increased more rapidly than in the metal-catalyzed experiments. The presence of
Pt-modified catalyst resulted in a decrease of the maximum concentration of 5-OH-DCF.
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Figure 10. 5-OH-DCF concentration during the decomposition of DCF by catalytic and non-catalytic
ozonation. CDCF = 30 mg/L, gas flow rate = 110 mL/min, T = 20 ◦C, stirring speed = 900 rpm,
CO3, g = 21 mg/L, C catalysts = 0.5 g/L.

Three different catalyst amounts 0.25, 0.5, 1 g of 2 wt % Pt-MCM-22-100-EIM were studied
(Figure 11). The formation of 5-OH-DCF decreased when the higher amount of catalyst was employed.
As 1 g of catalyst was used, 5-OH-DCF could not be detected at all, which implies that the catalyst
inhibits the formation of 5-OH-DCF.
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Figure 11. 5-OH-DCF concentration during the ozonation of DCF using different amount of 2 wt %
Pt-MCM-22-100-EIM catalyst (0.25, 0.50 and 1.00 g/L). CDCF = 30 mg/L, gas flow rate = 110 mL/min,
T= 20 ◦C, stirring speed = 900 rpm, CO3, g = 21 mg/L.

The transformation of 5-OH-DCF with three different catalyst structures in the ozonation process
of DCF are illustrated in Figure 12. The decrease of 5-OH-DCF was strongly influenced by different
kinds of Pt modified catalysts, especially with 2 wt % Pt-MCM-22-100-EIM and the use of this catalyst
resulted in the lowest amount of 5-OH-DCF. Moreover, the concentration of 5-OH-DCF started to
decline after 4 min in the presence of the Pt-H-Y-12-IE catalyst.
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Figure 12. 5-OH-DCF concentration during the decomposition of DCF by catalytic and non-catalytic
ozonation. CDCF = 30 mg/L, gas flow rate = 110 mL/min, T = 20 ◦C, stirring speed = 900 rpm,
CO3, g = 21 mg/L, C catalysts = 0.5 g/L.

2.2.4. 4’-Hydroxy Diclofenac

The other main by-product formed was 4’-OH-DCF (Figure 9). During non-catalytic experiments,
the concentration of 4’-OH-DCF increased to a maximum in 4 minutes but remained stable until
the end of the experiment (Figure 13). As MCM-22-100 was used, the maximum concentration of
4’-OH-DCF was lower than in the non-catalytic experiment, and the concentration of 4’-OH-DCF
started to decrease towards the end of the experiment. The lowest final concentration was observed as
2 wt % Pt-MCM-22-100 was used.
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Figure 13. 4´OH-DCF concentration during the decomposition of DCF by catalytic and non-catalytic
ozonation. CDCF = 30 mg/L, gas flow rate = 110 mL/min, T = 20 ◦C, stirring speed = 900 rpm,
CO3, g = 21 mg/L, C catalysts = 0.5 g/L.

As mentioned before, three different catalyst amounts (0.25, 0.5, 1 g) of 2 wt % Pt-MCM-22-100-EIM
were studied in DCF elimination (Figure 14). The maximum concentration of 4’-OH-DCF which
was formed decreased as the amount of catalyst increased. The concentration of 4’-OH-DCF after
10 min of ozonation was 0.06 mg/L only when 1 g of 2 wt % Pt-MCM-22-100-EIM was used, compared
to 2.63 mg/L when no catalyst was present. This implies that the catalyst inhibits the formation of
4’-OH-DCF and/or enhances the transformation of it to the low molecular by-products.
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Figure 14. 4’OH-DCF concentration during the ozonation of DCF using different amount of 2 wt %
Pt-MCM-22-100 catalyst (0.25, 0.50 and 1.00 g). CDCF = 30 mg/L, gas flow rate = 110 mL/min, T = 20 ◦C,
stirring speed = 900 rpm, CO3, g = 21 mg/L.

The effects of the different structures of Pt-modified catalysts combined with the ozonation on
the transformation of 4’-OH-DCF are displayed in Figure 15. The amount of 4’-OH-DCF increased to
around 1 mg/L at 2 min; later it declined to zero at 10 min in catalytic ozonation. All these three catalysts
turned to be efficient upon transformation of 4’-OH-DCF compared to the non-catalytic process.
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Figure 15. 4’OH-DCF concentration during the decomposition of DCF by catalytic and non-catalytic
ozonation. CDCF = 30 mg/L, gas flow rate = 110 mL/min, T = 20 ◦C, stirring speed = 900 rpm,
CO3, g = 21 mg/L, C catalysts = 0.5 g/L.

The mechanisms that could enhance the degradation of DCF and by-products in the presence
of heterogeneous catalysts were as follows: the first pathway is the ozone adsorption on the catalyst
surface, following the generation of more active radical species which react with DCF and by-products;
the second pathway is that the DCF and/or by-products adsorb on the catalyst surface resulting in a
reaction by dissolved ozone; and the third pathway is that the ozone, DCF and its by-products adsorb
on the catalyst surface and react by direct or indirect reaction on the surface [44].

2.2.5. Leaching of Pt and Al in the Reaction Media During the Catalytic Ozonation of Diclofenac

The Al and Pt concentrations were analyzed from the end samples of the catalytic ozonation of
DCF (Figure 16). The results from this experiments revealed that 2 wt % Pt-MCM-22-100-EIM and
5 wt % Pt-MCM-22-100-EIM catalysts have the highest leaching of Pt about 15 to 18%, also MCM-22-100
catalysts showed a small amount of Al leaching nearby 5%. Moreover, the Pt-γ-Al2O3-IMP and
Pt-H-Y-12-IE catalysts exhibited a small amount of Pt and Al less than 5% in these experiments.
Plausible explanations for the Pt and Al leaching during the catalytic ozonation of diclofenac can be
attributed to the contents of Pt in the Pt-H-MCM-22-100-EIM, Pt-H-Y-12-EIM and Pt-γ-Al2O3 catalysts.
Furthermore, the extent of leaching of Pt can be also attributed to the structure and acidic properties of

92



Catalysts 2020, 10, 322

H-MCM-22-100, H-Y-12 and Al2O3. In general, the leaching of the metals during ozonation for the
applied catalysts was quite low.
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Figure 16. Leaching of aluminum and Platinum (%) in the catalytic ozonation of DCF at 20 ◦C.

3. Materials and Methods

3.1. Chemicals

DCF (2-[(2,6-dichlorophenyl)amino]- phenylacetic acid, C14H11Cl2NO2, MW: 296.148 g/mol, CAS
number: 15307-86-5, >98% purity) was purchased from Sigma-Aldrich, St. Louis, MO, USA).
The water used in the LC-MS analysis was purified using a Millipore Simplicity 185 system
(Millipore S.A.S., Molsheim, France). The acetonitrile used in the LC-MS analysis was of LC-MS
grade obtained from Fischer scientificTM. Finland, ammonium formate was obtained from Fischer
Scientific. Ozone was produced in situ using Nano ozonator. The catalysts used were synthesized by
the methods described below.

3.2. Preparation of Pt-Modified H-MCM-22-100, H-Y-12 and γ-Al2O3 Catalysts

Six different heterogeneous catalysts H-MCM-22-100, 1 wt % Pt-MCM-22-100-EIM, 2 wt %
Pt-MCM-22-100-EIM, 5 wt % Pt-MCM-22-100-EIM, Pt-H-Y-12-IE and Pt-γ-Al2O3 (UOP)-IMP were
synthesized. The Na-MCM-22-100 was synthesized in the laboratory [45]. The Pt-MCM-22-100 modified
catalysts were prepared by the evaporation impregnation (EIM) method. The modification of the
MCM-22-100 and Pt(NO3)2 solution was carried out in a rotator evaporator at 60 ◦C for 24 h. After the
modification, the Pt-MCM-22-100 catalysts were dried at 100 ◦C in oven and calcined at 450 ◦C for
240 min in muffle oven [46]. In addition, the Pt-γ-Al2O3 (UOP)-IMP likewise was prepared by EIM
method. Pt-H-Y-12-IE was prepared by solution ion exchange (IE) method, which was carried out
in a beaker using an aqueous solution of Pt(NO3)2 and H-Y-12 for 24h. The catalyst was filtered and
washed with two liters of distilled water and the Pt-H-Y-12-IE catalyst was dried in an oven at 100 ◦C.
Later, the Pt-H-Y-12-IE catalyst was calcined at 450 ◦C in a muffle oven for 4.5 h.

3.3. Catalytic Physico-Chemical Characterizations

The crystallinity and structural properties of the catalysts were characterized using a powder X-ray
diffraction (XRD) with PANalytical Empyrean diffractometer in Bragg-Brentano mode. The incident
X-ray beam was collimated with parallel beam optics consisting of a 1/2 divergence slit, a 10 mm mask,
a 0.04 rad Soller, a Göbel mirror and 1 antiscatter slit. On the diffracted side, a 7.5 mm antiscatter slit,
a 0.04 rad Soller and a PIXcel3D detector array by 255 × 255 pixels were applied. The Göbel mirror
monochromatizes the beam into Cu-Kα1 and Cu-Kα2 lines giving an average wavelength of λ = 1.542 Å.
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The powder samples were determined on a siliceous zero background sample holder from 5◦ to 100◦
including a step size of 0.026 and counting for 120 s per step. The XRD data was fitted via the Rietveld
refinement using the MAUD software [47]. The Pt particle size distributions and structural properties
were measured from images obtained with JEM-1400 Plus transmission electron microscope (TEM,
model JEM 1400 plus: Jeol Ltd., Tokyo, Japan) by a voltage of 120 kV. The specific surface area and pore
volume were measured by nitrogen physisorption using the Sorptomatic 1900 apparatus Carlo Erba
Instrument. The fresh catalysts outgassed for 3 h at 150 ◦C while the catalyst in the ozonation process
was outgassed for 3 h at 100 ◦C. The specific surface areas and pore distribution were interpreted by
using the BET: nitrogen physisorption (Carlo Erba Sorptomatic 1900-Fisons Instruments, Milan, Italy)
and Dubinin equations. The morphology and crystal size distribution catalysts were studied by a
scanning electron microscope Zeiss Leo 1530 Gemini equipped by ThermoNORAN vantage X-ray
detector. Energy-dispersive X-ray analysis (EDXA: Zeiss Leo Gemini 1530, oberkochen, Germany) was
carried out with the same instrument to analyze the Pt and Al contents of the catalysts.

The amount of Brønsted and Lewis acid sites in the catalysts were determined by FTIR (ATI Mattson
Infinity series, Madison, U.S.A) using pyridine as a probe molecules. Molar extinction coefficients
from Emeis were used to quantify Brønsted and Lewis acid sites at bands 1545 cm−1 and 1455 cm−1

through pyridine as probe molecule.
X-ray photoelectron spectroscopy (XPS) was used to investigate the oxidation state of Pt. A Kratos

Axis Ultra DLD electron spectrometer with monochromated Al K source was operated at 150 W.
Analyser pass energy of 160 eV for acquiring wide spectra and a pass energy of 20 eV for individual
photoelectron lines were used. The surface potential was stabilized with the spectrometer charge
neutralization system and the binding energy (BE) scale was referenced to the C 1s line of aliphatic
carbon, set at 285.0 eV. Processing of the spectra was accomplished with the Kratos software. The powder
samples were gently hand-pressed into a pellet directly on a sample holder using clean Ni spatula.
Energy dispersive X-ray microanalysis was used to determine the chemical compositions of fresh
catalytic materials.

The content of metals in the spent catalysts after catalytic ozonation process was determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES: PerkinElmer precisely. Selton,
USA), using an Optima 5300 DV Perkin Elmer instrument to investigate the potential leaching of Pt
and Al.

3.4. Kinetic Experiments

Ozonation experiments were conducted in the presence and absence of heterogeneous catalysts in
a double jacket glass reactor having a 1000 mL capacity. The reactor vessel was covered by aluminum
foil to prevent photo-degradation. The reactor was connected to an ozone generator (Absolute Ozone,
Nano model, Canada), and the gas was continuously dispersed to the liquid by a 7 μm disperser placed
on the bottom of the reactor vessel. The kinetic experiments were operating in two phases (gas-liquid)
when no catalyst was used, or in three phases (gas, liquid and solid) when a catalyst was used. The gas
flow rate in these experiments was 110 mL/min (mixed oxygen 108.5 mL/min and nitrogen 1.5 mL/min)
which produced 21 mg/L of ozone in gas phase (determined by iodine volumetric titration). In the
liquid phase, 0.03 g of DCF was dissolved in 1000 mL of de-ionized water to provide 30 mg/L of DCF
solution. The solid catalyst was, immobilized in a SpinchemTM rotating bed reactor using a 200 μm
mesh that allowed the trapping of the catalyst (150–500 μm catalyst particle sizes) inside the stirrer.
The stirring rate was 900 rpm to provide a high mass transfer rate between the three phases. Due to a
rapid reaction of DCF by ozone, the total reaction time was 10 min and samples were collected at 0, 0.5,
1, 1.5, 2, 3, 4 and 10 min, respectively. The dissolved ozone concentration was 0.44 mg/L, determined
by the indigo method. Because this reaction is so rapid compared to ibuprofen degradation described
in our earlier study (2018) [46] a much smaller gas flow (110 mL/min) was used and therefore dissolved
ozone concentration was only 0.44 mg/L. Even if 30 mg/L of DCF is much higher than ordinarily
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detected in the aquatic environments using a concentration of 30 mg/L enables to identify and classify
the transformed by-products at low concentration level (Figure 17).

Figure 17. Schematic view of the semi-batch reactor system for the ozonation of DCF.

3.5. Quantification of DCF

DCF was quantified by using the LC-UV method. The chromatographic separation was performed
using an Agilent 1100 binary pump equipped with a vacuum degasser, an autosampler, a thermostated
column oven set to 30 ◦C, a variable wavelength detector, and a Waters Atlantis T3 C18 column
2.1 × 100 mm, 3 μm) with a pre-column made from the same material. The eluents were 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B). Initially the composition was kept at 30%
(B) for 2 min, then the composition increased linearly to 95% (B) over 8 min. The eluent composition
was held at 95% (B) for 1 min before being returned to the initial conditions over the next 0.1 min and
given 8.9 min for equilibration. The gas flow rate was 0.3 mL/min and the injection volume was 30 μL.
The detector was set to 254 nm. For quantification, a seven-point calibration curve was prepared in
water by diluting the stock solution. The ozonated samples were injected without sample preparation.

3.6. Quantification of 4’-OH-DCF and 5-OH-DCF

For LC-MS/MS analysis of 4’-OH-DCF and 5-OH-DCF, an Agilent 6460 triple quadrupole mass
spectrometer equipped with an Agilent Jet Spray electrospray ionization (ESI source was used in full
scan and MSn scan modes. Manufacturer: Agilent Technologies, USA) source was used in the multiple
reaction monitoring (MRM) mode. Nitrogen was used as the drying, sheath, nebulizer, and collision
gas. The drying gas and sheath gas were held at 6 and 12 L/min respectively and the gas flow and
sheath gas flow were heated to 180 and 400 ◦C, respectively. The nebulizer pressure was set to 20 psi.
A capillary voltage of 1500 V and a nozzle voltage of 500 V were applied. The cell acceleration voltage
was 3 V. The fragmentor voltage and collision energy were optimized for the compounds individually
using the Mass Hunter Optimizer software (Table 6). The chromatographic separation was performed
using an Agilent 1290 binary pump equipped with a vacuum degasser, an autosampler, a thermostated
column oven set to 30 ◦C, and a Waters xbrigde C18 column (2.1 × 50 mm, 3 μm) with a pre-column
made from the same material. The eluents used were 10 mM ammonium formate in water (A) and
acetonitrile (B). Initially the composition was held at 10% (B) for 0.5 min, the composition increased
linearly to 30% (B) over 2.5 min, followed by a linear increase to 95% (B) over 1 min. The eluent
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composition was held at 95% (B) for 1 min before being returned to the initial conditions over the next
0.1 min and given 1.4 min for equilibration. The flow rate was 0.4 mL/min and the injection volume
was 10 μL. The internal standard method was used for the quantification. The quantification was
performed using a ten-point calibration curve prepared in water. An internal standard (100 ng/mL) was
added to the calibration samples. The ozonated samples were prepared by adding 50 μL of internal
standard solution (1000 ng/mL) to 450 μL of the sample.

Table 6. Mass spectrometric parameters for DCF transformation products.

Compound Precursor Ion Product Ion Fragmentor (V) Collision Energy (V)

5-OH-DCF 310 266 100 4
- 230 100 4
- 166.1 100 24

4’-OH-DCF 310 266 80 4
- 222.1 80 12
- 179.9 80 12
- 35.1 80 20

4’-OH-DCF-d4 314 234 105 0

4. Conclusions

Pt-modified H-MCM-22-100, H-Y-12 and γ-Al2O3 catalysts were synthesized using evaporation
impregnation method. The physico-chemical characterization of the catalytic materials was carried
out using several techniques such as XRD, SEM, EDX, TEM, XPS and N2-physisorption. Pt-modified
H-MCM-22-100, H-Y-12 and Al2O3 catalysts were observed to be active in the degradation of diclofenac.
Furthermore, by-products of diclofenac such as 5-hydroxydiclofenac, 4-hydroxydiclofenac were
removed from the aqueous phase using 1 wt % Pt-H-MCM-22-100-EIM, 2 wt % Pt-H-MCM-22-100-EIM,
5 wt % Pt-H-MCM-22-100-EIM, Pt-γ-Al2O3 (UOP)-IMP and Pt-H-Y-12-EIM and catalysts. The main
selected factors for this work were the concentration of Pt on MCM-22-100 catalyst, concentration of
catalysts in ozonation process and different types of Pt-modified catalysts for degradation of DCF.
The highest degradation rate of DCF, side products 5-hydroxy diclofenac and 4-hydroxydeclofenac was
obtained using 2 wt % Pt-MCM-22-100-EIM catalyst. It was observed that 0.5 g/L and 1 g/L amount
of 2 wt % Pt-MCM-22-100-EIM catalyst gives a similar degradation efficiency of DCF and ozonation
by-products. Moreover, most of applied catalysts were exhibited low decrease in the surface area and
pore volume, which it was expressed that these kinds of catalysts could be used again.
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34. Ziylan-Yavaş, A.; Ince, N.H. Catalytic ozonation of paracetamol using commercial and Pt-supported
nanocomposites of Al2O3: The impact of ultrasound. Ultrason. Sonochem. 2018, 40, 175–182. [CrossRef]
[PubMed]

35. Camblor, M.A.; Corma, A.; Díaz-Cabañas, M.-J.; Baerlocher, C. Synthesis and Structural Characterization of
MWW Type Zeolite ITQ-1, the Pure Silica Analog of MCM-22 and SSZ-25. J. Phys. Chem. B 2002, 102, 44–51.
[CrossRef]

36. Colligan, M.; Forster, P.M.; Cheetham, A.K.; Lee, Y.; Vogt, T.; Hriljac, J.A.; York, N. Synchrotron X-ray powder
diffraction and computational investigation of purely siliceous zeolite Y under pressure. J. Am. Chem. Soc.
2004, 126, 12015–12022. [CrossRef]

37. Paglia, G.; Buckley, C.E.; Rohl, A.L.; Hunter, B.A.; Hart, R.D.; Hanna, J.V.; Byrne, L.T. Tetragonal structure
model for boehmite-derived γ-alumina. Am. Phys. Soc. 2003, 68, 144110. [CrossRef]

38. Shyu, J.Z.; OTTO, K. Identification of platinum phases on γ-alumina by XPS. Appl. Surf. Sci. 1988, 32, 246–252.
[CrossRef]

39. Bouwman, R.; Biloen, P. Valence state and interaction of platinum and germanium on investigated by X-ray
photoelectron spectroscopy. J. Catal. 1977, 48, 209–216. [CrossRef]

40. Chen, C.; Chen, Y.; Yoza, B.A.; Du, Y.; Wang, Y.; Li, Q.X.; Yi, L.; Guo, S.; Wang, Q. Comparison of efficiencies
and mechanisms of catalytic ozonation of recalcitrant petroleum refinery wastewater by Ce, Mg, and Ce-Mg
oxides loaded Al2O3. Catalysts 2017, 7, 72. [CrossRef]

41. Monteagudo, J.M.; El-taliawy, H.; Durán, A.; Caro, G.; Bester, K. Sono-activated persulfate oxidation of
diclofenac: Degradation, kinetics, pathway and contribution of the different radicals involved. J. Hazard.
Mater. 2018, 357, 457–465. [CrossRef]

98



Catalysts 2020, 10, 322

42. Li, X.; Chen, W.; Tang, Y.; Li, L. Relationship between the structure of Fe-MCM-48 and its activity in catalytic
ozonation for diclofenac mineralization. Chemosphere 2018, 206, 615–621. [CrossRef] [PubMed]

43. Chen, W.; Li, X.; Pan, Z.; Ma, S.; Li, L. Effective mineralization of Diclofenac by catalytic ozonation using
Fe-MCM-41 catalyst. Chem. Eng. J. 2016, 304, 594–601. [CrossRef]

44. Gottschalk, C.; Libra, J.A.; Saupe, A. Ozonation of Water and Waste Water; WILEY-VCH: Hoboken, NJ,
USA, 2010.

45. Maduna, K.; Kumar, N.; Murzin, D.Y. Influence of SI/AL ratios on the properties of copper bearing zeolites
with different framework types. Tech. J. 2017, 6168, 96–100.

46. Saeid, S.; Tolvanen, P.; Kumar, N.; Eränen, K.; Peltonen, J.; Peurla, M.; Mikkola, J.P.; Franz, A.; Salmi, T.
Advanced oxidation process for the removal of ibuprofen from aqueous solution: A non-catalytic and
catalytic ozonation study in a semi-batch reactor. Appl. Catal. B Environ. 2018, 230, 77–90. [CrossRef]

47. Lutterotti, L.; Matthies, S.; Wenk, H.R.; Schultz, A.S.; Richardson, J.W. Combined texture and structure
analysis of deformed limestone from time-of-flight neutron diffraction spectra. J. Appl. Phys. 1997, 81, 594–600.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

99





catalysts

Article

Catalytic Properties of Microporous Zeolite Catalysts
in Synthesis of Isosorbide from Sorbitol
by Dehydration

Sangmin Jeong 1, Ki-Joon Jeon 1, Young-Kwon Park 2, Byung-Joo Kim 3, Kyong-Hwan Chung 4

and Sang-Chul Jung 4,*

1 Department of Environmental Engineering, Inha University, 100 Inharo, Nam-gu, Incheon 22212, Korea;
y1b2b5@naver.com (S.J.); Kjjeon@inha.ac.kr (K.-J.J.)

2 School of Environmental Engineering, University of Seoul, 163 Seoulsiripdaero, Dongdaemun-gu,
Seoul 02504, Korea; catalica@uos.ac.kr

3 A Carbon Valley R&D Division, Korea Institute of Carbon Convergence Technology, 110-11 Banryong-ro,
Jeonju 54853, Korea; kimbj2015@gmail.com

4 Department of Environmental Engineering, Sunchon National University, 255 Jungang-ro, Suncheon,
Jeonnam 57922, Korea; likeu21@hanmail.net

* Correspondence: jsc@sunchon.ac.kr; Tel.: +82-61-750-3814

Received: 27 December 2019; Accepted: 21 January 2020; Published: 23 January 2020

Abstract: As bisphenol A has been found to cause hormonal disturbances, the natural biomaterial
isosorbide is emerging as a substitute. In this study, a method for isosorbide synthesis from sorbitol was
proposed by dehydration under high temperature and high pressure reaction. Microporous zeolites
and Amberlyst 35 solid acids with various acid strengths and pore characteristics were applied as
catalysts. In the synthesis of isosorbide from sorbitol, the acidity of the catalyst was the main factor.
MOR and MFI zeolite catalysts with high acid strength and small pore size showed low conversion
of sorbitol and low yield of isosorbide. On the other hand, the conversion of sorbitol was high in
BEA zeolite with moderate acid strength. Amberlyst 35 solid acid catalysts showed a relatively high
conversion of sorbitol, but low yield of isosorbide. The Amberlyst 35 solid acid catalyst without
micropores did not show any inhibitory effects on the production of by-products. However, in the
BEA zeolite catalyst, which has a relatively large pore structure compared with the MOR and MFI
zeolites, the formation of by-products was suppressed in the pores, thereby improving the yield
of isosorbide.

Keywords: isosorbide; solid acid catalyst; sorbitol; dehydration; bisphenol A

1. Introduction

Bisphenol A (4,4’-isopropylidenediphenol, BPA) is a monomer synthesized by the condensation
of acetone with two molecules of phenol. BPA is a typical female hormone disruptor and is a raw
material of epoxy resin or polycarbonate. BPA has also been used as a coating material to prevent cans
from corrosion, or as a plastic additive to increase heat resistance and durability. Polycarbonate has
high heat resistance and transparency and is widely used for household goods such as water bottles,
baby bottles, food storage containers, and industrial products such as CDs. In addition, BPA is used
in a number of products used in daily life such as disposable paper cups and thermal paper receipts.
However, several studies have raised the risks of BPA including endocrine disruption, metabolic
disorders, hypertension, and premature maturation [1,2]. When food is stored in packaging using
BPA, a report suggested that BPA may elute and affect people through food, limiting the use of BPA [3].
In particular, infants were considered to be sensitive to BPA exposure, and their use was completely
prohibited [4–9].
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Due to the potential risks of BPA, various attempts have been made to replace BPA as regulations
progress. The first attempts were made to utilize the same bisphenol-based materials, bisphenol
E (BPE), bisphenol S (BPS), and bisphenol F (BPF) [10]. The study on amphibians has shown that
BPA inhibits the activity of γ-secretase in early amphibian embryos. However, this phenomenon did
not occur when treated with the same concentration of BPE and BPF [11]. Although BPA requires
two methyl groups to inhibit γ-secretase activity, it was concluded that BPE and BPF did not have
teratogenic effects such as BPA because there was only one methyl group in each. BPS and BPF have
almost the same physical properties as BPA, and have been used in many products such as can coatings,
thermal paper receipts, and polycarbonates [12].

Indeed, the dangers of BPA have been emphasized and as an alternative, BPA-free products have
begun to be used. However, BPA, BPF, and BPS have similar chemical structures to BPA, and these
alternatives have also been shown to cause endocrine disruption [13]. Papers comparing BPF and
BPA reported the same anti-androgen activity in proportion to the concentration of both substances
in vitro [14–17]. The same risks as BPA were seen in BPS as well as in BPF. Recently published studies
have reported a 180–240% increase in neuronal development near the hypothalamus of zebra fish, even
at very low levels (0.0068 μM) of BPA and BPS, suggesting a link between BPA and BPS.

BPA, phthalates, and nonylphenols, which are the major environmental hormone obstacles, are the
main raw materials of plastics and detergents and have a high exposure in daily life [18]. Recognition
of the dangers of environmental hormonal barriers is driving global regulations on these substances
and replacing existing products with products that use less dangerous ingredients. However, since
there are no clear alternatives right now, these environmental hormonal obstacles are still being used.
Research continues to raise concerns about alternatives, as some alternatives have been shown to
present similar risks to existing environmental hormone barriers [19].

As BPA substitutes using synthetic compounds still show endocrine disrupting effects, efforts have
been made to find alternatives in natural products. Sorbitol is a major source of biomass as a useful
chemical [20–24] and is considered one of the 10 most important sources of biomass [25]. Generally,
sorbitol is produced through hydrogenation of glucose derived from starch. In the last decade,
much effort has been made to produce sorbitol from cellulose through hydrolysis hydrogenation.
Much research has expanded the potential of sorbitol as a bio-based feedstock and is being produced
in high yield from cellulose [26–36].

Isosorbide is a 100% natural biomaterial made from corn. Isosorbide (1,4:3,6-dianhydro-D-sorbitol)
is produced through the dehydration of the double molecule of sorbitol. Starch is extracted from
corn and is made by glucose, sorbitol, etc. Isosorbide is produced by enzymatic glycosylation of
starch from corn, followed by hydrogenation, followed by dehydration. Isosorbide is widely used in
a variety of industries such as the pharmaceutical industry due to its high stability, two symmetric
OH groups, and its unique properties [37,38]. Another important application of isosorbide is that
it is used as a plastic monomer [39,40]. Poly(ethylene-co-isosorbide) terephthalate is a bio-based
alternative to polyethylene terephthalate (PET) and has a higher glass transition temperature than
PET [41]. Isosorbide is also attracting attention as a highly functional material that can replace BPA in
polycarbonate and epoxy resin production [42].

Plastics made of isosorbide as the raw material have distinguished advantages such as superior
transparency and surface hardness as well as eco-friendly properties such as biodegradability and
nontoxicity, compared to plastics made of petrochemicals. It is expected to be widely used for exterior
materials of electronic devices such as mobile devices and TVs, liquid crystal films of smart phones,
automobile dashboards, food containers, and eco-friendly building materials. Isosorbide, which can be
synthesized from plants such as corn, is attracting attention as an environmentally friendly alternative
due to its high biodegradability and excellent heat resistance [43].

Zeolites have well-defined structures that are microporous crystalline solids. Generally, they are
composed of silicon, aluminum, and oxygen in their framework and cations. They have been applied
in many fields of catalysis, generating intense interest in these materials in industrial and academic
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laboratories. They present appreciable acid activity with shape-selective features as catalysts [44,45].
The FAU zeolite consists of 12-oxygen rings, with pores with a of diameter 7.4 Å in a tetrahedral
configuration, with large pores called supercages at the intersection. The MFI zeolite has an unusual
structure in which straight pores with 5.4 × 5.6 Å cross sections and zig-zag pores with 5.1 × 5.5 Å
intersect each other. The pores of the MWW zeolite consist of two independent 10-oxygen rings.
The two-dimensional 10-oxygen ring is sinusoidal and the other is composed of a 10-oxygen ring and
12-oxygen ring. The pores of the BEA zeolite consisted of 12-oxygen rings, and the pore size parallel to
the [001] plane was small, but the pore size of the [100] plane was large. The pores were curved like
sinusoids. The MOR zeolite has a straight main hole consisting of 12-oxygen rings and pores consisting
of 8-oxygen rings there between.

In this study, we propose a method for isosorbide synthesis that is drawing attention as an
alternative to BPA. Sorbitol is used as a raw material to investigate the reaction characteristics of
isosorbide synthesis and to find the optimum catalyst. Various zeolites were introduced as a solid
acid catalyst. The dehydration reaction of sorbitol, according to the physicochemical properties of the
catalyst, and the synthesis process of isosorbide are discussed.

2. Results and Discussion

2.1. Characteristics of the Catalysts

The X-ray diffraction pattern of the zeolite catalyst used in the reaction is shown in Figure 1.
The characteristic diffraction peaks of the synthesized zeolites agreed well with the position and size
ratio of the characteristic diffraction peaks presented in the literature [46]. SEM images of the zeolites
are shown in Figure 2. The particles of the BEA, FAU, MFI zeolite were small regular cubes. The crystal
size of the MOR zeolite was rod-shaped, about 1.5 μm. The surface of the MWW zeolite was lumpy in
shape, very tangled. The particle size of BEA zeolite was very small, 0.2 μm or less. The FAU and
MFI zeolites were uniform in size, approximately 0.5 μm. Figure 3 shows the nitrogen adsorption
isotherms of the zeolite catalysts. Zeolites used in experiments such as the MFI zeolite are zeolites with
microporous development and have a typical Langmuir adsorption isotherm pattern due to the large
number of micropores. On the other hand, the relatively large pore size and the wide surface area of
the BEA zeolite increased the adsorption amount at a relative pressure of 0.2~0.7. The reason for the
large adsorption amount in the BEA and FAU zeolites is that the pore size of the zeolite is large and
there is a lot of empty space such as a supercage in the pore.

Figure 1. XRD patterns of the MWW, BEA, MOR, FAU, and MFI zeolites.
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Figure 2. SEM images of the MWW, BEA, MOR, FAU, and MFI zeolites.
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Figure 3. NH3-temperature programmed desorption (TPD) profiles of the various zeolites.

The BET surface area and pore structure parameters obtained from nitrogen adsorption isotherms
are summarized in Table 1. Unlike other zeolites such as MOR, the MFI zeolite has a pore size of
10-membered oxygen rings, and thus the pore size is smaller than that of other zeolites. MOR zeolites
have a straight pore structure, whereas MFI zeolites are bent in a zigzag shape. The BET surface area
was larger in the order of BEA > FAU >MOR >MFI zeolite.

Table 1. Physical properties of the zeolite catalysts used in this work.

Zeolite
Si/Al Molar Ratio

(-)
Pore Diameter

(Å)
BET Surface Area

(m2/g)
Micropore Volume 1

(cm3/g)

MWW 13 5.6 × 5.6 420 0.15
BEA 13 7.6 × 6.4, 5.5 × 5.5 690 0.19
FAU 5 7.4 × 7.4 700 0.24
MOR 10 6.5 × 7.0, 2.6 × 5.7 410 0.13
MFI 50 5.3 × 5.6, 5.1 × 5.5 260 0.12

1 determined from the t-plot method.

The NH3-TPD results are shown in Figure 4 to compare the acidity of zeolites from the ammonia
desorption curve. Only one bud appeared in the TPD curve of the FAU zeolite shown on the left side
of the figure. On the other hand, the TPD curves of other zeolites can be divided into two desorption
buds around 200 ◦C and 300–500 ◦C. It is known that buds appearing at low temperatures are due
to the desorption of physisorbed ammonia and buds appearing at high temperatures due to the
desorption of ammonia adsorbed at strong acid sites [47]. The lower temperature and smaller size of
the second desorption bud of the MWW and BEA zeolite means weak and low acidity. Acid strength
can be estimated by the maximum peak temperature (Tmax) of the desorption peak associated with the
activation energy for ammonia desorption [48]. The acid strength of the MWW zeolite was similar
to that of the MFI zeolite. The order of acid strength was FAU � BEA <MWW �MFI <MOR. MOR
zeolites had the highest acidity compared to other zeolites, with the highest peak temperature of the
second desorption bud at 480 ◦C. The MFI zeolite had the largest number of scattering points as the
second detachable bud was the largest.
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Figure 4. NH3-TPD profiles from the MWW, BEA, MOR, FAU and MFI zeolites.

Figure 5 shows the adsorption behavior of o-xylene on the MWW, BEA, MOR, FAU, and MFI
zeolites. The behavior shows the adsorption of o-xylene inside the pores of the zeolite. o-xylene was
rapidly adsorbed on BEA and FAU with a large pore space. The o-xylene adsorption levels at MOR
and MWW were lower than for the BEA and FAU zeolite catalysts. Adsorption of o-xylene on the MFI
zeolite with narrow pore entrance and curved pore structure was slower than that of other zeolites.
This suggests that steric hindrance due to various pore structures of zeolites can affect the reaction.

Figure 5. Adsorption of o-xylene on the MWW, BEA, MOR, FAU, and MFI zeolites.

2.2. Reaction Characteristics of Isosorbide Synthesis on the Catalysts

As shown in Scheme 1, sorbitol is dehydrated to either 1,4-sorbitan, 1,5-sorbitan, or 2,5-sorbitan.
1,4-sorbitan reacts further to isosorbide, while 1,5- and 2,5-sorbitan did not exhibit in the
high-performance liquid chromatography (HPLC) chromatogram. Analytical peaks of the products
analyzed by HPLC are shown in Figure 6. Detection peaks for the raw and reactant sorbitol,
the intermediate product 1,4-sorbitan, and the desired product isosorbide were observed. Figure 7

106



Catalysts 2020, 10, 148

shows the conversion of sorbitol and the yield of isosorbide according to the reaction temperature in the
BEA zeolite catalyst. At the reaction temperature in the range of 160 ◦C to 220 ◦C, the internal pressure
of the autoclave ranged from 7 bar to 10 bar. The conversion of sorbitol and the yield of isosorbide were
the highest at the reaction temperature of 200 ◦C and decreased with increasing reaction temperature.
If the reaction temperature is higher than 200 ◦C, it appears that the catalyst deactivation occurs by
carbon deposition.

Scheme 1. Reaction scheme of isosorbide synthesis from sorbitol dehydration.
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Figure 6. High-performance liquid chromatography (HPLC) chromatogram of products.

Figure 7. Conversion of sorbitol and yield of isosorbide by dehydration reaction over the BEA
zeolite catalyst.
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Figure 8 shows the change of sorbitol conversion and isosorbide yield in the BEA and FAU zeolites
and Amberlyst 35 solid acid catalyst. The conversion of sorbitol and isosorbide yield in the MFI zeolite
with high acid strength, but small pore size was lower than that of the BEA zeolite or Amberlyst 35.
In comparison, the BEA zeolite showed the highest sorbitol conversion and isosorbide yield among
the applied catalysts. The conversion of sorbitol with a relatively large molecular size was higher
in the BEA zeolite with a larger pore size than the MFI zeolite with a smaller pore size and higher
reactivity at medium acid strength than strong acid strength. Amberlyst 35 catalysts had relatively
high conversions, but slightly lower yields of isosorbide. It is suggested that this was caused by not
showing the effect of inhibiting the formation of by-products by the pores in the conversion reaction.
Table 2 summarizes the sorbitol conversion and isosorbide yields investigated by applying various acid
catalysts. As can be seen from this result, the BEA zeolite showed the best reactivity in this synthesis
reaction. If the acid strength of the catalyst was too strong, the conversion of sorbitol and the yield
of isosorbide were very low. The conversion of sorbitol was high in the catalyst with a medium acid
strength. MOR and MFI zeolite catalysts with high acid strength and small pore size showed a very
low conversion of sorbitol and yield of isosorbide. The conversion of sorbitol was the highest in the
BEA zeolite catalyst and the yield of isosorbide was higher than that of other catalysts. 1,4-sorbitan
was mainly obtained as a by-product. It was determined that the yield was increased because the
production of by-products during the reaction was suppressed by the steric effect of the pore structure
of the BEA zeolite.

Process time (h)

Process time (h)

(h)

conv. of sorbitol

conv. of sorbitol

conv. of sorbitol

Figure 8. Conversion of sorbitol and isosorbide yield as a function of process time on the (a) BEA
zeolite, (b) Amberlyst 35, and (c) FAU zeolite.
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Table 2. Synthesis of isosorbide by dehydration of sorbitol on various catalysts after 5 h of process time
at 200 ◦C.

Catalyst Conversion (%) Yield (%)

BEA 81.1 41.2
MFI 39.1 18.5
FAU 53.0 26.1

SBA-15 10.1 5.2
MWW 15.7 11.2

Amberlyst 35 76.1 36.8

3. Experimental

3.1. Materials and Catalysts

D-sorbitol (99%, Sigma-Aldrich, St. Louis, MO, USA) was used as a reactant, and mixed with a
catalyst for the dehydration reaction in an autoclave reactor. The catalysts were zeolite acid catalysts
with micropores and an Amberlyst 35 (Sigma-Aldrich, St. Louis, MO, USA) solid acid catalyst.
The zeolites were MOR, MFI, FAU, BEA, and MWW zeolite catalysts with different pore sizes and
different acidity. MOR zeolites (Si/Al = 10)) with a Si/Al molar ratio of 10 was purchased from Tosoh.
To convert to the H-type MOR zeolite, Na+ in MOR zeolite was ion-exchanged with a solution of 0.5 M
ammonium nitrate (>99 wt%, Duksan, Seoul, Korea) at 60 ◦C and calcined at 550 ◦C for 6 h to form
H-type MOR zeolite.

The MFI zeolite was synthesized from the liquor containing a mixture of colloidal silica (Ludox,
40 wt% SiO2, Sigma-Aldrich, St. Louis, MO, USA), aluminum hydroxide (64 wt%, Sigma-Aldrich,
St. Louis, MO, USA), potassium hydroxide (80 wt%, Duksan, Seoul, Korea), and secondary distilled
water. After aging for 12 hours, the mixture was heated at 190 ◦C for two days in a high pressure
reactor. The Si/Al molar ratio of the MFI zeolite synthesized by the concentration of the synthetic
mother liquor was 25. The MWW (Si/Al = 13) zeolite was prepared according to the methodology
reported elsewhere [49]. The ion exchange process for converting the H-type MFI zeolite was applied
in the same manner as in the preparation of the MOR zeolite. BEA and FAU zeolites were prepared by
ion-exchanging Na-BEA (Si/Al = 13, Zeolyst Co., Kansas City, USA) and Na-FAU (Si/Al = 5, Zeolyst
Co., Kansas City, USA) in the same manner as above. BEA and FAU zeolites were also washed, dried,
and calcined. The zeolite used in the experiment was named MOR, MFI, FAU, BEA, and MWW
according to the International Zeolite Association (IZA) code name, and the Si/Al molar ratio was
written in parentheses after the name. SBA-15 was synthesized according to the methods presented in
the literature [50].

3.2. Preparation of Isosorbide from Sorbitol

Isosorbide was synthesized by the dehydration reaction at high temperature and high pressure.
As a reactant, 0.5 g of D-sorbitol (99%, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 20 mL
of distilled water, followed by reaction with 0.1 g of a catalyst. The reactor used a batch stainless
autoclave capable of temperature maintenance and magnetic stirring. The reactant and the catalyst
were added to the reactor and stirred at 500 rpm. The dehydration reaction was carried out in the
temperature range of 180 ◦C to 220 ◦C. The composition of the product produced by the reaction was
analyzed for composition using high-performance liquid chromatography (HPLC; Shimadzu, LC-20A,
Kyoto, Japan) equipped with a refractive index detector and a REZEX RCM-monosaccharide column.

3.3. Characterization of the Catalysts and Products

The X-ray diffraction (XRD) pattern of the zeolite was irradiated with an X-ray diffractometer
(D/MAX Ultima III, Rigaku, Tokyo, Japan). CuKα X-rays passed through the Ni-filter at 40 kV and
40 mA conditions were injected at a rate of 2◦/min over a range of 5–50◦. The particle size and
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shape of the zeolite was observed by scanning electron microscope (SEM; Hitachi, S-4700, Tokyo,
Japan). The Si/Al molar ratio was calculated by measuring the silicon and aluminum content with
energy-dispersive X-ray spectroscopy (EDX; Horiba, EX-250, Tokyo, Japan) mounted on the SEM.
Nitrogen adsorption isotherms were measured by a nano-porosity analyzer (Nano Porosity Analyzer,
Mirae SI Co., nanoPOROSITY-XQ, Gwangju, Korea). After exhausting at 150 ◦C for 2 h, nitrogen was
adsorbed at −196 ◦C. Surface area was calculated using the Brunauer–Emmett–Teller (BET) equation.

In order to investigate the acidity of the zeolite catalyst, the ammonia elevated temperature
desorption (NH3-TPD) curve was drawn using a temperature desorption test apparatus (Bel Japan,
BELCAT, Osaka, Japan). The catalyst was evacuated at 550 ◦C for 1 h in a helium stream and then
cooled to 150 ◦C. Ammonia gas was sent in pulses to the catalyst and adsorbed until saturated. In order
to remove the physically adsorbed ammonia, it was exhausted while flowing a helium stream for
1 h, and the ammonia desorbed while analyzing the temperature. The temperature was raised to
600 ◦C at a rate of 10 ◦C/min. The amount of the acid point of the zeolite catalyst was calculated by
deconvolution of the measured TPD curve to obtain the amount of weak and strong acid points.

4. Conclusions

Sorbitol was used as a raw material to prepare isosorbide by high temperature and high pressure
reaction. Sorbitol conversion was higher for the BEA zeolites and Amberlyst 35 solid acid catalysts
with moderate acid strengths than for the acidic MOR or MFI zeolites. The yield of isosorbide was not
high in the MOR or MFI zeolite catalysts with a small pore size, but relatively high in the BEA zeolite
catalyst. It was shown that the relatively large molecular size of sorbitol was enhanced by the inhibitory
effect of the byproduct formation in the BEA zeolite catalysts with pores of similar size to the reactant
and product molecular sizes than the zeolite catalysts with small pore sizes. The Amberlyst 35 solid
acid had a relatively high conversion of sorbitol, but not a high yield of isosorbide. This was caused by
not showing the effect of inhibiting the formation of by-products by pores in the conversion reaction.
In contrast, the BEA zeolite was found to increase the yield because it suppresses the formation of
by-products by the pore structure of the catalyst.
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Abstract: Carbamazepine (CBZ), a widely used pharmaceutical compound, is one of the most
detected drugs in surface waters. The purpose of this work was to identify an active and durable
catalyst, which, in combination with an ozonation process, could be used to remove CBZ and its
degradation products. It was found that the CBZ was completely transformed after ozonation within
the first minutes of the treatment. However, the resulting degradation products, 1-(2-benzaldehyde)-
4-hydro-(1H,3H)-quinazoline-2-one (BQM) and 1-(2-benzaldehyde)-(1H,3H)-quinazoline-2,4-dione
(BQD), were more resistant during the ozonation process. The formation and degradation of these
products were studied in more detail and a thorough catalytic screening was conducted to reveal
the reaction kinetics of both the CBZ and its degradation products. The work was performed by
non-catalytic ozonation and with six different heterogeneous catalysts (Pt-MCM-41-IS, Ru-MCM-41-IS,
Pd-H-Y-12-EIM, Pt-H-Y-12-EIM, Pd-H-Beta-300-EIM and Cu-MCM-41-A-EIM) operating at two
temperatures 20 ◦C and 50 ◦C. The influence of temperature on degradation kinetics of CBZ, BQM and
BQD was studied. The results exhibited a notable difference in the catalytic behavior by varying
temperature. The higher reactor temperature (50 ◦C) showed a higher activity of the catalysts but a
lower concentration of dissolved ozone. Most of the catalysts exhibited higher removal rate for BQM
and BQD compared to non-catalytic experiments in both temperatures. The Pd-H-Y-12-EIM catalyst
illustrated a higher degradation rate of by-products at 50 ◦C compared to other catalysts.

Keywords: carbamazepine; ozone; zeolites; catalysts synthesis and characterization;
catalytic ozonation

1. Introduction

The frequent appearance of pharmaceuticals as high as mg/L levels in the in ground water and
surface waters has been reported in several studies during the last decades [1]. A notable attention has
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been attracted due to their potential hazard effects on the aquatic ecosystem and human health [2,3].
An emerging concern exists of what exactly happens with the pharmaceutical contaminants in the
aquatic environment. The origin of these compounds comes from the fact that they have been employed
in several domains of the human activity, for example, human medication, veterinary purposes and
aquaculture, as well as large concentrations of them leaking into the sea from pharmaceutical industries.
Conventional wastewater treatment is not able to efficiently eliminate most of these pharmaceuticals
from wastewaters, not to mention their degradation products [4,5].

Carbamazepine (5H-dibenzo (b,f) azepine-5-carboxamide, shortly CBZ) is a psychiatric
pharmaceutical used for treatment of epilepsy and trigeminal neuralgia a chronic pain disorder [6].
CBZ was displayed in a list of essential medicine requirements for a basic health-care in the World Health
Organization (WHO) Model List of Essential Medicines (March 2017) in the group of anticonvulsant
and antiepileptic pharmaceuticals [7]. Only 28% of CBZ is metabolized by the human body, while
the rest is excreted during urination. Before that, it is enzymatically transformed to 10, 11-epoxy-10,
11-dihydro-CBM, and from the hydrolysis of these intermediates, CBZ-diOH is produced. For this
reason, CBZ-diOH was one the most abundant CBZ compounds detected in water [8]. CBZ is one
of the commonly detected compounds in the effluents. It is resistant against biodegradation, and
sometimes the concentration in the effluent has been larger than influent, perhaps due to the conjugates
originating from the parent compounds, i.e., hydrolysis through biological treatment [9]. The CBZ and
metabolite removal efficiency was −11–18% toward human waste treatment plants, −40% to 25% in the
sewage treatment plants and −100–56% in hospital wastewater treatment plants. The concentration of
CBZ in the influent and effluent samples were abnormal, this is due to the fact of the low removal rate
of CBZ [8].

CBZ has been detected as good as everywhere in the Baltic Sea, in Northern Europe. However,
owing to the long turnover time (a very long half-life time in the Baltic Sea, exceeding 3.5 years) and a
low elimination rate of CBZ, the wastewater treatment plants exhibit negative removal efficiencies
(for instance in Finland with a −41% removal efficiency in wastewater treatment plants). Consequently,
it is estimated that more than 55 tons of CBZ has accumulated in the Baltic Sea [10]. CBZ has been
detected in the surface water of Milan up to 100 ng/L concentration and it is most frequent drug found
in Serbian rivers [11,12]. The research of German and Portuguese surface waters revealed that CBZ and
its metabolites were detected to 5000 ng/L in the surface waters, which they were barely decomposed
during the wastewater treatment [13].

Significant concentrations of CBZ and five of its metabolites have been detected in urban
groundwater in the Spanish rivers Poble Sec and Besòs. Moreover, at the delta of Besòs restored
via a river polluted through treated effluent from several treatment plants, CBZ and two of CBZ
hydroxyl metabolites were not eliminated following those degrading conditions [14]. Moreover, CBZ
was detected in Germany, in the form of the human metabolites, and transformation by-products of
CBZ in the several groundwater springs, surface waters and treated wastewater. The genotoxicity of
these compounds determined by the so-called silico method (distributed structure-searchable toxicity).
These research results revealed that these contaminants have a potential hazard to mammalians,
including human beings [15].

The presence of CBZ in the environment poses a potential risk to the aquatic life and human health.
This has led to increasing attention to the elimination of CBZ compound through the wastewater
treatment plants before discharge into the water basin [16–18]. Several methods have been proposed
for the removal of CBZ from wastewaters, for instance, an adsorptive method utilizing biosynthesized
hematite nanoparticles. This study did not eliminate the pollutants but instead they were accumulated
and pollutants were transferred from aqueous solution to the adsorbent phase [19]. Some another
studies concerning an activated sludge system consisting of a membrane bioreactor, the removal was
rather low, around 35% due to of recalcitrance [20], or gamma irradiation coupled with microbiological
treatment. With this technology, almost 99% of CBZ could be removed, as well as decreasing the TOC by
80%. However the treatment duration was 250 h, which is a quite long period [21]. Advanced oxidation
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processes (AOP) have as well been applied for degradation of CBZ such as, radiation-induced activation
of peroxymonosulfate, which was reported by Wang et al. [16]. In this investigation, nine intermediate
products were detected, and the scientists observed that the limiting step for CBZ mineralization in the
system was the decomposition of CBZ intermediates. Low mineralization and hazard intermediates
were the biggest obstacles with most of the CBZ treatment trials in the study.

Ozonation has been proposed and applied as a method for removing pharmaceuticals from
hospital wastewaters, both in a laboratory and pilot scale. In the laboratory scale, the removal has been
successful [22]. Besides, ozonation as an additional treatment step in wastewater treatment has become
generally acknowledge for eliminating pharmaceuticals and other micro-pollutants [23]. To improve
the ozonation process, more research is needed to study the formation of hydroxyl radicals and the
formation of dangerous degradation products of ozonation [9]. Ozonation of CBZ gives some resistant
by-products due to the ozone reaction by the olefin group in CBZ, producing an ozonide, which divides
the double bond [24]. The major identified by-products from ozonation of CBZ were BQM and
BQD [25]. Some methods have been proposed to improve the ozonation of CBZ due to reducing the
by-product such as combination by soil aquifer treatment column that enhances degradation of BQD
yet the other by-products were more resistance up to 5–6 days [26].

Catalytic ozonation is recommended as an AOP for wastewater treatment, due to enhancing
the removal efficiency and its potential to mineralize the organic compounds created. Catalysts
improve the decomposition of ozone in the water to produce extremely active hydroxyl radicals [27,28].
Several studies have revealed that coupling ozonation to heterogeneous catalysis is very efficient
in oxidizing pharmaceuticals from wastewater. For instance, ozonation combined with a
granular activated carbon (GAC) filter can dramatically diminish the CBZ content and its human
metabolites [15,29]. Zeolite catalysts exhibited an improvement in the ozonation of the pharmaceutical
compound paracetamol [30] and ibuprofen [31]. Moreover, loading of the metals on zeolite catalysts
increases the catalytic ozonation efficiency [32].

In the current work, non-catalytic and catalytic ozonation was employed to study the removal
of CBZ and its by-products in aqueous solutions. The task is challenging because the degradation
rates of the by-products are relatively low. A high concentration of CBZ (30 mg/L) was selected to
study the kinetics of the by-products of the degradation. For this purpose, the main products were
isolated, and their concentration was monitored with high performance liquid chromatography (HPLC).
In order to optimize the degradation of the by-products, the catalysts Pt-MCM-41-IS, Ru-MCM-41-IS,
Pd-H-Y-12-EIM, Pt-H-Y-12-EIM, Pd-H-Beta-300-EIM and Cu-MCM-41-A-EIM were used, at two
different reaction temperatures. The catalysts were characterized with revealed methods to explain
their activities in the experiments.

2. Results and Discussion

2.1. Physico-Chemical Characterization Results: Catalyst Structure and Surface Properties

2.1.1. Transmission Electron Microscopy

The TEM images of (a) Pt-MCM-41-IS, (b) Ru-MCM-41-IS, (c) Pd-H-Y-12-EIM, (d) Pt-H-Y-12-EIM,
(e) Pd-H-Beta-300-EIM and (f) Cu-MCM-41-A-EIM catalysts and Pt, Ru, Pd and Cu particle size
distributions presented in the form of histograms, are given in Figure 1a–f. The average metal particle
size and the distributions were measured and counted from the TEM images, which are displayed
in Table 1.
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Figure 1. (a) TEM image and Pt particle size distribution histogram of Pt-MCM-41-IS, catalyst. (b) TEM
image and Ru particle size distribution histogram of Ru-MCM-41-IS catalyst. (c) TEM image and Pd
particle size distribution histogram of Pd-H-Y-12-EIM catalyst. (d) TEM image and Pt particle size
distribution histogram of Pt-H-Y-12-EIM catalyst. (e) TEM image and Pd particle size distribution
histogram of Pd-H-Beta-300-EIM catalyst. (f) TEM image and Cu particle size distribution histogram of
Cu-MCM-41-A-EIM catalyst.
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Table 1. Average cluster size distribution of Pt, Ru, Pd and Cu in the catalysts Pt-MCM-41-IS,
Ru-MCM-41-IS, Pd-H-Y-12-EIM, Pt-H-Y-12-EIM, Pd-H-Beta-300-EIM and Cu-MCM-41-A-EIM.

Entry Catalyst Average Particle Size Distribution (nm)

1 Pt-MCM-41-IS 13.39
2 Ru-MCM-41-IS 13.29
3 Pd-H-Y-12-EIM 6.47
4 Pt-H-Y-12-EIM 5.72
5 Pd-H-Beta-300-EIM 6.11
6 Cu-MCM-41-A-EIM 7.82

The smallest average Pt particle sizes were measured for Pt-H-Y-12-EIM (5.72 nm), whereas the
second smallest average Pd particle was measured for Pd-H-Beta-300-EIM (6.11 nm). The largest average
particle size was observed for Pt-MCM-41-IS (13.395 nm). The mesoporous material Ru-MCM-41-IS
catalyst synthesized also exhibited large average particles (13.29 nm).

It was concluded from the results of averages particle sizes (Table 1), that the method of introducing
Pt-, Ru- into the mesoporous MCM-41 influenced the sizes of the particles. Hence, an in-situ method of
introducing Pt- and Ru- resulted in large average particles sizes, once again confirming the significance
of method of metal introduction in the MCM-41, mesoporous material.

For Cu-MCM-41-A-EIM, the mesoporous catalyst synthesized using the evaporation impregnation
method, resulted in the average Cu particle size of 7.82 nm. Therefore, an introduction of metals (Pt-, Pd-
and Cu-) using the evaporation impregnation method resulted in average smaller particle sizes.

2.1.2. Nitrogen Physisorption

The specific surface areas and specific pore volumes of fresh and spent Pt-, Ru and the Cu-MCM-41
mesoporous catalyst and Pd- and Pt-H-Y-12 catalysts were measured using nitrogen physisorption and
results are collected in Table 2. The lowest specific surface area was obtained for the fresh Pt-MCM-41-IS
(429 m2/g) catalyst and this value increased after the catalyst had been used. The highest specific
surface areas were determined for Pt-H-Y-12-EIM (857 m2/g) and Pd-H-Beta-300-EIM (808 m2/g).

Table 2. Specific surface area and pore volume of Pt-MCM-41-IS, Ru-MCM-41-IS, Pd-H-Y-12-EIM,
Pt-H-Y-12-EIM, Pd-H-Beta-300-EIM and Cu-MCM-41-A-EIM catalysts applied in the experiments.

Entry Catalyst
Specific Surface Area (m2/g) Pore Specific Volume (cm3/g)

Fresh Spent Fresh Spent

1 Pt-MCM-41-IS 429 555 0.409 0.552
2 Ru-MCM-41-IS 747 677 0.491 0.456
3 Pd-H-Y-12-EIM 667 732 0.237 0.259
4 Pt-H-Y-12-EIM 857 344 0.304 0.506
5 Pd-H-Beta-300-EIM 808 657 0.287 0.233
6 Cu-MCM-41-A-EIM 612 104 0.765 0.314

2.1.3. Scanning Electron Microscopy

The morphology, size and shape of the catalysts crystals were analyzed by scanning electron
microscopy (SEM). The scanning electron micrographs of the Pt-MCM-41-IS, Ru-MCM-41-IS,
Pd-H-Y-12-EIM, Pt-H-Y-12-EIM, Pd-H-Beta-300-EIM and Cu-MCM-41-A-EIM catalysts studied in
the removal of CBZ from aqueous solutions exhibited a crystal morphology similar to that of
H-MCM-41, H-Y-12 and H-Beta-300 catalyst, prior to their modifications with Pt-, Ru-, Pd- and Cu-
metals. The crystal size distribution of the (a) Pt-MCM-41-IS, (b) Ru-MCM-41-IS, (c) Pd-H-Y-12-EIM,
(d) Pt-H-Y-12-EIM, (e) Pd-H-Beta-300-EIM and (f) Cu-MCM-41-A-EIM in the form of histograms
are displayed in Figure 2a–f. The average size of the catalyst crystals is presented in the Table 3.
The largest average crystal size (272.45 nm) was obtained for the Pd-H-Beta-300-EIM synthesized
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using evaporation impregnation. The second largest average crystal size measured for Pd-H-Y-12-EIM
(257.12 nm) synthesized by using evaporation impregnation. The third largest average crystal size was
measured for Pt-MCM-41-IS (219.23), prepared by the in-situ method. The explanation for the variations
in the crystal sizes for synthesized catalysts is the structures of the H-Beta-300, H-Y-12 and MCM-41
mesoporous materials. Furthermore, the methods of the Pt-, Ru-, Pd- and Cu- introduction and the
synthesis conditions can influence the average crystal size. The smallest crystal size (88.23 nm) was
obtained for Cu-MCM-41-A-EIM, the catalyst synthesized using the evaporation impregnation method.

Figure 2. Cont.
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Figure 2. SEM image and crystal size distribution histogram of (a) Pt-MCM-41-IS.
(b) Ru-MCM-41-IS catalyst. (c) Pd-H-Y-12-EIM. (d) Pt-H-Y-12-EIM. (e) Pd-H-Beta-300-EIM and
(f) Cu-MCM-41-A-EIM catalysts.

Table 3. Average crystal size and metal (Pt, Ru, Pd and Cu) content of Pt-MCM-41-IS, Ru-MCM-41-IS,
Pd-H-Y-12-EIM, Pt-H-Y-12-EIM, Pd-H-Beta-300-EIM and Cu-MCM-41-A-EIM catalysts.

Entry Catalyst Average Crystal Size (nm) Metal Concentration (wt%)

1 Pt-MCM-41-IS 219.23 7.12
2 Ru-MCM-41-IS 202.39 1.55
3 Pd-H-Y-12-EIM 257.12 5.34
4 Pt-H-Y-12-EIM 119.62 1.67
5 Pd-H-Beta-300-EIM 272.45 1.95
6 Cu-MCM-41-A-EIM 88.23 3.46

2.1.4. Energy Dispersive X-ray Microanalysis

The Pt, Ru, Pd and Cu contents inside the Pt-MCM-41-IS, Ru-MCM-41-IS, Pd-H-Y-EIM,
Pt-H-Y-12-EIM, Pd-H-Beta-300-EIM and Cu-MCM-41-A-EIM catalysts are given in Table 3. The highest
amount of Pt was found for the Pt-MCM-41-IS catalyst. The largest amount of metal content (Pt)
7.12 wt% was measured for Pt-MCM-41-IS catalyst synthesized using the in situ method (Table 3).
The Pd-H-Y-12-EIM catalyst synthesized using the evaporation method exhibited second highest metal
(Pd) content 5.34 wt% Cu metal content (Table 3).

2.1.5. Pyridine Adsorption-Desorption with FTIR Spectroscopy

The concentration of Brønsted at 1545 cm−1 and Lewis at 1450 cm−1 acid sites were measured
with FTIR using pyridine as a probe molecule. At 250–350 ◦C, pyridine desorption demonstrate weak,
medium and strong sites, whereas at 350–450 ◦C it exhibited medium and strong sites and finally
at 450 ◦C, strong sites prevailed. The acidity of the Pt-MCM-41-IS, Ru-MCM-41-IS, Pd-H-Y-12-EIM,
Pt-H-Y-12-EIM, Pd-H-Beta-300-EIM and Cu-MCM-41-A-EIM catalysts analyzed via FTIR is listed in
Table 4. Following that, the data of the determination were converted into concentrations using the
extinction coefficients of Emeis [33]. It was noticed that Pd-H-Y-EIM showed the presence of largest
Brønsted acidity (237 μmol/g) at 250 ◦C compared to other catalyst. The catalysts Cu-MCM-41-EIM and
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Pd-H-Y-12-EIM catalysts had higher Lewis acidities (56 μmol/g and 52 μmol/g) at 250 ◦C, compared to
the other catalysts.

Table 4. Brønsted and Lewis acidities of Pt-MCM-41-IS, Ru-MCM-41-IS, Pd-H-Y-12-EIM, Pt-H-Y-12-EIM,
Pd-H-Beta-300-EIM and Cu-MCM-41-A-EIM catalysts.

Catalysts Brønsted Acidity (μmoL/g) Lewis Acidity (μmoL/g)

250 ◦C 350 ◦C 450 ◦C 250 ◦C 350 ◦C 450 ◦C
Pt-MCM-41-IS 7 2 0 1 1 0
Ru-MCM-41-IS 18 0 0 9 0 0
Pd-H-Y-12-EIM 237 24 0 52 6 0
Pt-H-Y-12-EIM 96 28 0 3 13 0

Pd-H-Beta-300-EIM 58 18 0 9 7 0
Cu-MCM-41-A-EIM 44 10 0 56 9 0

2.1.6. Characterization by X-ray Photoelectron Spectroscopy

The surface composition and oxidation state of metals were determined by the X-ray photoelectron
spectroscopy (XPS) method. The XPS analysis indicated the oxidation states of Pt◦ and PtO on the
Pt-MCM-41-IS catalyst (Figure 3a) Similarly oxidation state of Pt in the Pt-H-Y-12-EIM was measured
as Pt, PtO2 (Figure 3d). The oxidation states of Ru in Ru-MCM-41-IS was determined as Ru◦ and RuO2

(Figure 3b). The oxidation states of Pd in Pd-H-Y-12-EIM and Pd-H-Beta-300-EIM were measured to be
Pd◦ (Figure 3c,e). The oxidation state of Cu in Cu-MCM-41-A-EIM was measured to be Cu◦ and CuO
(Figure 3f).

°
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Figure 3. X-ray photoelectron spectroscopy (XPS) spectra of (a) Pt-MCM-41-IS, (b) Ru-MCM-41-IS,
(c) Pd-H-Y-12-EIM, (d) Pt-H-Y-12-EIM, (e) Pd-H-Beta-300-EIM and (f) Cu-MCM-41-A-EIM catalysts.

2.2. Non-Catalytic and Catalytic Ozonation of Carbamazepine

2.2.1. Influence of Different Catalysts in the Degradation of Carbamazepine and its By-Products in the
Presence of Ozone

The influence of different temperatures (5 ◦C, 20 ◦C and 50 ◦C) on the ozonation of CBZ on the
reaction rate was evaluated the results are displayed in Figure 4a. These experiments illustrate that the
transformation rate of CBZ was rapid and approximately equal to each other, at these three temperatures.
After 5 min of ozonation, all the CBZ was transformed. Somathilake et al. obtained similar results
from the ozonation of CBZ [34]. The degradation kinetics of CBZ by 0.5 g/L of Pd-H-Beta-300-EIM
was studied in the absence and presence of ozone (Figure 4b). This experiment revealed that the CBZ
concentration did not change in the absence of ozone, which indicates that the catalyst does not absorb
CBZ and it is not transformed without the presence of ozone.
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Figure 4. (a) CBZ degradation by ozonation at different temperatures (5 ◦C, 10 ◦C, 20 ◦C and 50 ◦C).
(b) CBZ degradation by catalysis in the presence and absence of ozone at temperature 20 ◦C (stirring
speed = 900 rpm, CO3,g = 21 mg/L, CCBZ = 35 mg/L, gas flow rate = 110 mL/min, Ccatalysts = 0.5 g/L).

An identical series of catalytic ozonation experiments were conducted at 20 ◦C in order to evaluate
the effect of different heterogeneous catalysts on the degradation rate of CBZ. Figure 5a shows that
Cu-MCM-41-A-EIM and Ru-MCM-41-IS showed higher degradation rates compared to other catalysts
the conversion of CBZ was complete already after two minutes for the Cu-catalyst and the Ru-catalyst
was almost as active.

  
Figure 5. CBZ degradation by ozonation and ozonation combined with catalysis. CCBZ = 35 mg/L, gas
flow rate = 110 mL/min, stirring speed = 900 rpm, CO3, g = 21 mg/L, C catalysts = 0.5 g/L. (a) T = 20 ◦C
and (b) T = 50 ◦C.

A similar series of catalytic ozonation experiments were carried out at 50 ◦C, to evaluate the effect
of increased temperature on the catalyst activity while ozonating CBZ (Figure 5b). As revealed in our
previous work, the dissolved ozone concentration decreases at higher temperature but, on the other
hand, the activity of catalysts increases at higher temperature [31,35]. Here, the Pd-H-Y-12-EIM and
Pd-H-Beta-300-EIM illustrated the highest decomposition rate compared to other catalysts and the
non-catalytic experiment. Due to the rapid reaction rate, it is hard to evaluate the temperature effect on
decomposition rate of CBZ.

2.2.2. Quantification of Catalytic and Non-Catalytic Ozonation Products

Han et al. studied [36] cytotoxicity and genotoxicity of the removal CBZ through chlorination,
chloro-amination and ozonation processes. The CBZ solely induces chromosomal damage, and on the
other hand, the genotoxicity of the CBZ residues after each treatment was found to be higher. Moreover,
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it was demonstrated that the most efficient way for the degradation of CBZ was by ozonation among
the other treatments. However, the by-products formed by ozonation exhibited the highest cytotoxicity
and an elevated genotoxicity. The authors suspected that the by-products BQM and BQD might cause
chromosomal damage effects.

The main ozonation pathway of CBZ is a rapid, almost instantaneous reaction leading to BQM
(Figure 6). BQM is transformed further slowly to BQD [37]. In order to investigate the effect of
heterogeneous catalysts on the formation and transformation of BQM and BQD, the products were
isolated from the kinetic experiments and a quantification method was developed.

 

Figure 6. CBZ and its main ozonation products.

The temperature effect on the formation of by-products was also studied for the non-catalytic
ozonation using the same temperatures as above. The influence of the reactor temperature on the
ozonation of CBZ into BQM and BQD is illustrated in Figure 7. It can be noticed that at higher
temperature (50 ◦C), the concentration of BQM remained at a high level and after 4 h it had only
decreased to 19.5 mg/L from the highest value of 28 mg/mL. At lower temperatures (20 ◦C and 5 ◦C),
the reaction proceeded more rapidly, and almost all of BQM was removed or transformed after four
hours. The concentration of the secondary by-product BQD increased simultaneously to 20–24 mg/L
when performing the experiments at low temperature (5–20 ◦C), but it remained low at the higher
temperature (50 ◦C), due to a slow transformation of BQM, BQD formed slower at higher temperatures.
If the experiment at 50 ◦C had been continued, the concentration of BQD might have been the same as
for the experiments at lower temperatures. It can be concluded that by lowering the temperature due
to higher dissolved ozone concentration, CBZ rapidly converts to BQM, and later on it transforms to
BQD faster than at the higher temperature (50 ◦C).

°
°
°

°
°
°

Figure 7. (a) BQM and (b) BQD concentration during the ozonation of CBZ. CCBZ = 35 mg/L, gas flow
rate = 110 mL/min, T = 5 ◦C, 10 ◦C, 20 ◦C and 50 ◦C, stirring speed = 900 rpm, CO3, g = 21 mg/L.

Thereafter, several solid catalysts, which were synthesized and characterized by our group,
were employed to reveal the catalytic effect on the CBZ. The formation kinetic of BQM and BQD are
displayed in Figures 8 and 9. It was observed that during the first minutes of experiments, the BQM
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concentration increased to a maximum 25.7 mg/L (Cu-MCM-41-A-EIM), later on it decreased in 2 h
to a minimum of 4 mg/L. For non-catalytic ozonation at 20 ◦C, the BQM concentration increased to
25.7 mg/L but after 2 h it decreased to 4.8 mg/L. Pt-H-Y-12-EIM and Ru-MCM-41-IS catalysts showed a
slightly higher transformation rate of BQM compared to the corresponding non-catalytic experiment.
As revealed by Figure 9, BQD was slightly formed within 2 h. The maximum concentration of
BQD was 20.2 mg/L for non-catalytic experiment. The catalyst Pd-H-Y-12-EIM showed the lowest
BQD concentration (1.7 mg/L) also Pd-H-Beta-300 showed lower formation of BQD (11.9 mg/L).
Three mechanisms could occur in these experiments, (1) ozone adsorption on the catalyst surface and
generation of active radical species that react with BQM and BQD; (2) BQM and BQD sorption on the
catalyst surface followed via the reaction by dissolved ozone in the water and (3) sorption of all three
species ozone, BQM and BQD on the catalyst surface followed by a direct or indirect reaction [38].

Figure 8. BQM concentration during the catalytic and non-catalytic ozonation of CBZ. CCBZ = 35 mg/L,
gas flow rate = 110 mL/min, T = 20 ◦C, stirring speed = 900 rpm, CO3,g = 21 mg/L, Ccatalysts = 0.5 g/L.

Figure 9. BQD concentration during the catalytic and non-catalytic ozonation of CBZ. CCBZ = 35 mg/L,
gas flow rate = 110 mL/min, T = 20 ◦C, stirring speed = 900 rpm, CO3,g = 21 mg/L, Ccatalysts = 0.5 g/L.

The catalytic experiments were carried out under several temperatures. Figure 10 shows that
in the first minutes, 27.7 mg/L of BQM was formed (similar to non-catalytic ozonation), but later
on, the BQM concentration slightly decreased to 9 mg/L when using the Pd-H-Y-12-EIM catalyst.
For non-catalytic ozonation at 50 ◦C, the BQM concentration increased to 27.7 mg/L, after which it
decreased to 21.4 after 2 h, and after 4 h it had decreased to 19 mg/L. It can be noticed from results
that the activity of catalyst increased with higher temperature, since dissolved ozone concentration is
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very low at 50 ◦C (approximately five times lower than at 20 ◦C). For example, after 2 h of ozonation
combined with Pd-H-Y-12-EIM catalyst, the BQM and BQD concentration were 11.2 mg/L and 0.9 at
50 ◦C, which were lower compared to 20 ◦C (BQM concentration was 12.8 mg/L and BQD concentration
was 1.7 mg/L) with the same catalyst (Figure 11). One explanation for the increased catalytic efficiency
at higher temperatures could be due to that instead of ozonation, catalytic oxidation is observed,
where dissolved oxygen is adsorbed on metal oxides and the further generate active atomic oxygen
species as well as lattice oxygen atoms, which are present on the metal oxides of catalysts [39].

 

Figure 10. BQM concentration during the catalytic and non-catalytic ozonation of CBZ. CCBZ = 35 mg/L,
gas flow rate = 110 mL/min, T = 50 ◦C, stirring speed = 900 rpm, CO3,g = 21 mg/L, Ccatalysts = 0.5 g/L.

Figure 11. BQD concentration during the catalytic and non-catalytic ozonation of CBZ. CCBZ = 35 mg/L,
gas flow rate = 110 mL/min, T = 50 ◦C, stirring speed = 900 rpm, CO3,g = 21 mg/L, Ccatalysts = 0.5 g/L.

These results were in line with a study performed by Rosal et al. who investigated catalytic
ozonation of CBZ. Their ozonation results revealed that utilizing a titanium dioxide catalyst combined
with ozonation provides a significant benefit where the ozone decomposition as well as ozonation
reactions were improved, as well as an increase of the formation of hydroxyl radicals and rate of
mineralization compared to non-catalytic ozonation [40].

A more detailed investigation of the fate of BQD was conducted using isolated BQD without CBZ
and other by-products. Pure BQD was obtained by isolation from an ozonation experiment. BQD was
dissolved in acetonitrile and deionized water. Non-catalytic and catalytic ozonation was carried out
with this solution. Figure 12 demonstrates that after 4 h of non-catalytic ozonation only 6% of BQD
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remained and after 4 h catalytic ozonation only 3% of BQD, catalytic ozonation slightly increased
transformation rate.

 

Figure 12. BQD concentration during the catalytic and non-catalytic ozonation of BQD. CBQD = 6 mg/L,
CAcetonitrile = 6 mg/L, gas flow rate = 110 mL/min, T = 50 ◦C, stirring speed = 900 rpm, CO3,g = 21 mg/L,
Ccatalysts = 0.5 g/L.

2.2.3. Leaching of Modified Metals and Aluminum from Catalysts

Inductively coupled optical emission spectrometry (ICP-OES) Optima 5300 DV Perkin Elmer
instrument was applied to determine leaching of catalytic metals during ozonation at 20 ◦C.
The aluminum and modified metal were considered in these experiments. Cu-MCM-41A-EIM
catalyst showed high leaching of Cu 58.9% and Pd-H-Beta-300-EIM relatively high leaching of Pd
and aluminum 14.2% and 20.26% respectively. On the contrary, Pt-H-Y-12-EIM, Ru-MCM-41-IS,
Pt-MCM-41-IS showed no leaching for modified metal. Figure 13 illustrates the catalyst leaching
during 2 h ozonation.

Figure 13. Leaching of modified metal and aluminum (%) in the catalytic ozonation of CBZ at 20 ◦C.

3. Materials and Methods

3.1. Chemicals

Carbamazepine (CBZ; C15H12N2O, MW: 236.269 g/mol, CAS number: 298-46-4) was purchased
from Sigma Life Science. The CBZ was in crystal powder form, therefore it was first dissolved in
methanol (H3COH, MW: 32.04 g/mol, CAS number: 67-56-1), which was obtained from VWR (Briare,
France). The water used in the LC-MS analysis was purified using a Millipore Simplicity 185 system
(Millipore S.A.S., Molsheim, France). The acetonitrile used in the LC-MS analysis was of LC-MS grade
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and was obtained from Fisher scientific and formic acid was obtained from Sigma-Aldrich. BQM and
BQD were prepared from ozonation following to the procedure Kråkström et al. Stock solutions of
BQM and BQD were prepared in acetonitrile.

3.2. Catalyst Preparation

The following solid catalysts were prepared in our laboratory: Pt-MCM-41-IS, Ru-MCM-41-IS,
Pd-H-Y-12-EIM, Pt-H-Y-12-EIM, Pd-H-Beta-300-EIM and Cu-MCM-41-A-EIM. The Pt and Ru
modification of Pt-MCM-41-IS and Ru-MCM-41-IS was carried out using the in-situ (IS) synthesis
preparation method [41]. The modification methods for Pd, Pt and Cu used for the synthesis
of Pd-H-Y-12-EIM, Pt-H-Y-12-EIM, Pd-H-Beta-300-EIM and Cu-MCM-41-A-EIM catalysts were
evaporation impregnation (EIM) [31].

For the synthesis of Pd-H-Y-12-EIM, an aqueous solution of Pd(NO3)2 and H-Y-12 was placed in a
Rotavapor for 24 h, until the aqueous phase was evaporated at 60 ◦C. The Pd-H-Y-12-EIM catalyst was
transferred from the flask and dried in an oven overnight at 100 ◦C. Finally, it was calcined in a muffle
oven at 450 ◦C for three hours.

3.3. Physico-Chemical Characterization of Catalyst

The electron micrographs, metal particle size and structural properties of the catalysts were
investigated by transmission electron microscopy (TEM, model JEM 1400 plus: Jeol Ltd., Tokyo, Japan)
using a transmission electron microscope (model JEM 1400 Plus), using 120 kV accelerating voltage
and a resolution of 0.38 nm provided via OSIS Quemesa 11 Mpix digital camera (rephrase/split).
The specific surface areas and pore volumes of the catalysts were determined by nitrogen physisorption
(Carlo Erba Sorptomatic 1900, Fisons Instruments, Milan, Italy) and interpreted with Dubinin and B.E.T.
(Brunauer–Emmett–Teller) equations. The fresh catalysts were outgassed at 150 ◦C, whereas the spent
catalysts were outgassed at 100 ◦C for 3 h before each and every nitrogen adsorption measurement.
Scanning electron microscopy coupled to energy disperse X-ray analysis (SEM/EDXA) was used to
investigate morphology. Crystallite size and metal contents of catalysts was analyzed by SEM (Zeiss Leo
Gemini 1530, Oberkochen, Germany) and energy dispersive X-ray micro-analysis. The catalyst acidities
were measured by Fourier transform infrared spectroscopy (FTIR) spectroscopy (ATI Mattson Infinity
series, Madison, MI, USA) by employing pyridine as the probe molecule. The X-ray photoelectron
spectroscopy (XPS, Kratos Analytical, UK) analysis was performed using an X-ray spectrometer
(lens mode hybrid resolution by mono aluminum). The specific elemental analysis was done using
20 eV pass energy.

3.4. Kinetic Experiments in a Semi-Batch Reactor

The ozonation experiments were conducted in a double jacket isothermal glass reactor operating
in semibatch mode. In order to immobilize the solid catalyst used in these experiments, a Spinchem TM

rotating bed reactor (RBR) was used, typically operating at 900 rpm to ensure vigorous mixing of the
liquid and gas phases and to maximize the mass transfer between the gas–liquid interface and the solid
catalyst surface. An ozone generator (Absolute Ozone, Nano model, Edmonton, AB, Canada) was used
to provide ozone, using oxygen (108.5 mL/min) and nitrogen (1.5 mL/min) as the gas flow rate to the
generator was, so the total gas flow was 110 mL/min. The feed gas was super-dried (dew point −60 ◦C).
The ozonator produced a concentration of approximately 21 mg/L of ozone in the gas phase. The ozone
concentration was determined by iodine volumetric titration [42]. In order to purge the gas constantly
through the reactor vessel, a 7 μm disperser was used at the bottom of the reactor. The dissolved ozone
concentration was determined to 1.668 mg/L at 5 ◦C, 0.441 mg/L at 20 ◦C and 0.0921 mg/L at 50 ◦C by
the indigo method. The water solubility of CBZ is rather low, only 17.7 mg/L, while it is fully soluble in
methanol. Therefore, the stock solution was prepared by dissolving 0.35 g CBZ in 100 mL of methanol.
Thereafter, 10 mL of the stock solution was added to 1 L deionized water in the glass reactor in the
beginning of each experiment. The initial concentration of CBZ was thus 35 mg/L, which is higher than
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the concentration typically detected in surface waters. However, a high initial concentration allows us
to detect and identify by-products of very low concentrations. In this study, the reaction time was
varied from 180 to 240 min. The reactor system used in the experiments is displayed in Figure 14.

Figure 14. Schematic view of the semi-batch reactor system for degradation of CBZ.

3.5. Quantification of CBZ, BQM and BQD

Various systems have been developed for the analysis and determination of CBZ such as
liquid chromatography-mass spectrometry (LC-MS) and gas chromatography-mass spectrometry
(GC-MC) [43,44]. For quantification, an Agilent 1100 LC system equipped with a variable wavelength
detector set to 254 nm was used. The chromatographic separation was performed using an Agilent
1100 binary pump equipped with a vacuum degasser, an autosampler and a thermostated column
oven set to 30 ◦C and a Waters Atlantis T3 C18 column (2.1 × 100 mm, 3 μm). The eluents were 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile (B). Initially the composition was held at
0% (B) for 1 min, then the composition was increased linearly to 30% (B) over 9 min. The composition
was further increased linearly to 95% (B) over 14 min. Finally, the eluent composition was returned
to the initial conditions over the next 1 min and given 10 min for equilibration. The flow rate was
0.3 mL/min. The injection volume was 30 μL. The draw speed was 100 μL/min while the eject speed
was 100 μL/min. Using the stock solutions, calibration curves consisting of eight points (in water)
were prepared separately for CBZ, BQM and BQD. The ozonated samples were analyzed without any
further adjustment.

An MSD ion trap mass spectrometer equipped with an electrospray ionization (ESI) source
operating in full scan mode was used for confirmation of the structure. Nitrogen was used as drying
gas and argon was used as collision gas. The drying gas was held at 8 L/min and heated to 350 ◦C.
The nebulizer pressure was set to 40 psi. The scan range was set to 50–600 m/z.

4. Conclusions

The current work demonstrated the degradation kinetics of CBZ by ozonation at two
reaction temperatures (20 ◦C and 50 ◦C), and a number of zeolite catalysts. Pt-MCM-41-IS,
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Ru-MCM-41-IS, Pd-H-Y-12-EIM, Pt-H-Y-12-EIM, Pd-H-Beta-300-EIM and Cu-MCM-41-A-EIM catalysts
were synthesized and applied with combination of ozone for the removal of CBZ and its ozonation
transformed products. Several experiments were carried out in order to evaluate the influence of
temperature on the catalyst activity. By increasing the reactor temperature to 50 ◦C the activities of
the catalysts increased, even though the dissolved ozone concentration decreased dramatically at
50 ◦C compared to 20 ◦C. The formation of the products BQM and BQD were kinetically displayed
and the role of the catalysts were discussed. CBZ rapidly transformed into BQM and later into BQD.
The by-product analysis illustrated that degradation of BQM and BQD was higher when using a
catalyst combined with ozonation. In addition, Pd-H-Y-12-EIM prepared by evaporation impregnation
method revealed the highest degradation rate of BQM and BQD compared to other catalysts at 50 ◦C.
The catalyst Pd-H-Y-12-EIM had the highest Brønsted acidity 237 μmol/g at 250 ◦C and moderately
high Lewis acidity 52 μmol/g at 250 ◦C. This indicates that the acidity of catalyst has a big role in the
transformation of CBZ. Moreover, this catalyst had a high average crystal size, 257.11 nm, compared
to the other catalysts, and the Pd concentration was relatively large, 5.34 wt%. The leaching was
relatively low for Pd and Al for this catalyst, which makes it a promising catalyst for the ozonation of
pharmaceuticals of this kind.
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Abstract: The chromium oxide catalysts supported on silicalite-1 zeolite (Cr/S-1) with a Cr content
between 0.5% and 7% were synthesized via an incipient wetness method. The catalysts were
characterized by XRD, N2 adsorption, TEM-EDX, UV-vis, DRIFTS, 29Si MAS NMR, XPS, H2-TPR, and
NH3-TPD. The optimum 3%Cr/S-1 catalyst with 3%Cr is more active and stable than SBA-15-supported
one with the same Cr content, which is a consequence of a higher content of Cr6+ in the fresh 3%Cr/S-1
catalyst and a higher content of Cr6+ retained on the former catalyst during the reaction. The 3%Cr/S-1
catalyst affords an isobutane conversion of 36.5% with 71.2% isobutene selectivity. The catalytic
activity is well correlated with the content of Cr6+ in the fresh catalysts. Carbon dioxide displays a
promoting effect on the dehydrogenation reaction.

Keywords: CO2 assisted dehydrogenation; isobutane; silicalite-1; SBA-15

1. Introduction

Isobutene is an important industrial chemical employed to produce butyl rubber, gasoline
oxygenates (e.g., ethyl tert-butyl ether), and antioxidants (e.g., butylated hydroxyanisole) [1,2]. Its two
main manufacture ways which rely on the source of petroleum, i.e., steam cracking of naphtha as
well as fluidized catalytic cracking, cannot meet the increasing requirements. Due to the shortage of
petroleum and environmental consideration, the dehydrogenation of small alkanes to alkenes assisted
by CO2 has attracted more attention recently [3–13]. Compared to the oxidative dehydrogenation of
light alkanes with O2, the beneficial employment of CO2 as a soft oxidant comprises improving the
product selectivity as well as decreasing CO2 emissions [14,15]. Moreover, this route opens up a new
way to utilize greenhouse CO2.

The catalysts which were attempted for isobutane dehydrogenation assisted by CO2 includes
Cr2O3 [11,16], V2O5 [10,17,18], iron oxide [19], NiO [3], and V–Mg–O [20,21]. Ding et al. found that
the isobutane conversion was enhanced from 29.8% to 50.3% for the dehydrogenation over active
carbon-supported chromium oxide when replacing Ar with CO2 [16]. Cr-based catalysts were found
to exhibit higher activities for dehydrogenation of small alkanes and ethylbenzene with CO2, and
mesoporous silica molecular sieves (e.g., MCM-41 and SBA-15) were usually chosen as catalyst supports
owing to their high mesopore volume and surface area [6,11,22–24]. Silicalite-1 is a siliceous zeolite with
MFI structure. It is generally applied in the removal of volatile organic compounds [25], separation [26],
acid catalyst [27,28], and catalyst support [29–31]. Silicalite-1 exhibits higher thermal and hydrothermal
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stability than SBA-15. Thus, higher catalytic stability would be expected when employing silicalite-1 as
catalyst support. Herein, a novel efficient catalyst system, i.e., silicalite-1 zeolite supported chromium
oxide (Cr/S-1), for CO2 assisted dehydrogenation of isobutane was developed, and compared with the
chromia catalyst supported on SBA-15 (Cr/SBA). The catalytic result of Cr/S-1 was correlated with their
physico-chemical properties, and the superior performance of Cr/S-1 to Cr/SBA was revealed.

2. Results and Discussion

2.1. Catalyst Characterization

The MFI structure of the Cr/S-1 catalysts is evidenced by their XRD patterns (Figure 1), i.e.,
diffraction peaks at 2θ = 8.0◦, 8.9◦, 23.1◦, 23.3◦, and 24.0◦ [12,32]. Crystalline Cr2O3 cannot be observed
until the Cr content reaches 7%, indicating that chromium oxide is highly dispersed on silicate-1 zeolite
at a Cr content ≤3%. The 3%Cr/SBA catalyst does not show Cr2O3 crystallites either (Figure 1a). The
good preservation of the ordered hexagonal mesoporous structure of SBA-15 upon supporting chromia
is demonstrated by the SAXS patterns (Figure S1). The more homogeneous distribution of chromium
on 3%Cr/S-1 than 3%Cr/SBA is verified by the HAADF STEM mapping (Figure S2).

Figure 1. XRD patterns of the catalysts. (a) 3%Cr/SBA, (b) 0.5%Cr/S-1, (c) 1%Cr/S-1, (d) 2%Cr/S-1,
(e) 3%Cr/S-1, (f) 7%Cr/S-1.

A surface area of 379 m2/g observed for silicalite-1 zeolite (Table 1) is similar to the value reported
in the literature [30]. As the Cr content increases from 0.5% to 3%, the surface area, microporosity
and mesoporosity (contribution from silicalite-1 intercrystalline voids) of the Cr/S-1 catalysts slightly
decrease (Table 1). At a high content of Cr (7%), the microporosity obviously decreases, which can
be attributed to the blockage of some micropores by large chromium oxide particles (evidenced by
XRD observation).

The band at 541 cm−1 on the Raman spectra of the Cr/S-1 and 3%Cr/SBA catalysts is characteristic
of Cr2O3 crystallites (Figure 2) [33–35]. This band does not appear until the Cr content achieves 3% for
the Cr/S-1 catalysts. The stronger intensity of this band found for the 3%Cr/SBA catalyst than 3%Cr/S-1
suggests that chromium oxide is worse dispersed on the former catalyst, which is consistent with
the result of STEM mapping. The band at 983 cm−1 and the shoulder at 1006 cm−1 are related to the
Cr-O stretching of monochromate and polychromate species, respectively [6,36]. The band at 603 cm−1

occurred in the 3%Cr/SBA catalyst is associated with a tri-siloxane ring in SBA-15 [37].
The bands at 275 and 359 nm on the diffuse reflectance UV-vis spectra of the Cr/S-1 and 3%Cr/SBA

catalysts are attributed to tetrahedral Cr6+ species, while the ones at 458 and 599 nm are assigned
to octahedral Cr3+ species existing in Cr2O3 or CrOx clusters (Figure 3) [36,38]. The band at 599 nm
cannot be found for the Cr/S-1 catalysts until the Cr content of 7%. 3%Cr/SBA shows the strongest
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intensity of this band, suggesting the worse dispersion of chromium oxide on 3%Cr/SBA than 3%Cr/S-1.
The above result is consistent with those of XRD and STEM mapping.

Table 1. Textural properties and H2-TPR results of the samples.

Sample
SBET Vmicro

a Vmeso V total
b TM H2 Uptake Cr6+

(m2/g) (cm3/g) (cm3/g) (cm3/g) (◦C) (mmol/g) (%) c

Silicalite-1 379 0.18 0.12 0.30 - - -
0.5%Cr/S-1 378 0.17 0.05 0.22 424 0.141 0.49
1%Cr/S-1 368 0.16 0.06 0.22 377 0.189 0.66
2%Cr/S-1 358 0.16 0.05 0.21 369 0.253 0.88
3%Cr/S-1 350 0.16 0.04 0.20 364 0.342 1.19
7%Cr/S-1 345 0.13 0.05 0.18 372 (213) d 0.330 1.14
SBA-15 655 0.06 1.02 1.08 - - -

3%Cr/SBA 469 0.02 0.69 0.71 373 0.304 1.05
a Calculated by the t-plot method; b Total pore volume adsorbed at P/P0 = 0.99; c The weight percentage of Cr6+

in the sample calculated based on the H2 consumption, assuming that Cr6+ was reduced to Cr3+ by H2; d The
high-temperature reduction peak and low-temperature one are 372 ◦C and 213 ◦C, respectively.

Figure 2. Raman spectra of the catalysts. (a) 0.5%Cr/S-1, (b) 1%Cr/S-1, (c) 2%Cr/S-1, (d) 3%Cr/S-1,
(e) 7%Cr/S-1, (f) 3%Cr/SBA.

Figure 3. Diffuse reflectance UV-vis spectra of the catalysts. (a) 0.5%Cr/S-1, (b) 1%Cr/S-1, (c) 2%Cr/S-1,
(d) 3%Cr/S-1, (e) 7%Cr/S-1, (f) 3%Cr/SBA.

The XPS spectra of the 3%Cr/S-1 and 3%Cr/SBA catalysts are depicted in Figure S3, and the
XPS data are listed in Table 2. A remarkable decrease in the Cr6+ to Cr3+ ratio after isobutane
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dehydrogenation is indicative of the reduction of most Cr6+ to Cr3+. More Cr6+ was reduced to Cr3+

in the absence of CO2 than in the presence of CO2. The Cr6+ to Cr3+ ratio is greater for 3%Cr/S-1
than 3%Cr/SBA, both before and after the dehydrogenation reaction assisted by CO2. After isobutane
dehydrogenation over 3%Cr/S-1 in the absence of CO2, followed by the treatment with CO2 at the
same temperature, the Cr6+ to Cr3+ ratio increases from 0.91 to 1.97, but it is still lower than the value
of the fresh catalyst (2.82). This finding implies that CO2 assisted isobutane dehydrogenation proceeds
via a redox mechanism (Scheme 1).

Table 2. Summary of XPS data.

Sample Sample Description
Eb (eV) a

Cr6+/Cr3+ b

Cr3+ Cr6+

A Fresh 3%Cr/S-1 576.9 579.2 2.82
B Sample A reacted for 6 h in the presence of CO2 577.1 579.5 1.19
C Sample A reacted for 6 h in the absence of CO2 576.7 579.6 0.91
D Sample C subsequently treated with CO2 at 570 ◦C for 0.5 h 577.0 579.4 1.97
E Fresh 3%Cr/SBA 576.7 579.2 2.42
F Sample E reacted for 6 h in the presence of CO2 576.8 579.3 0.72

a Binding energy of Cr 2p3/2; b Atomic ratio of Cr6+ to Cr3+. Reaction conditions: 570 ◦C, 0.1 g catalyst, CO2
(N2)/i-C4H10 = 1 (mol/mol), WHSV = 4.1 h−1.

Cr3+

Cr6+CO

CO2

Reoxidation Redox cycle
Cr6+ and Cr3+

i-C4H10

    Oxidative 
dehydrogenation

i-C4H8  + H2O

      Simple 
dehydrogenation

i-C4H10

i-C4H8

H2

CO2

CO

H2O
RWGS reaction

Scheme 1. Proposed reaction mechanism of isobutane dehydrogenation assisted by CO2 over
silicalite-1-supported chromium oxide catalysts.

The peak on the H2-TPR profiles of the Cr/S-1 and 3%Cr/SBA catalysts with peak temperatures
between 364 and 424 ◦C is assigned to the reduction of Cr6+ to Cr3+ (Figure 4) [39–41]. An additional
small peak at 213 ◦C is observed for the 7%Cr/S-1 catalyst, indicating that large chromia crystals exist
on this catalyst in addition to the dispersed chromium oxide [42]. The H2-TPR data are presented in
Table 1. The 3%Cr/S-1 catalyst exhibits a lower reduction in temperature than 3%Cr/SBA (364 ◦C vs.
373 ◦C), showing that the former catalyst displays higher reducibility than the latter one. The higher
content of Cr6+ observed in 3%Cr/S-1 than 3%Cr/SBA (1.19% vs. 1.05%) could be related to the better
dispersion of chromium species on silicalite-1 [11], as demonstrated by the STEM mapping result.
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Figure 4. H2-TPR profiles of the catalysts. (a) 0.5%Cr/S-1; (b) 1%Cr/S-1; (c) 2%Cr/S-1; (d) 3%Cr/SBA; (e)
3%Cr/S-1; (f) 7%Cr/S-1.

As revealed in Figure 5, silicalite-1 zeolite has three kinds of hydroxyl groups: Isolated silanol
groups (3739 cm−1), vicinal silanol groups (3686 cm−1), and nest silanol groups (3493 cm−1) [27,43,44].
After supporting chromium oxide, the intensities of these -OH groups, particularly the nest silanol
groups, diminish. The peak area ratio of nest silanol groups to isolated silanol ones declines from 16
to 5.0 after supporting chromia (3%Cr). This observation suggests that the number of silanol groups
decreases via the interaction of Cr species with the -OH groups [29,44,45]. SBA-15 has only isolated
silanol groups. Supporting chromium oxide on SBA-15 also leads to a decrease in the number of
hydroxyl groups. The nest silanols have a higher local density of hydroxyls than isolated silanols [46],
thus resulting in a stronger interaction between chromium species and nest silanols. Therefore, the
better dispersion of chromium species on silicalite-1 than SBA-15 can be attributed to the abundant
nest silanol groups present on the former support.

Figure 5. DRIFT spectra of some selected samples. (a) 3%Cr/SBA, (b) SBA-15, (c) 3%Cr/S-1, (d) silicalite-1.

Figure S4 presents the 29Si MAS NMR spectra of some selected samples. For silicalite-1 and
3%Cr/S-1 samples, two resonances at −113 and −102 ppm correspond to Q4 and Q3 species representing
(Si-[(OSi)4]) and (HO-Si-[(OSi)3]), respectively [28]. The ratio of Q3 to Q4 decreases from 0.108 for
silicalite-1 to 0.096 for 3%Cr/S-1, indicating a loss of silanol groups. In the case of SBA-15 and 3%Cr/SBA,
the broad signal can be deconvoluted into a few peaks. The peaks at ca. −90 and −100 ppm are
attributed to Q2 ([HO]2-Si-[(OSi)2]) and Q3 species, respectively, while the ones below −102 ppm are
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assigned to Q4 species [23,47]. The lower (Q2 + Q3) to Q4 ratio observed for 3%Cr/SBA than SBA-15
(0.272 vs. 0.341) implies a decrease in the number of hydroxyl groups.

2.2. Catalytic Performance

The catalytic results of CO2 assisted isobutane dehydrogenation over the Cr/S-1 catalysts are
shown in Figure 6 and Table 3. The effect of content of Cr in the Cr/S-1 catalysts on the initial conversion
of isobutane and initial product selectivity is depicted in Figure S5. The initial isobutene selectivity
declines from 79.7% to 71.2%, with increasing the Cr content from 0.5% to 3%, followed by a slight
diminishment with further increasing the Cr content to 7%. The initial selectivities to C1-C3 (alkanes
and alkenes) and butenes (except isobutene) follow the opposite variation trend. The activity is strongly
dependent on the Cr content. The initial isobutane conversion improves markedly from 20.8% to 36.5%
with increasing the Cr content from 0.5% to 3%, followed by a very slight decline in the conversion with
further increasing the Cr content to 7%. The 3%Cr/S-1 catalyst displays the optimum activity, giving
36.5% isobutane conversion and 71.2% selectivity toward isobutene. As shown in Table 3, the catalyst
which is more active for CO2 assisted dehydrogenation of isobutane displays higher activity for the
conversion of CO2 to CO. The very small conversion of isobutane (ca. 3%) observed on silicalite-1
zeolite suggests that the dispersed chromium oxide on silicalite-1 is primarily responsible for the
catalytic activity.

Figure 6. Catalytic performance of the Cr/S-1 catalysts for isobutane dehydrogenation assisted by CO2

at 570 ◦C, (�) 0.5%Cr/S-1, (�) 1%Cr/S-1, (�) 2%Cr/S-1, (�) 3%Cr/S-1, (�) 7%Cr/S-1. Reaction conditions:
570 ◦C, 0.1 g catalyst, CO2/i-C4H10 = 1 (mol/mol), WHSV = 4.1 h−1.

Table 3. Reaction data of silicalite-1-supported chromium oxide catalysts a.

Catalyst
Conversion (%) Selectivity (%)

H2/CO c

i-C4H10 CO2 i-C4H8 CH4 C2H4 C2H6 C3H6 C3H8 C4H8
b

0.5%Cr/S-1 20.8 (14.3) 3.5 (1.7) 79.7 (82.5) 3.9 (3.2) 0 (0) 0 (0) 10.7 (9.4) 0.9 (0.7) 4.8 (4.2) 4.2 (5.6)
1%Cr/S-1 25.3 (17.6) 4.8 (4.4) 76.1 (79.0) 4.8 (4.4) 0.6 (0.3) 0.4 (0.1) 10.9 (11.4) 1.3 (0.7) 5.9 (4.1) 2.6 (3.1)
2%Cr/S-1 32.8 (25.0) 10.6 (5.6) 72.6 (77.7) 5.3 (4.4) 0.7 (0.3) 0.6 (0.3) 11.0 (10.1) 1.8 (1.2) 8.0 (6.0) 1.9 (2.1)
3%Cr/S-1 36.5 (28.4) 13.3 (6.9) 71.2 (75.4) 5.6 (4.9) 0.8 (0.5) 0.9 (0.6) 11.4 (10.6) 2.0 (1.5) 8.1 (6.5) 1.8 (2.0)
7%Cr/S-1 36.3 (27.9) 11.7 (6.2) 69.9 (74.6) 5.8 (5.2) 1.0 (0.7) 1.0 (0.7) 11.6 (10.5) 2.2 (1.7) 8.5 (6.6) 2.0 (2.4)

a The values outside and inside the bracket are the data obtained at 10 min and 6 h, respectively; b Butenes excluding
isobutene; c Molar ratio of H2 to CO. Reaction conditions are the same as given in caption to Figure 6.

It is well accepted that CO2 assisted dehydrogenation of small alkanes over metal oxides with
redox property (e.g., chromia and vanadia) proceeds through a redox mechanism [18,22,48,49]:

CnH2n+2 +MOx = CnH2n +MOx−1 + H2O (1)
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CO2 +MOx−1 = CO +MOx (2)

The XPS results (Table 2) confirm that CO2 assisted isobutane dehydrogenation follows the redox
mechanism (Scheme 1). According to this redox mechanism, one might envisage that the Cr/S-1
catalyst having a higher amount of Cr6+ species would favor the dehydrogenation reaction. This
hypothesis is further demonstrated by a good correlation between the initial activity and the content
of Cr6+ in the fresh Cr/S-1 catalysts as measured by H2-TPR (Figure 7). On the other hand, H2 was
detectable in the products. The H2 to CO molar ratio for the Cr/S-1 catalysts is presented in Table 3. This
finding suggests that besides the redox mechanism (i.e., a one-step pathway, i-C4H10 + CO2 = i-C4H8

+ CO + H2O), a two-step pathway also occurs during the reaction, i.e., a simple dehydrogenation
of isobutane coupled with the reverse water-gas shift (RWGS) reaction (Scheme 1). The results of a
separate RWGS reaction carried out at 570 ◦C verify that the Cr/S-1 catalysts are indeed active for this
reaction (Figure S6).

Figure 7. Correlation between the initial conversion of isobutane in the presence of CO2 and the content
of Cr6+ in the fresh Cr/S-1 catalysts. Reaction conditions are the same as given in caption to Figure 6.

We chose the best 3%Cr/S-1 to investigate its catalytic performance under a CO2 or N2 atmosphere
(Figure 8). In the case of CO2 atmosphere, this catalyst gives a 36.5% isobutane conversion with 71.2%
isobutene selectivity after 10 min of reaction. In the case of N2 atmosphere, the initial isobutane
conversion and isobutene selectivity are 30.8% and 67.5%, respectively. This finding suggests that CO2

displays a promoting effect on isobutane dehydrogenation. CO2 enhances the dehydrogenation reaction
via a redox mechanism in which the catalyst undergoes reduction (by isobutane) and reoxidation (by
carbon dioxide) cycles as well as the reaction coupling between a simple dehydrogenation of isobutane
and the RWGS reaction, as illustrated in Scheme 1.

A comparison of 3%Cr/S-1 and 3%Cr/SBA catalysts indicates that the initial isobutane conversion
is higher on 3%Cr/S-1 than 3%Cr/SBA (Figure 9, 36.5% vs. 33.5%), which is caused by the fact that
the former catalyst possesses a higher content of Cr6+ than the latter one (1.19% vs. 1.05%). The
higher isobutene selectivity observed for 3%Cr/SBA than 3%Cr/S-1 is due to the fact that the former
catalyst has lower acidity and weaker acid sites. Two desorption peaks on the NH3-TPD profiles of
both 3%Cr/S-1 and 3%Cr/SBA catalysts correspond to the weak and strong acid sites of the catalysts
(Figure S7). The higher peak temperature observed for 3%Cr/S-1 than 3%Cr/SBA (393 ◦C vs. 320 ◦C)
suggests that the former catalyst has stronger acid sites than the latter one. Moreover, the 3%Cr/S-1
catalyst has more acid sites than 3%Cr/SBA (0.445 vs. 0.266 mmol/g). Moreover, the 3%Cr/S-1 catalyst
exhibits higher stability than 3%Cr/SBA. After 6 h of the reaction, the isobutane conversion for 3%Cr/S-1
and 3%Cr/SBA is 28.4% and 20.2%, respectively. Coking and the reduction of Cr6+ to Cr3+ are two
causes responsible for the catalyst deactivation [11,50]. An in situ pretreatment of the 3%Cr/S-1 catalyst
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with 10% H2/Ar (30 mL/min) at 450 ◦C for 1 h leads to a decline in the initial activity from 36.5%
to 32.3% (Figure 10), further confirming that the reduction of Cr6+ to Cr3+ is one of the causes for
the deactivation of catalyst. The amount of coke on 3%Cr/S-1 and 3%Cr/SBA catalysts after 6 h of
the reaction is 3.2% and 1.5%, respectively. The TPO profiles of both spent 3%Cr/S-1 and 3%Cr/SBA
catalysts are shown in Figure S8. The peak temperature is lower for the former catalyst than the latter
one (359 ◦C vs. 375 ◦C), suggesting that coke deposited on 3%Cr/S-1 is more easily burnt off. The
NH3-TPD result accounts for the higher amount of coke on 3%Cr/S-1 than 3%Cr/SBA. The XPS result
shows that after the reaction, the Cr6+ to Cr3+ ratio is higher for 3%Cr/S-1 than 3%Cr/SBA (Table 2, 1.19
vs. 0.72). This result implies that the reduced chromium species which interact with the nest silanols
could be more easily reoxidized to Cr6+ species by CO2 during the dehydrogenation reaction. Hence,
the higher catalytic stability of 3%Cr/S-1 than 3%Cr/SBA is ascribed to a higher amount of Cr6+ species
retained during the reaction, which could be related to the abundant nest silanol groups present on
the silicalite-1 support. There are no differences in the XRD patterns for the spent and fresh 3%Cr/S-1
catalysts (Figure S9), indicating the good maintenance of the catalyst structure. However, an evident
diminishment in the intensity of XRD patterns for the spent 3%Cr/SBA catalyst in comparison with
the fresh one was observed, suggesting a degradation of the ordered hexagonal arrangement of the
SBA-15 mesopores. This is another cause for the lower catalytic stability of the 3%Cr/SBA catalyst.

Figure 8. Conversion of isobutane and selectivity to isobutene as a function of reaction time for the
3%Cr/S-1 catalyst at 570 ◦C in the presence (�, �) and absence (�, �) of CO2. Reaction conditions: 0.1 g
catalyst, CO2 (N2)/i-C4H10 = 1 (mol/mol), WHSV = 4.1 h−1.

Figure 9. Conversion of isobutane and selectivity to isobutene as a function of reaction time at 570 ◦C
in the presence of CO2. (�, �) 3%Cr/S-1, (�, �) 3%Cr/SBA. Reaction conditions are the same as given in
caption to Figure 6.
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Figure 10. Conversion of isobutane and selectivity to isobutene as a function of reaction time for the
3%Cr/S-1 catalyst. (�, �) fresh catalyst, (�, �) catalyst that was in situ pretreated by 10 vol.% H2/Ar at
450 ◦C for 1 h. Reaction conditions are the same as given in caption to Figure 6.

3. Materials and Methods

3.1. Catalyst Preparation

Silicalite-1 zeolite was synthesized as follows [51]. Tetrapropylammonium hydroxide (TPAOH,
25% aqueous solution), tetraethyl orthosilicate (TEOS), and distilled water were mixed to obtain a clear
suspension (9TPAOH:25SiO2:480H2O, molar composition). The above mixture was stirred at room
temperature to hydrolyze TEOS for 4 h, followed by being transferred into an autoclave and crystallized
at 170 ◦C for 72 h. The obtained product was filtered, washed, and dried at 100 ◦C overnight, followed
by calcination at 550 ◦C for 4 h in air.

The silicalite-1-supported chromium oxide catalysts were prepared through an incipient wetness
method employing Cr(NO3)3·9H2O as the precursor. The impregnated samples were dried at 100 ◦C
overnight, followed by calcination in air at 600 ◦C for 6 h. The obtained catalysts were designated
as x%Cr/S-1, where x% represents the weight percentage of Cr in the catalysts. For the purpose of
comparison, the 3%Cr/SBA catalyst (3%Cr) was prepared in the same way using SBA-15 as the support.
SBA-15 was prepared according to the literature [52].

3.2. Catalyst Characterization

X-ray diffraction (XRD) measurements were performed with a D2 PHASER X-ray diffractometer
(Brucker, Madison, WI, USA) at 40 mA and 40 kV. Small-angle X-ray scattering (SAXS) measurements
were performed with a Nanostar U SAXS system (Brucker, Madison, WI, USA) using Cu Kα radiation at
35 mA and 40 kV. The surface areas and pore volumes of the catalysts were measured by N2 adsorption
on a Tristar 3000 instrument (Micromeritics, Atlanta, GA, USA). The HAADF-STEM images and
elemental mapping were acquired with a Tecnai G2 F20 S-TWIN instrument (FEI, Hillsboro, TX, USA).
Diffuse reflectance ultraviolet-visible (UV-vis) spectra were collected with a Lambda 650S spectrometer
(Perkin-Elmer, Waltham, MA, USA). Raman spectra were collected with an XploRA spectrometer
(HORIBA Jobin Yvon, Paris, France). The exciting light wavelength was 532 nm. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a PHI 5000C spectrometer with Mg Kα radiation
(Perkin-Elmer, Waltham, MA, USA). 29Si MAS NMR characterization was carried out with an AVANCE
III 400WB instrument (Brucker, Rheinstetten, Germany). To analyze the amount of deposited coke
on the catalyst after reaction, thermogravimetric (TG) analysis was carried out in flowing air with a
TGA8000 apparatus (Perkin-Elmer, Waltham, MA, USA).

Temperature-programmed desorption of NH3 (NH3-TPD), temperature-programmed reduction of
H2 (H2-TPR), and temperature-programmed oxidation (TPO) characterizations were performed on an
AutoChem II instrument (Micromeritics, Atlanta, GA, USA). We pretreated 0.1 g of sample (40–60 mesh)
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in situ at 550 ◦C in N2 flow for 1 h before the measurement. In the case of NH3-TPD experiment, the
temperature was cooled to 80 ◦C, and the flow was changed to 10 vol.% NH3/He (30 mL/min) and
maintained at 80 ◦C for 2 h, followed by being swept with He (30 mL/min) for 2 h. Then, the sample
was heated in He (30 mL/min) to 600 ◦C at a ramp rate of 10 ◦C/min. In the case of H2-TPR experiment,
the temperature was cooled to 100 ◦C, and the flow was switched to 10% H2/Ar (30 mL/min), followed
by heating to 650 ◦C at a ramp rate of 10 ◦C/min. In the case of TPO experiment, the temperature was
cooled to 150 ◦C, and the flow was changed to 3% O2/He (30 mL/min), followed by heating to 650 ◦C
at a ramp rate of 10 ◦C/min. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
spectra were recorded at 300 ◦C on a Nicolet 6700 spectrometer (ThermoFisher, Waltham, MA, USA)
equipped with an MCT detector and a heating accessory. The sample was pretreated in situ in flowing
He (30 mL/min) at 450 ◦C for 1 h before the measurement.

3.3. Catalytic Evaluation

Catalytic performance in CO2 assisted dehydrogenation of isobutane was carried at 570 ◦C in a
fixed-bed quartz tube reactor (6 mm internal diameter) under ambient pressure. The catalyst loading
was 0.1 g. The catalyst (40–60 mesh) was activated in situ in N2 flow at 570 ◦C for 1 h before the
reaction. The feed gas contained 50 vol.% CO2 and 50 vol.% isobutane (2.9 mL/min of isobutane), i.e.,
the weight hourly space velocity of 4.1 h−1 for isobutane. In the case of isobutane dehydrogenation in
the absence of CO2, CO2 was replaced by N2, while keeping the other reaction conditions the same.
In the case of reverse water–gas shift reaction, the feed gas contained 50 vol.% H2 and 50 vol.% CO2

(2.9 mL/min of CO2), while keeping the other reaction conditions the same. The hydrocarbon products
were in-situ analyzed with a GC (FID and HP-AL/S capillary column). The column temperature was
100 ◦C. CO and CO2 were in-situ analyzed with another GC (TCD and carbon molecular sieve 601
packed column). The column temperature was 70 ◦C. The conversion and selectivity were calculated
using the standard normalization method.

4. Conclusions

In this work, we have explored the silicalite-1-supported chromium oxide catalysts for isobutane
dehydrogenation assisted by CO2. This family of catalysts is shown to be effective for the reaction.
A good correlation between the initial activity of the Cr/S-1 catalysts and content of Cr6+ in the fresh
catalysts is established. CO2 promotes the isobutane dehydrogenation via a redox mechanism and
two-step pathway. The best 3%Cr/silicalite-1 catalyst gives an isobutane conversion of 36.5% with 71.2%
isobutene selectivity. The greater initial activity observed for 3%Cr/S-1 than 3%Cr/SBA is attributed to
a higher content of Cr6+ in the fresh 3%Cr/S-1 catalyst, and the better catalytic stability for the former
catalyst than the latter one is associated with a higher content of Cr6+ retained on the former catalyst
during the reaction. This finding could be related to the abundant nest silanol groups present on the
silicalite-1 support.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/12/1040/s1,
Figure S1: SAXS patterns of SBA-15 and 3%Cr/SBA, Figure S2: HAADF STEM images (left) and corresponding
EDX elemental mapping of Cr (right). (a) 3%Cr/S-1; (b) 3%Cr/SBA, Figure S3: XPS spectra of Cr 2p on the fresh
and spent 3%Cr/S-1 and 3%Cr/SBA catalysts. (a) fresh 3%Cr/S-1; (b) 3%Cr/S-1 after isobutane dehydrogenation in
the presence of CO2 at 570 ◦C for 6 h; (c) 3%Cr/S-1 after isobutane dehydrogenation in the absence of CO2 (i.e.,
using N2 instead of CO2) at 570 ◦C for 6 h; (d) 3%Cr/S-1 after isobutane dehydrogenation in the absence of CO2
at 570 ◦C for 6 h, followed by treatment with CO2 at 570 ◦C for 0.5 h; (e) fresh 3%Cr/SBA; (f) 3%Cr/SBA after
isobutane dehydrogenation in the presence of CO2 at 570 ◦C for 6 h, Reaction conditions: 570 ◦C, 0.1 g catalyst, CO2
(N2)/i-C4H10 = 1 (mol/mol), WHSV = 4.1 h−1, Figure S4: 29Si MAS NMR spectra of (a) Silicalite-1, (b) 3%Cr/S-1,
(c) SBA-15 and (d) 3%Cr/SBA, Figure S5: The effect of content of Cr in the Cr/S-1 catalysts on the initial conversion
of isobutane and initial product selectivity. Reaction conditions: 570 ◦C, 0.1 g catalyst, CO2/i-C4H10 = 1 (mol/mol),
WHSV = 4.1 h−1. Figure S6: The results of the reverse water gas shift reaction over the Cr/S-1 catalysts at 570 ◦C.
(�) 0.5%Cr/S-1; (�) 1%Cr/S-1; (�) 2%Cr/S-1; (�) 3%Cr/S-1; (�) 7%Cr/S-1. Reaction conditions: 0.1 g catalyst, CO2/H2
= 1 (mol/mol), 2.9 mL/min of CO2. Figure S7: NH3-TPD profiles of (a) 3%Cr/SBA and (b) 3%Cr/S-1, Figure S8: TPO
profiles of both spent 3%Cr/S-1 and 3%Cr/SBA catalysts. Reaction conditions are the same as given in caption to
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Figure S5. Figure S9: (a) SAXS patterns of 3%Cr/SBA and (b) XRD patterns of 3%Cr/S-1 before and after isobutane
dehydrogenation assisted by CO2. Reaction conditions are the same as given in caption to Figure S5.

Author Contributions: C.M., W.H. conceived and designed the experiments; Y.L. performed the experiments;
Y.Y., W.H. and Z.G. analyzed the data; Y.L. wrote the paper; C.M., W.Y. and W.H. revised the paper.

Acknowledgments: This work was financially supported by the National Key R&D Program of China
(2017YFB0602200), the National Natural Science Foundation of China (91645201), the Science and Technology
Commission of Shanghai Municipality (13DZ2275200) and the Shanghai Research Institute of Petrochemical
Technology SINOPEC (17ZC06070001).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sun, J.; Zhu, K.; Gao, F.; Wang, C.; Liu, J.; Peden, C.H.F.; Wang, Y. Direct conversion of bio-ethanol to
isobutene on nanosized ZnxZryOz mixed oxides with balanced acid–base sites. J. Am. Chem. Soc. 2011, 133,
11096–11099. [CrossRef] [PubMed]

2. Luttrell, W.E. Isobutylene. J. Chem. Health Saf. 2013, 20, 35–37. [CrossRef]
3. Ding, J.F.; Qin, Z.F.; Li, X.K.; Wang, G.F.; Wang, J.G. Catalytic dehydrogenation of isobutane in the presence

of carbon dioxide over nickel supported on active carbon. J. Mol. Catal. A 2010, 315, 221–225. [CrossRef]
4. Chen, M.; Wu, J.L.; Liu, Y.M.; Cao, Y.; Guo, L.; He, H.Y.; Fan, K.N. Study in support effect of In2O3/MOx (M =

Al, Si, Zr) catalysts for dehydrogenation of propane in the presence of CO2. Appl. Catal. A 2011, 407, 20–28.
[CrossRef]

5. Michorczyk, P.; Ogonowski, J.; Zenczak, K. Activity of chromium oxide deposited on different silica supports
in the dehydrogenation of propane with CO2—A comparative study. J. Mol. Catal. A 2011, 349, 1–12.
[CrossRef]

6. Baek, J.; Yun, H.J.; Yun, D.; Choi, Y.; Yi, J. Preparation of highly dispersed chromium oxide catalysts supported
on mesoporous silica for the oxidative dehydrogenation of propane using CO2: Insight into the nature of
catalytically active chromium sites. ACS Catal. 2012, 2, 1893–1903. [CrossRef]

7. Wu, J.L.; Chen, M.; Liu, Y.M.; Cao, Y.; He, H.Y.; Fan, K.N. Sucrose-templated mesoporous β-Ga2O3 as a novel
efficient catalyst for dehydrogenation of propane in the presence of CO2. Catal. Commun. 2013, 30, 61–65.
[CrossRef]

8. Koirala, R.; Buechel, R.; Krumeich, F.; Pratsinis, S.E. Oxidative dehydrogenation of ethane with CO2 over
flame-made Ga-loaded TiO2. ACS Catal. 2015, 5, 690–702. [CrossRef]

9. Rahmani, F.; Haghighi, M.; Amini, M. The beneficial utilization of natural zeolite in preparation of
Cr/clinoptilolite nanocatalyst used in CO2-oxidative dehydrogenation of ethane to ethylene. J. Ind. Eng.
Chem. 2015, 31, 142–155. [CrossRef]

10. Wei, C.L.; Xue, F.Q.; Miao, C.X.; Yue, Y.H.; Yang, W.M.; Hua, W.M.; Gao, Z. Dehydrogenation of isobutane
with carbon dioxide over SBA-15-supported vanadium oxide catalysts. Catalysts 2016, 6, 171. [CrossRef]

11. Wei, C.L.; Xue, F.Q.; Miao, C.X.; Yue, Y.H.; Yang, W.M.; Hua, W.M.; Gao, Z. Dehydrogenation of isobutane
to isobutene with carbon dioxide over SBA-15-supported chromia-ceria catalysts. Chin. J. Chem. 2017, 35,
1619–1626. [CrossRef]

12. Cheng, Y.H.; Lei, T.Q.; Miao, C.X.; Hua, W.M.; Yue, Y.H.; Gao, Z. Ga2O3/NaZSM-5 for C2H6 dehydrogenation
in the presence of CO2: Conjugated effect of silanol. Micropor. Mesopor. Mater. 2018, 268, 235–242. [CrossRef]

13. Lei, T.Q.; Guo, H.Y.; Miao, C.X.; Hua, W.M.; Yue, Y.H.; Gao, Z. Mn-doped CeO2 nanorod supported Au
catalysts for dehydrogenation of ethane with CO2. Catalysts 2019, 9, 119. [CrossRef]

14. Wang, S.B.; Zhu, Z.H. Catalytic conversion of alkanes to olefins by carbon dioxide oxidative
dehydrogenations—A review. Energy Fuels 2004, 18, 1126–1139. [CrossRef]

15. Mukherjee, D.; Parkb, S.E.; Reddy, B.M. CO2 as a soft oxidant for oxidative dehydrogenation reaction:
An ecobenign process for industry. J. CO2 Util. 2016, 16, 301–312. [CrossRef]

16. Ding, J.F.; Qin, Z.F.; Li, X.K.; Wang, G.F.; Wang, J.G. Coupling dehydrogenation of isobutane in the presence
of carbon dioxide over chromium oxide supported on active carbon. Chin. Chem. Lett. 2008, 19, 1059–1062.
[CrossRef]
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Abstract: H-ZSM-5 materials embedded in an amorphous silica were successfully synthesized with
three different Si/Al ratios (i.e., 40, 45, and 50). The presence of the MFI structure in the synthesized
samples was confirmed by X-ray diffraction (XRD), Fourier transform infra-red (FT-IR), and solid
state-nuclear magnetic resonance (SSNMR) techniques. The morphology and textural properties of
the samples were investigated by scanning electron microscopy (SEM), TEM, and N2-physisorption
measurements. Furthermore, acidic properties of the synthesized catalysts have been studied by
NH3-TPD and FT-IR spectroscopy of CO adsorption studies. Variation of the Si/Al ratio affected the
crystal morphology, porosity, and particle size, as well as the strength and distribution of acid sites.
The synthesized zeolite materials possessed low acid-site density and exhibited high catalytic activity
in the methanol-to-olefin (MTO) reaction. To study the intermediate species responsible for catalyst
deactivation, the MTO reaction was carried out at high temperature (500 ◦C) to accelerate catalyst
deactivation. Interestingly, the synthesized catalysts offered high selectivity towards the formation of
propylene (C3=), in comparison to a commercial microporous crystalline H-ZSM-5 with Si/Al = 40,
under the same reaction conditions. The synthesized H-ZSM-5 materials offered a selectivity ratio of
C3=/C2= 12, while it is around 2 for the commercial H-ZSM-5 sample. The formation of hydrocarbon
species during MTO reaction over zeolite samples has been systematically studied with operando
UV-vis spectroscopy and online gas chromatography. It is proposed that the strength and type of acid
sites of catalyst play a role in propylene selectivity as well as the fast growing of active intermediate
species. The effective conversion of methanol into propylene in the case of synthesized H-ZSM-5
materials was observed due to possession of weak acid sites. This effect is more pronounced in
H-ZSM-5 sample with a Si/Al ratio of 45.

Keywords: mesoporous H-ZSM-5; methanol-to-olefin (MTO); propylene; acid sites density; operando
UV-vis spectroscopy

1. Introduction

Propylene is one of the most important base chemicals in chemical industries. Due to the high
demand for propylene, the development of more selective catalysts for the methanol-to-olefin (MTO)
process is highly desired [1,2]. So far, crystalline zeolite and zeolite-like materials have been the most
studied catalysts in the MTO reaction, due to their unique physico-chemical properties, including
acidity, topology, and shape selectivity [3–5] Usually, zeolites with 8- to 10-membered rings, such as
H-SAPO-34 (CHA) and H-ZSM-5 (MFI), have been used as selective and stable catalysts for the MTO
process [6,7]. Therefore, many researchers have explored different strategies to synthesize zeolites
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with different structures (particularly MFI and CHA) to improve propylene selectivity. The zeolite
topology, e.g., structure, 1-, 2-, 3-dimention, shape, cage size, and channel system, affect the nature
of the retained hydrocarbon pool that formed during MTO reaction, and, accordingly, the olefin
product selectivity [8,9]. In addition to the effort of forming high selectivity towards propylene,
Palčić et al. [10] studied the effect of crystallization temperature (170, 150, 120, and 100 ◦C) on the ZSM-5
properties. They observed that the decrease in the crystallization temperature 100 ◦C led to significant
changes in zeolite properties exhibiting many framework defects with decrease in acid-site density,
decrease in their strength, and larger external surface area. Those properties affected to the product
selectivity in MTO reaction, and show a C3=/C2= = 6 with high selectivity towards propylene (53%).
Moreover, Losch et al. [11] studied the effect of external surface passivation of ZSM-5 by chemical
liquid deposition on its C2-C3 selectivity. A 10–30% increase in the C2-C3 selectivity was recorded for
the passivated zeolites.

The MTO process is known to be greatly influenced by the Brønsted acid sites presented in the solid
catalyst. The Brønsted and Lewis acid sites exist in the zeolites due to presence of tetrahedral framework
Al atoms and/or silanol (Si–OH) groups within framework and extra-framework Al species [12]. It was
suggested that existence of Brønsted and Lewis acid sites could lead to synergistic effects between the two
types of acid sites [13]. Corma et al. [14] and Mirodatos et al. [13] proposed the mechanism of synergistic
effect between two types of acid sites; the authors indicated that the extra-framework Al species directly
interact with the acidic –OH groups, which involves partial electron transfer from O–H groups to the
oxoaluminum species (AlO+ and AlOOH). The electron transfer lead to delocalization of electron density
around the O-atom, which is very similar to the super-acid systems (AlCl3-HCl and SbF5-HF).

It has also been reported that reactions of hydrocarbons over the strong Brønsted acid sites located
on the outer surface of zeolite particles cause external coke deposition, leading to a short lifetime
of catalysts [15]. Many efforts have already been reported to nullify the adverse effects of acid sites
by minimizing the inner density of acid sites within the structure to prevent non-selective catalytic
activity in the MTO process. Hadi et al. [16] used ion exchange procedure to exchange some acidic
H+ ions in the framework with Ca, Mn, Cr, Fe, Ni, Ag, and Ce ions. Some other strategies, such as
changing the medium of zeolite preparation (fluoride route) [17], altering Si/Al ratio, synthesizing
distorted zeolite framework, building hierarchical zeolite materials [1,18,19], preparing composite
molecular sieves [20,21], and synthesizing the nanosheet framework to decrease long channels [22],
were employed. In addition, several research groups focused on tuning the reaction conditions,
e.g., increasing the reaction temperature, decreasing the partial pressure of methanol, changing the
reactor design [23], and introducing a co-feed of methanol containing water to the MTO reaction [24].
Consequently, selectivity towards light olefins can be increased by decreasing the selectivity towards
aromatic products [25]. Yarulina et al. [26] incorporated Ca into ZSM-5 structure and observed an
increase of propylene selectivity. The authors claimed that modification with Ca2+ resulted in a
decrease in the acidity of the zeolite. As a result, the rate of hydride transfer and oligomerization
reactions on these sites is greatly reduced, causing the suppression of ethylene selectivity. In another
report, Yarulina et al. [27] also studied the effect of acidity on the catalytic activity of the ZSM-5 for the
MTO process; the authors observed that the introduction of Lewis acid sites averts coke formation,
thus enhancing the lifetime of the catalyst and also observing that the isolation of Brønsted acid sites is
essential to increase propylene selectivity.

Several decades ago, Jacobs et al. [28] reported the existence of X-ray amorphous ZSM-5 material,
which contained zeolite particles of less than 8 nm sizes embedded in an amorphous matrix of
silica. Later, Nicolaides [29] reported the synthesis of substantially amorphous ZSM-5 materials at
various temperatures under autogenous pressure. Triantafyllidis et al. [30] reported the hydrothermal
synthesis of X-ray amorphous samples at temperature as low as 25 ◦C. The authors observed that
the materials consisted of well-formed particles of almost spherical shape and with dimensions of
about 20–30 nm. Corma and Daiz-Caban [31] also synthesized amorphous zeolite materials using the
self-assembly of organic structure-directing agents. Significant efforts have been made to synthesize
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ZSM-5 materials embedded in amorphous silica without using any seeding agent [32]. Kim and
Kim [33] successfully synthesized ZSM-5 materials in the absence of template or seeding agent using
two-step temperature technique. Recently, a modified method for the synthesis of an amorphous
ZSM-5 has been reported by Yeong et al. [34]. Our group also synthesized ZSM-5 materials containing
amorphous silica matrix using aluminum nitrate as Al source for the first time without using any
organic template [35]. Many research groups have reported on the synthesis and characterization of
ZSM-5 materials embedded in amorphous silica, but these materials were not explored for catalytic
application in the MTO process [36].

In this research, H-ZSM-5 materials with different Si/Al ratios (40, 45, and 50) embedded in
amorphous silica were synthesized; the acid-site density of the H-ZSM-5 materials decreased by
intercepting the crystallization process and making use of a unified crystallization time of 16 h.
The physico-chemical properties were studied by different methods and the materials were used as
catalysts in the MTO process. It is also our aim to understand the intermediate species responsible for
catalyst deactivation in the MTO process at high temperature; therefore, the catalytic performance of the
synthesized materials was studied at 500 ◦C. Furthermore, we used a combination of operando UV-vis
spectroscopy and online gas chromatography to correlate and elucidate the catalytic activity with the
formation of different active and deactivating hydrocarbon species generated in the catalyst bed.

2. Results and Discussion

2.1. Structure, Morphology, and Porosity of Synthesized Materials

Figure 1 shows powder X-ray diffraction (XRD) patterns of the H-ZSM-5 materials embedded in
amorphous silica along with a commercial Zeolyst sample. The synthesized materials exhibited major
reflections in the ranges of 2θ = 8–11◦ and 27–30◦ corresponding to the MFI structure [ICDD file no.
41–1478]. The XRD patterns also show additional broad humps corresponding to silica, indicating that
the synthesized samples are composed of both ZSM-5 and silica phases. It is clear from Figure 1 that
the intensity of the reflections of the MFI-40 sample is higher than those of the MFI-45 and MFI-50
samples. This observation indicates that the Si/Al ratio of the synthesized materials has an influence
on the crystal size of ZSM-5 structure; crystallite increased with the increase of Si/Al ratio (Table 1).

Θ 

Figure 1. Powder X-ray diffraction (XRD) patterns of the synthesized samples; (a) MFI-40, (b) MFI-45,
(c) MFI-50, and (d) Zeolyst.
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Table 1. Crystallite size, chemical composition, and textural properties for synthesized H-ZSM-5 and
Zeolyst samples.

Sample Si/Al Ratio a Average Crystal
Size (nm) b

SBET
c(m2/g)

Smicro

(m2/g)
Smeso

(m2/g)
VTotal

d

(cm3/g)

Vmicro
e

(cm3/g)
Vmeso

f

(cm3/g)

Hierarchy
Factor g

MFI-40 42 89 383 358 45 0.901 0.039 0.862 0.005
MFI-45 46 126 403 322 81 1.141 0.042 1.099 0.007
MFI-50 53 140 420 347 73 1.057 0.049 1.008 0.008
Zeolyst 40 63 262 115 147 0.115 0.098 0.017 0.478

a ICP-MS analysis; b estimated from XRD analysis; c Brunauer-Emmett-Teller (BET) surface area; d Total pore volume
at P/Po = 0.997; e Micropore volume from t-plot; f Vmeso = VTotal − Vmicro; g Hierarchy factor = (Vmicro/VTotal) ×
(Smeso/SBET).

Fourier transform infra-red (FT-IR) spectral analysis was used to confirm the presence of the MFI
structure in the synthesized samples, since Jacobs et al. [28] indicated that XRD should be used with
caution for ZSM-5 materials embedded in an amorphous silica. The authors recommended the FT-IR
technique to determine the MFI structure as the vibrations of the zeolite skeleton are intense even for
agglomerates of a few unit cells. Figure S1 shows the FT-IR spectra of the synthesized materials along
with Zeolyst ZSM-5 sample. A band at ~550 cm−1 was observed in all the samples, which corresponds
to the vibration of a five-membered ring (Pentasil) for the MFI structure [37]; however, the intensity
of this band decreased with increasing Si/Al ratio. Furthermore, a broad band at around 1060 cm−1

due to an internal vibration of (Si,Al) O4 tetrahedron (T) of the MFI structure was also observed for
the synthesized samples. These results clearly indicate the presence of MFI structure in synthesized
H-ZSM-5 samples. FT-IR analysis was also used to study the characteristics of different hydroxyl
groups presented in the MFI framework of the samples (Figure 2).

Figure 2. Fourier transform infra-red (FT-IR) spectra for studied materials (a) MFI-40; (b) MFI-45;
(c) MFI-50 and (d) Zeolyst.

The analysis was performed after outgassing the samples at 300 ◦C under vacuum. The band at
3749 cm−1 (I) corresponds to the external Si-OH groups and the intensity of this band is very low in the
case of the Zeolyst compared to synthesized samples. It was proposed that appearance of the intense
band at 3749 cm−1 is an indication of the amorphous nature of the samples with low Al content that
possessed high external surface area [17,38,39]. The IR band for terminal isolated Si-OH groups at
3720 cm−1 (II) are clearly observed as a weak shoulder in the case of the Zeolyst and MFI-40 samples.
The shoulder is very weak and broad in the Zeolyst compared with the MFI-40 sample. The intense IR
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band at 3612 cm−1 (III) corresponding to the internal vibration of Brønsted acid sites [38], which is very
sharp in Zeolyst sample compared to synthesized H-ZSM-5 samples, indicates the presence of high
density of Brønsted acid sites in the Zeolyst sample. Interestingly, a broad envelope appeared centered
at ~3500 cm−1 (IV) related to Si-OH nests that comprised many Si-OH groups interacting through
extended H-bonding, and this type of nest generally forms at crystal steps or extended defects [38].
Among studied samples, the MFI-40 sample exhibited the broadest envelope.

The morphology of the synthesized samples was investigated using the scanning electron
microscopy (SEM) technique. The SEM images of the samples are shown in Figure 3. The MFI-40 and
MFI-45 samples contained crystalline MFI particles with a polygon shape surrunded by amorphous
material. On the other hand, the MFI-50 sample possessed agglomerated particles with no definite
shape along with a large amount of amorphous material. Interestingly, the large particles presented in
MFI-45 and MFI-50 samples did not represent the normal shape (coffin-like) of ZSM-5 crystals due to
modified synthesis conditions. The Zeolyst sample showed presence of very large crystalline particles
several micrometers in length and width.

 

Figure 3. Scanning electron microscopy (SEM) images of the studied samples (a) MFI-40, (b) MFI-45,
(c) MFI-50 and (d) Zeolyst.

The N2 adsorption-desorption isotherms of synthesized H-ZSM-5 and commercial Zeolyst samples
are shown in Figure 4A. The pore-size distribution patterns, which were derived from the adsorption
branches using the Non-Local Density Functional Theory (NLDFT) method, are shown in Figure 4B.
The Zeolyst sample shows mixed type I and type IV isotherms according to the classification of
international union of pure and applied chemistry (IUPAC), with a distinct hysteresis loop at relative
pressure range between P/Po = 0.4 and 0.95, with a sharp increase of N2 uptake between P/Po = 0.95
and 1.0, which are the characteristics of materials with micro- and meso-pores. This is verified by
the NLDFT pore-size distribution pattern of Zeolyst sample, where there is a sharp peak below 20 Å
(micropores) and a minor hump in the mesoporous range.
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Figure 4. (A) N2 adsorption-desorption isotherms and (B) pore-size distribution patterns of (a) MFI-40,
(b) MFI-45, (c) MFI-50 and (d) Zeolyst.

The synthesized H-ZSM-5 (MFI-40, MFI-45 and MFI-50) samples showed type IV isotherms,
with a hysteresis loop at relative pressures higher than P/Po = 0.4, which is typical for mesoporous
materials. These hysteresis loops are due to the capillary condensation in the mesopore void
spaces [40]. The dramatic increase in the adsorption amounts at high relative pressure compared
with isotherm of the commercial H-ZSM-5 sample is mainly due to the generation of mesopores due
to voids in the three samples. Table 1 shows the Brunauer-Emmett-Teller (BET) surface area (SBET),
micropore surface area (Smicro), mesopore surface area (Smeso), total pore volume (Vtotal) micropore
volume (Vmicro), and mesopore volume (Vmeso) of all the investigated samples. Their BET surface
areas, total pore volumes, and mesopore volumes are higher than the commercial H-ZSM-5 sample
(Table 1). The mesoporous volume for partially crystalline samples increases in the following order:
MFI-40 <MFI-50 <MFI-45. The major difference between the synthesized H-ZSM-5 embedded in silica
and Zeolyst sample is the presence of non-crystallographic intracrystalline mesopores resulting in the
high porosity of synthesized zeolite compared to the conventional zeolite. Trintafyllidis et al. [30]
indicated that the mesoporous nature could be due to the presence of some impurities, such as
amorphous silica-alumina. It can be concluded that the sudden-stop of the crystallization process
during synthesis to get mesoporous ZSM-5 is a very effective method.

To study the nature of Al and Si coordination sites, solid-state 27Al and 29Si MAS NMR spectra
for the investigated samples were obtained. The 27Al MAS NMR spectra for all the samples are
shown in Figure 5A. The spectra exhibited two sharp NMR resonances centered at 56.1 ppm and
0 ppm corresponding to the AlIV species presented in the framework of zeolite in a tetrahedral
coordination [41] and AlVI presented outside the zeolite framework in an octahedral coordination [42],
respectively. The intensity of the resonance at 56.1 ppm for the synthesized ZSM-5 samples is low in
comparison with the Zeolyst sample. This observation indicates that the incorporation of Al in the MFI
framework is lower in synthesized samples compared to Zeolyst sample. The octahedral coordinated Al
species, most probably existing in extra-framework position (EFAl+), were dominant especially for the
synthesized materials [43]. Deconvolution of the 29Si MAS NMR spectra for all samples was performed
in Figure 5B. All the samples showed a major resonance at −112 ppm; evidently a strong signal
corresponding to Si(4Si) of Q4 at high field side was shown in all high siliceous zeolites samples [44].
The other types of Si species such as Si attached to one, two, three, or four Al atoms through oxygens
could be observed as shoulders [45]. In addition, the occurrence of a silanol group (Si-OH) led to a
change in the coordination, Q4, Q3, Q2 and chemical shift of about +10 ppm/OH [12]. The Zeolyst
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sample showed only one small shoulder at −103.2 ppm, which could be assigned to Si(3Si,1Al) sites [41].
On the other hand, the synthesized samples showed two shoulders, the first one in the range of
−103.2 ppm to −105 ppm, indicating the existence of Si atoms with chain and chain-branching structure
Si(3Si,1Al) and Si(2Si,2Al), overlapped with Q3 and Q2 of Si-OH, respectively [46], and the second
one in the range of −90. 2 ppm to −99 ppm, which is ascribed to AlOSi*(OSi)3 and/or HOSi*(OSi)3 of
Q3 signal [47]. Moreover, there are minute resonances recorded below −100 ppm, which correspond
to Si(2Si,2Al) atoms indicating the presence of Al-O-Si-O-Al sequences in minor quantities in the
synthesized samples [42].

Figure 5. (A) 27Al MAS NMR and (B) deconvoluted 29Si MAS NMR of (a) MFI-40, (b) MFI-45, (c) MFI-50,
and (d) Zeolyst samples.

Increase of Si/Al ratio of samples resulted in an increase of the intensity of the resonance at
−112 ppm [Si(4Si) species] and the decrease of the intensity of shoulder in the range of −90. 2 ppm to
−99 ppm [AlOSi*(OSi)3] species indicating a decrease in the number of Al framework species (Table 2).
Combining the 27Al and 29Si MAS NMR spectral results, it is clear that the synthesized samples
possessed both MFI and amorphous silica phases and increase of Si/Al ratio resulted in the formation
of Si(4Si) sites and extra-framework Al species. The MAS NMR results clearly indicate that Si/Al ratio
has an influence on the coordination of Al and Si atoms, which could subsequently affect the acidic
properties of the samples.

Table 2. Types of Aluminum and total number of acid sites for studied samples.

Sample % AlIV
FAl Atoms a % AlIV

EFAl Atoms b Total Number of Acid Sites (mmoL g−1) c

MFI-40 90.44 9.56 0.25
MFI-45 78.20 21.80 0.28
MFI-50 67.34 32.34 0.16
Zeolyst 95.13 4.87 0.39

a, b Framework (FAl) and non-framework (EFAl) of Al atoms are estimated from 29Si MAS NMR; c number of acid
sites estimated from NH3-TPD analysis.

2.2. Acidity Measurnments

The NH3 desorption temperature is directly indicative of a strength of acid sites presented in the
samples [48]. The synthesized H-ZSM-5 samples exhibited different NH3-TPD profiles compared to the
Zeolyst sample (Figure S2). Two major NH3 desorption peaks were observed for the Zeolyst sample
with maxima at 175 ◦C and 370 ◦C indicating the presence of weak and strong acid sites, respectively.

155



Catalysts 2019, 9, 364

A decrease of the total acidity of the synthesized zeolite samples as measured by a lower amount of
NH3 desorbed (Figure S2 and Table 2), indicating the decrease in number and strength of the acid
sites in the synthesized samples compared to the Zeolyst sample. Furthermore, we studied the acidic
properties of samples by using CO as a probe molecule; it is known that CO has several advantages as a
probe molecule such as weak basicity, small diameter, and high sensitivity to IR frequency [49]. Figure 6
shows FT-IR spectra of all the investigated samples after CO adsorption. The spectra were divided
into two regions—spectra in the range of 3800–3100 cm−1 (a) and in the range of 2250–2100 cm−1 (b).

The FT-IR spectra presented in red correspond to the samples treated at 300 ◦C under vacuum.
The upper spectra in blue are related to the highest CO pressure and the grey spectra in between are
the set of spectra recorded with increase of CO pressure. For the Zeolyst sample, the intensity of the
band at 3612 cm−1 corresponding to Si-OH-Al species (Brønsted acid sites) is clearly decreased with
the increase of CO pressure. A new band clearly appeared at 3276 cm−1, which could be attributed to
CO coordinated to Si–OH–Al groups, Figure 6a. It can be seen that the intensity of the 3276 cm−1 band
increased with an increase of CO pressure, indicating the higher strength of Brønsted acid sites in the
Zeolyst sample. The intensity of the band at 3742 cm−1, which is due to internal isolated Si–OH groups
including a shoulder at 3722 cm−1, decreased and another new band, due to formation of Si–OH–CO
species, was clearly observed at 3641 cm−1. Bleken et al. [22] reported very similar observations in the case
of CO adsorbed on H-ZSM-5 nanosheet samples. The major difference between synthesized H-ZSM-5
samples and Zeolyst sample is that the synthesized samples exhibited a low-intensity band at 3612 cm−1,
which indicated that the synthesized samples possessed a lower density of Brønsted acid sites [38].

ν

P(CO)

ν

P(CO)

ν

(a) 

ν

(b) 

Figure 6. The FT-IR spectra after CO adsorption for synthesized H-ZSM-5 and Zeolyst samples; (a) in
the range of 3800–3100 cm−1, and (b) in the range of 2250–2100 cm−1.
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It was also reported that the IR absorption band at 2175 cm−1 could be due to CO interaction
with Si-OH-Al groups [39]. This band was observed in the Zeolyst sample as well as in synthesized
H-ZSM-5 samples. Leydier et al. [50] reported that amorphous silica-alumina materials showed the
band at 2175 cm−1 with a tail, due to the adducts formed by -OH groups and framework Al sites on
the external surfaces. Very similar FT-IR spectra were observed in the case of synthesized H-ZSM-5
samples. With the increase of CO pressure, the intensity of the band at 2175 cm−1 was also increased.
From Figure 6b, we can notice that the most intense band was observed in the MFI-40 sample and the
intensity decreased with the increase of Si/Al ratio. The band at 2175 cm−1 is sharp and symmetric
in the case of the Zeolyst sample than the synthesized H-ZSM-5 samples. This is an indication of a
homogeneous distribution of strong Brønsted acid sites in the Zeolyst sample, but not in the synthesized
samples. Two additional bands appeared at 2158 cm−1 and 2137 cm−1 could be attributed to CO
adsorbed on Si-OH species [51] and CO condensed in the pores of the zeolites [17,38,39], respectively.
The band at 2137 cm−1 is sharp and intense in case of the Zeolyst sample, indicating that more CO
molecules were trapped inside the micropores of the sample. However, synthesized H-ZSM-5 samples
showed low peak areas under 2137 cm−1 peak compared to the Zeolyst sample (Figure S3 and Table S1),
which is an indication that the synthesized samples possessed shortened channels with mesopores.

2.3. Catalytic Performance in the MTO Reaction

The catalytic performance of the samples was evaluated for the MTO reaction at 500 ◦C using a
weight hourly space velocity (WHSV) of 3.0 h−1. The methanol conversion and selectivity to different
products for all the samples are presented in Figure 7.

  

  
Figure 7. Methanol conversion and selectivity patterns of catalysts for the MTO reaction; reaction
temperature: 500 ◦C and WHSV: 3 h−1; (�) Methanol conversion, (�) C2=, (♦) C3=, (Δ) C4=, (�) C5=,
(�) DME, (*) paraffin, and (+) aromatics selectivity. The green region corresponds to the initial stage
of reaction; where the products formation is initiated, the red region indicates to the stable/slower
deactivation; where the products formation reaches to steady state, and the black region relates to the
deactivated stage, where the products formation decreased drastically (below 20%).
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After a short induction period, the Zeolyst sample offered 80% conversion at 500 ◦C. Synthesized
H-ZSM-5 samples offered lower methanol conversions (maximum 72%) and low stability. Among the
synthesized samples, MFI-45 exhibited better stability compared to MFI-40 and MFI-50 catalysts.
The drastic decrease of methanol conversion at the initial stage could be related to accumulation of
non-active hydrocarbon species in the pores of ZSM-5 structure [52,53]. The selectivity to propylene
(C3=), for all synthesized H-ZSM-5 samples is higher compared to Zeolyst sample. At the initial stage
of reaction, the synthesized H-ZSM-5 samples showed different selectivity values; MFI-40 and MFI-50
samples offered 54%, while MFI-45 sample offered 60.7%, respectively. On the other hand, the Zeolyst
sample offered only 43.5%. However, the selectivity towards ethylene (C2=), is higher in the case of
the Zeolyst sample compared to all synthesized H-ZSM-5 samples as shown in Figure 7. The Zeolyst
sample showed C2= selectivity of about ~20%, while all synthesized H-ZSM-5 samples offered below
10%; therefore, synthesized H-ZSM-5 samples are more selective towards propylene formation.

The synthesized H-ZSM-5 samples showed higher propylene/ethylene (C3=/C2=) ratio in
comparison to the Zeolyst sample (Figure S4). Propylene selectivity of all synthesized H-ZSM-5
samples remain stable in a steady state for 22 h and start to decrease with further increase of reaction
time. Among the three samples, the MFI-45 sample showed higher and stable propylene selectivity.
There are some other products, such as C4=, C5=, paraffins and aromatics, and their selectivity remains
stable (lower than 15%). The Zeolyst sample exhibited slightly higher selectivity for C4=, C5=, aromatics
and paraffins. This is most probably due to the fact that the Zeolyst sample possessed relatively high
strong acid sites, which favors hydride transfer reactions to form C1-C5, paraffins, and aromatics [54,55].
Operando UV-vis spectroscopy is a very useful tool to detect the formation of carbonaceous species
within the catalysts during the MTO reaction. When methanol passes through the catalyst bed, UV-vis
spectra were collected for every 20 s (Figure S5). The growing of the UV-vis bands is an indication for
the formation of hydrocarbon pool (HCP) species within the H-ZSM-5 structure. It was reported that
the MTO reaction is an indirect reaction and the reaction pathway involved the formation of a methoxy
species, protonated dimethyl ether, and water [56], followed by formation of HCP species to obtain
aromatics and higher alkenes [57,58].

Due to the complexity and broadness of operando UV-vis spectra, a non-negative matrix
factorization (NNMF) analysis was applied to obtain a better insight of different intermediate HCP
species and their kinetic behavior [57]. The NNMF analysis of operando UV-vis spectra was divided into
two groups—UV-vis Eigen spectra, and kinetic behavior of the HCP species. Figure 8 represents UV-vis
Eigen spectra of different HCP species formed within ZSM-5 structure. The Zeolyst sample exhibited
two major absorption bands of active species at 590 nm and 747 nm, which could be assigned to
phenanthrene/anthracene carbocation and pyrenes species, respectively [57]. Meanwhile, synthesized
H-ZSM-5 samples showed major absorption bands at 450 nm, 575 nm, and 710 nm corresponding to
methylated naphthalene carbocations, phenanthrene/anthracene carbocation, and pyrenes, respectively.
All the catalyst samples exhibiting broad bands correspond to deactivated species (poly-methylated
and poly-cyclic aromatic species) [57].

The evolution of intermediate species as a function of reaction time is presented in Figure 9.
It is clear that the formation of active HCP and coke species are initiated at different reaction times.
The Zeolyst and MFI-40 samples require around ~0.1 h to initiate the HCP species, while MFI-45 and
MFI-50 samples initiated these species at 0.14 and 0.18 h, respectively (Table 3). It can be observed
that the Zeolyst sample needs around 1.3 h to initiate the formation of the coke species. However,
in the case of the MFI-40 sample, the coke species are initiated along with the HCP species at around
0.1 h; on the other hand, MFI-45 and MFI-50 catalysts required ~0.3 h to initiate the formation of coke
species. The formation rate of the HCP species was calculated using the evolution of the active group
at a specific time (~0.3 h) and is presented in Table 3. We observed that the MFI-45 sample exhibited
high rate in growth of HCP species (showing average rate ~61 cg/h).
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Figure 8. UV-vis Eigen spectra of investigated samples. Red colored spectra represent the active species,
while black colored spectra represent the deactivated species, as determined by the NNMF method
from operando UV-vis spectra.

Figure 9. The evolution of intermediate species as a function of time; red represents the behavior of
active species, while black represents the behavior of deactivated species.

Table 3. The average rate constant for the first formation of hydrocarbon pool and their initiation time [h].

Sample
Initiation Time for
Active Species [h]

Initiation Time for
Deactivating Species [h]

Average Rate for Growing of
Active Species [cg/h−1] a

MFI-40 0.10 0.1 45.5
MFI-45 0.14 0.3 61.5
MFI-50 0.18 0.3 37.0
Zeolyst 0.10 1.3 20.9

a cg/h: the contribution of active group per hour.
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The dual-cycle concept is a widely accepted MTO mechanism for ZSM-5 materials, where ethylene
is formed from an arene-based cycle, while propylene is formed from an olefin-based cycle [59] (Scheme
S1) [60]. Therefore, the olefin distribution depends on which cycle is more dominant during the MTO
reaction. It is well documented in the literature that the initiation of HCP species formation depends
on the existence and the strength of Brønsted acid sites [61]. It was also observed that the generation
of ethylene and formation of coke are dominant, if the catalyst possesses more strong Brønsted acid
sites [54]. It was reported that both improved diffusion properties and lower acid strength are the
reasons for observed high selectivity towards propylene in mesoporous ZSM-5 catalysts [62].

It is clear from the activity results that the active HCP species formation rate and the propylene
selectivity are higher for all synthesized H-ZSM-5 samples, due to fact that these samples possessed
low density of Brønsted acid sites. However, more Lewis acid sites (EFAl+ species) were present in
the synthesized samples compared to the Zeolyst sample. Corma et al. [14] and Mirodatos et al. [13]
proposed that a synergistic effect exists between Brønsted and Lewis acid sites, and there is clear
possibility that this synergistic effect played a role to obtain high rates of active HCP species formation
in the case of synthesized H-ZSM-5 samples, especially in the MFI-45 sample. In addition, there is a
limited hindrance from the structure in case of synthesized H-ZSM-5 samples. Therefore, the growth
of HPC species was enhanced (from the intensity of bands of active HCP species). Presence of internal
defect sites in synthesized samples is responsible for the formation of coke species along with the active
HCP species at the beginning of the reaction. It was reported that the presence of internal defect sites
enhances the accumulation of HCP species [38]. The propylene selectivity is higher at the beginning of
the reaction in all the studied catalysts probably due to the fact that the intertwined alkene-arene-based
cycle is dominant at this stage. By increasing the reaction time and more methanol exposure, the steady
formation of propylene was observed in the case of synthesized H-ZSM-5 samples, which may be
due to the domination of the alkene-based cycle. Consequently, the selectivity to other products for
all synthesized H-ZSM-5 samples remains low in comparison with the Zeolyst sample. Therefore,
we argue that the mechanism of the MTO reaction over synthesized H-ZSM-5 samples during the
active stage is a cut-off dual-cycle process.

3. Experimental

3.1. Chemicals and Materials

The Si source, tetraethyl orthosilicate SiC8H20O4 (>99%) and Al source, aluminum isopropoxide
C9H21O3Al (>96%) were purchased from Aldrich, UK. The template tetrapropyl ammonium hydroxide
solution [(CH3CH2CH2)4N(OH)] (1.0 M in H2O) was obtained from Sigma-Aldrich, while ammonium
nitrate [(NH4)NO3, AR grade] for ion exchange was purchased from (Acros organics, Amsterdam,
Netherlands Antilles). A commercial zeolite H-ZSM-5 (Si/Al = 40) catalyst material was provided by
Zeolyst International. Methanol (99.9%) HPLC grade (Acros organics, Netherlands Antilles).

3.2. Catalyst Preparation

Synthesis of H-ZSM-5 Materials Embedded in Silica Matrix
ZSM-5 zeolites with different Si/Al ratios of 40, 45, and 50 were synthesized. The required amount

of aluminum isopropoxide (0.5 g) was added to a 20 wt. % aqueous solution of 11 g tetrapropyl
ammonium hydroxide (TPAOH). The mixture was placed in an ice bath under stirring to obtain
a clear solution before adding the proper amount (20, 23, 26 ml for Si/Al ratios of 40, 45, and 50,
respectively) of tetraethyl orthosilicate (TEOS). This mixture was stirred at room temperature for
24 h to hydrolyze TEOS completely. Thereafter, the solution was heated at 80 ◦C to remove water
and alcohols. Finally, the obtained gel solution with 0.005 Al2O3:0.2 SiO2:0.107 TPAOH:3.25 H2O,
0.005 Al2O3:0.225 SiO2:0.107 TPAOH:3.25 H2O and 0.005 Al2O3:0.25 SiO2:0.107 TPAOH:3.25 H2O
for the three synthesized samples of Si/Al ratio of 40, 45, and 50, respectively, was charged into a
Teflon-lined stainless-steel autoclave and crystallized by thermal treatment under autogenous pressure
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and static conditions at 120 ◦C for 16 h. After this treatment, the solid product was separated by
centrifugation, washed several times with distilled water, dried overnight at 110 ◦C, and calcined in air
at 550 ◦C for 6 h.

All synthesized ZSM-5 have been transformed into their protonic form, i.e., H-ZSM-5, by ion
exchange with NH4

+ ions and followed by calcination. The samples were heated before ion exchange
procedure at 120 ◦C for 1 h. Then, the dried materials were added to 50 mL of 1.0 M NH4NO3 solution
under continuous stirring. The samples were treated for 24 h at 60 ◦C. This step was repeated three
times to achieve complete ion exchange. After completion of the ion exchange process, the samples
were filtered using a polytetrafluoroethylene (PTFE) filter paper and washed with bi-distilled water.
Finally, the obtained samples were calcined again in air at 550 ◦C for 6 h. The obtained samples were
denoted as MFI-40, MFI-45, and MFI-50 with the number referring to the Si/Al ratios of 40, 45, and 50,
respectively, of the materials under study. The commercial H-ZSM-5 sample from Zeolyst was also
thermally treated at 550 ◦C for 6 h.

3.3. Characterization of Materials

The elemental composition of the zeolite materials under study was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES), Optima 7300DV, Perkin-Elmer Corporation,
Waltham, MA, USA. Powder XRD studies were performed for all the prepared solid samples using a
Bruker diffractometer (Bruker D8 advance target). The XRD patterns were obtained with a Co Kα1,2

line and a monochromator (λ = 1.79026 Å) at 30 kV and 45 mA. The identification of different crystalline
phases in the samples was performed by comparing the data with the Joint Committee for Powder
Diffraction Standards (JCPDS) files. The lattice vibrations were measured by FT-IR spectroscopy in
mid-range (400–4000 cm−1), all the investigated samples were self-supported and not mixed with
KBr. The morphology and particle size of the prepared ZSM-5 were investigated using a JEOL
microscope and a model JSM-5600 SEM instrument. The textural properties of the prepared samples
were determined from nitrogen adsorption/desorption measurements at −196 ◦C using ASiQ system
(Quantachrome, Pleasanton, CA, USA). The specific surface area, SBET, was calculated by applying the
BET equation. The average pore radius was estimated from the relation 2VTotal/SBET, where VTotal is
the total pore volume (at P/P0 = 0.975). Pore-size distribution was generated by the NLDFT analysis
of the adsorption branches, and the values for the average pore size were calculated. 27Al and 29Si
MAS NMR spectra of the samples were obtained in single-pulse (“ZG”) mode (3.5-ms pulses; 8-s delay
between pulses) on a Bruker Avance 400 MHz spectrometer, operating at a frequency of 161.98 MHz.
29Si chemical shifts were referenced to tetramethylsilane and the 27Al chemical shifts were referenced
to an aqueous solution of 0.5 M aluminum nitrate. The percentage of AlIVf ramework and AlVI

extra− f ramework
species were estimated from solid-state NMR spectral analysis and also by applying the formula;
(Si/Al)NMR = I/

∑
0.25n In, where (I) represents the sum of the peak area of the NMR signals assigned

to Si(nAl) building unit and (In) corresponds to the intensity of the resonance peak correspond to the
(AlO)n Si(OSi)4−n sites [63].

The acidic characteristic of the synthesized samples was determined by using NH3-
temperature-programmed desorption (NH3-TPD) measurements performed on (Micrometric Autochem
2910 apparatus, Norcross, GA, USA). For the NH3-TPD measurements, 100 mg of sample was crushed
and sieved in a size of 212–425 μm. Subsequently, it was placed in a quartz tube reactor and packed
with glass wool on both sides. The sample was preheated at 550 ◦C under helium gas flow (10 mL
min−1) for 15 min to remove any physiosorbed gases, and then the sample was saturated with NH3

gas for 1 h at 100 ◦C. After that, the sample was flushed with helium gas for 1 h at 100 ◦C to remove
any ammonia. Then, the desorption temperature increased from 100 to 600 ◦C under helium gas
flow with a heating rate of 5 ◦C min−1 and NH3-TPD patterns were collected by measuring the signal
from a thermal conductivity detector (TCD). FT-IR spectra of the calcined catalysts obtained at room
temperature using Perkin-Elmer Spectrum 100 FT-IR spectrometer. The CO adsorption FT-IR spectra
collected in wavelength range of 4000–1000 cm−1 with 4 cm−1 resolution. For these experiments,
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15–16 mg of catalyst sample was self-supported pressed into a pellet. The pellet was placed in the
cryogenic cell (sample chamber), which was closed tightly. Then, the pellet was preheated from
ambient temperature to 300 ◦C with rate of 5 ◦C min−1 and held for 1h under vacuum (6.9 × 10−6 mbar).
Afterwards, the cell was cooled down to liquid nitrogen temperature (−196 ◦C) and first scan was
collected before adsorption of CO start. The CO adsorption was carried out at −196 ◦C, start from
5.5 × 10−2 mbar till the pressure reach 10 mbar.

3.4. Catalytic MTO Reaction

All synthesized mesoporous H-ZSM-5 and the commercial Zeolyst H-ZSM-5 reference samples
have been evaluated for the MTO reaction using an operando UV-vis spectroscopy reaction setup
with online gas chromatography. Details of this setup can be found in recent literature [57]. Catalytic
testing was done in a fixed-bed quartz reactor (4 cm in length, 0.1 mm thickness). The catalyst powder
was pressed to give pellets, followed by crushing and sieving. The 212–425 μm fraction was used
for catalytic testing. Prior to the reaction, ∼50 mg of the catalyst was activated at 550 ◦C under
the flow of 100% oxygen (10 mL h−1) for 1 h and then cooled to the desired reaction temperature
(500◦C). The WHSV of methanol was kept at 3 h−1 by flowing helium gas through a methanol saturator.
Analysis of the reactant and reaction products was performed with online gas chromatography (GC)
by using an Interscience Compact GC instrument equipped with Rtx-1+Rtx-Wax, Rt-TCEP+Rtx-1 and
Al2O3/Na2SO4 columns respectively and two flame ionization detectors (FIDs). The hydrocarbon
pool intermediate species which generally forms during the MTO reaction was determined using
an operando UV-vis absorption spectroscopy method. The measurements were performed in the
wavelength range of 200–1800 nm using a high-temperature operando UV-vis probe manufactured
by Avantes. The probe consists of one excitation and one collection fiber, which are connected
to a Deuterium-Halogen light source and an Avaspec 2048 UV-vis spectroscope (Apeldoorn, NS,
Netherlands).

4. Conclusions

H-ZSM-5 zeolites (Si/Al ratios of 40, 45, and 50) embedded in amorphous silica were successfully
synthesized by a modified hydrothermal synthesis method. A set of characterization techniques
were used to determine the structural, textural, and acidic properties of the synthesized materials.
The synthesized H-ZSM-5 samples possessed the MFI structure, but exhibited lower Brønsted acid-site
density and strength compared to a commercial microporous H-ZSM-5 sample. The variation of the
Si/Al ratio affected the morphology, crystal size, and the porosity. The synthesized materials exhibited
porosity comprising mesopores, thus showing substantially improved mass transport. The catalytic
performance of the materials has been tested in the MTO process at 500 ◦C to understand the deactivation
pattern of ZSM-5 catalysts. Interestingly, the synthesized materials offered high selectivity towards
propylene (C3=) in comparison with commercial Zeolyst sample under the same reaction conditions.
The formation of hydrocarbon species during the MTO reaction has been studied with operando
UV-vis spectroscopy in a fixed-bed reactor. The Zeolyst sample yielded phenanthrene/anthracene
intermediate species, while the synthesized H-ZSM-5 samples majorly showed the presence of
methylated naphthalene carbocations intermediate species. The synthesized H-ZSM-5 samples are
favorable for forming active hydrocarbon species along with coke at the beginning of the reaction.
The low density of Brønsted acid sites and the mesoporous nature of synthesized H-ZSM-5 catalysts
are responsible for higher propylene selectivity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/4/364/s1,
Figure S1: FT-IR spectra for investigated samples. Figure S2: NH3-TPD patterns of the samples. Figure S3: FT-IR
spectra of samples after CO adsorption in the region of 2260-2100 cm−1, the band at 2230 cm−1 corresponding
to the strong Lewis acid sites. Figure S4: Selectivity patterns for C3=/C2= ratio of synthesized H-ZSM-5 and
Zeolyst reference sample for the MTO reaction at a reaction temperature of 500 ◦C and WHSV of 3 h−1; (a) MFI-40,
(b) MFI-45, (c) MFI-50, and (d) Zeolyst reference. Figure S5: Operando UV-vis spectra collected during the MTO
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reaction over (a) MFI-40; (b) MFI-45; (c) MFI-50 and (d) Zeolyst; WHSV: 3 h−1, reaction temperature: 500 ◦C.
The green colored spectra corresponds to the initial stage of reaction; where the products formation is initiated,
the red colored spectra indicate to the stable/slower deactivation; where the products formation reach to the steady
state, and the black colored spectra relates to the deactivated stage; where the products formation decreased
drastically. Figure S6: The GC image for running MTO reaction of synthesized H-ZSM-5 (Si/Al = 50) sample.
Scheme S1: The dual-cycle mechanistic concepts for conversion of methanol-to-olefins reaction over H-ZSM-5
catalysts. Table S1: Quantification data obtained from FT-IR spectra after CO adsorption (9.9 mbar pressure).
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Abstract: Ti-containing zeolites showed extremely high activity and selectivity in numerous friendly
environmental oxidation reactions with hydrogen peroxide as a green oxidant. It will be in high
demand to synthesize Ti-containing crystalline extra-large-pore zeolites due to the severe restrictions
of medium-pore and/or large-pore zeolites for bulky reactant oxidations. However, the direct
synthesis of extra-large-pore Ti-zeolites was still challengeable. Here, we firstly report a strategy
to directly synthesize high-performance Ti-containing CFI-type extra-large-pore (Ti-CFI) zeolites
assisted with fluorides. The well-crystallized Ti-CFI zeolites with framework titanium species could
be synthesized in the hydrofluoric acid system with seed or in the ammonium fluoride system
without seed, which showed higher catalytic activity for cyclohexene oxidation than that synthesized
from the traditional LiOH system.

Keywords: Ti-CFI; Ti-CIT-5; extra-large-pore; zeolites; fluorides; titanosilicates; oxidation

1. Introduction

Zeolite, a type of crystalline microporous aluminosilicate, has wide applications in adsorption,
separation, and catalysis, especially in oil refining and producing petrochemicals as solid-acid
catalysts [1–6]. Incorporation of isolated titanium ions into a high-silica zeolite to achieve a
Ti-containing zeolite, called titanosilicate, was a milestone in zeolites and heterocatalysis due to
its extremely high activity and selectivity in numerous friendly environmental oxidation reactions
with hydrogen peroxide as a green oxidant [7]. The discovered MFI-type and MWW-type zeolites were
successfully applied in the industrial processes of the hydroxylation of phenol, the ammoximation of
cyclohexanone/butanone, and the liquid-phase epoxidation of propylene to propylene oxide [8–11].

Subsequently, a series of Ti-containing zeolites with different topologies were synthesized
including 10-ring medium-micropore (~0.55 nm in diameter) [12–14] and 12-ring large-micropore
(~0.75 nm in diameter) zeolites [15–21]. However, considering the severe restrictions for the oxidation
of bulky reactants in these 10-ring and 12-ring micropores, it would be in high demand to synthesize
Ti-containing three-dimensionally crystalline extra-large-pore (larger than 12 rings) zeolites.

It was very difficult to directly crystallize the starting gel (containing silicon source, titanium
source, and structure-directing agents) to form Ti-containing extra-large-pore zeolites because the
titanium ion proved no structure-directing ability and its ionic radius was larger than that of the
silicon ion, which led to difficulties in the crystallization of raw materials and the incorporation of
titanium into the zeolite framework [22,23]. Until now, only a few Ti-containing extra-large-pore
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zeolites were directly synthesized, including aluminophosphate (Ti-VPI-5) with an 18-ring [24],
Ti-UTL with a 14-ring extra-large pore [25], Ti-UTD-1 (DON-type) with a 14-ring extra-large pore [26],
and Ti-CIT-5 with a 14-ring extra-large pore [27]. So as to crystallize the raw materials, special and
expensive structure-directing agents, i.e., bis(pentamethyl-cylcopentadienyl)cobalt(III) hydroxide for
Ti-UTD-1 and lithium hydroxide as an accelerator for Ti-CIT-5 were required. However, the accelerator
of lithium hydroxide for the crystallization of Ti-CIT-5 resulted in large amounts of extra-framework
titanium species. For activating this extra-large-pore catalyst, further post-treatment processes were
required. Therefore, effective strategies to prepare Ti-containing extra-large-pore zeolites were still
desirable and significant.

Here, we firstly report a strategy to directly synthesize the high-performance Ti-containing
CFI-type extra-large-pore (Ti-CFI) zeolites in the presence of fluorides. The influence factors such as
the type of fluoride source, water content, and the additive of seed for the crystallization of Ti-CFI
were investigated. The well-crystallized Ti-CFI zeolites with framework titanium species could be
synthesized in the HF system with seed or in the NH4F system without seed, which both showed
higher catalytic activity for cyclohexene oxidation than that synthesized from the LiOH system.

2. Results and Discussion

2.1. Zeolite Characterization

Powder X-ray diffraction (PXRD) patterns (Figure 1) showed that Ti-containing CFI-type
extra-large-pore zeolites could crystallize in the presence of fluorides. The crystallinity was very
low after a 13-day crystallization if hydrofluoric acid was used as the fluoride source (Figure 1a),
suggesting some amorphous materials present in the sample. When the concentration of the raw
materials increased by decreasing the water content in the raw materials, the crystallinity was slightly
increased as indicated by the increased diffraction intensity in Figure 1b. However, crystallinity was
still very slow. The broad peak around 20–25◦ implied the presence of amorphous raw materials in
this sample. This indicated that well-crystallized Ti-CFI was difficult to achieve when hydrofluoric
acid was used as a fluoride source, although pure silica CFI-type zeolite could be fully crystallized
in the HF system (Figure S1, Supplementary Materials). This was also evidence that the synthesis of
titanium-containing zeolite was more difficult than synthesis of Ti-free pure silica zeolite. If ammonium
fluoride was employed as a fluoride source, as shown in Figure 1c, a sample with good crystallinity
could be achieved after a 13-day crystallization. Moreover, all the peaks were consistent with the
reported CFI-type topology [27], indicating as-synthesized zeolite without other impure phases.
The addition of pure silica CFI-type seeds could accelerate the crystallization process, leading to the
formation of a well-crystallized sample even within seven days, as indicated in Figure 1d.

SEM images indicated the presence of amorphous raw materials among the rod-like large crystals
of Ti-CIT-5[HF]-13d synthesized in the HF system without seeds, which was consistent with the low
diffraction intensity as shown in the PXRD pattern. Samples of Ti-CFI[NH4F]-13d from the ammonium
fluoride system possessed a rod-like crystalline shape with tens of micrometers in length as indicated in
Figure 2b. Moreover, the crystal was large and was composed of the small rods. Interestingly, plate-like
crystals with 5–10 μm in length, 1–2 μm in width, and 0.2–0.4 μm in thickness could be formed if the
seeds were added. No amorphous raw materials or other impure particles were found in the sample
of Ti-CFI[HF]-seed-13d. Moreover, the crystal size was smaller than the samples synthesized with only
HF and NH4F, suggesting the role of the seed in accelerating the crystallization rate and decreasing the
crystal size.
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Figure 1. Powder X-ray diffraction (PXRD) patterns of extra-large-pore Ti-CFI zeolites synthesized
under different conditions with different crystallization time. (a) Ti-CFI[HF] synthesized using
hydrofluoric acid as a fluoride source; (b) Ti-CFI[HF]-L synthesized by decreasing the water content
from 20 to 5 in the H2O/SiO2 molar ratio in the HF system; (c) Ti-CFI[NH4F] using ammonium
fluoride as a fluoride source; (d) Ti-CFI[HF]-seed by adding pure silica CFI-type zeolite as seeds in the
HF system.

 
Figure 2. SEM images of (a) Ti-CIT-5[HF]-13d, (b) Ti-CFI[NH4F]-13d, (c) Ti-CFI[HF]-seed-7d, and (d)
Ti-CFI[HF]-seed-13d.
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Nitrogen adsorption characterization showed that all the samples synthesized in the presence
of fluorides had ~400 m2·g−1 specific surface area. Comparing Ti-CFI[HF]-seed-13d and
Ti-CFI[NH4F]-13d, samples of seed-assisted synthesis in the HF system showed higher specific
surface area, micropore volume, and external surface area than those of samples from the NH4F
synthetic system. The higher external surface area implied a small crystal size, which was
consistent with the abovementioned SEM characterization. Comparing Ti-CFI[HF]-seed-7d and
Ti-CFI[HF]-seed-13d, the long-time crystallization led to a slight increase in specific surface area and
micropore volume. Meanwhile, the Ti content was effectively increased after long-time crystallization.
Unlike the fluoride system, Ti-CFI[LiOH], which was directly synthesized from the LiOH system
without further post-treatment, showed extremely low Brunauer–Emmett–Teller (BET) specific surface
area and micropore volume. Post-treatment by washing with acid significantly increased the BET
specific surface area and micropore volume of Ti-CFI[LiOH]-post, but decreased the Ti content.
In addition, Ti-CFI synthesized in the presence of fluorides always showed a higher pore volume
and lower external specific surface area than those of samples synthesized in the presence of LiOH.
The larger amounts of external specific surface suggested a smaller crystal size of samples synthesized
in the presence of LiOH (Figure S2, Supplementary Materials).

Titanium was the catalytic center in the Ti-containing zeolite for the epoxidation of olefins, which
is of great important processes for producing fine chemicals. The state of Ti would greatly affect the
catalytic performance. There are several types of Ti species in the presence of the zeolite, including
tetrahedral coordinated and octahedral coordinated titanium species, and anatase-like TiO2 tiny particles.
Furthermore, it was proven that only tetrahedral (framework) Ti showed catalytic performance for the
selective oxidation of olefins. The presence of octahedral (extra-framework) Ti and tiny TiO2 particles
would adversely affect the catalytic activity and decrease the utilization efficiency of hydrogen peroxide.
Diffuse reflectance ultraviolet/visible light (UV/Vis) (DRUV/Vis) spectroscopy is an effective technique to
detect the coordination states of Ti species. The absorbance peak at about 210 nm attributed to Ti4+O2− →
Ti3+O− ligand-to-metal charge transfer was assigned to the framework Ti species. The broad absorbance
peak at about 250 nm was assigned to the extra-framework Ti species. The peak at about 330 nm was
assigned to the formation of tiny anatase-like TiO2 particles [7]. As indicated in the Figure 3A, all the
samples synthesized in the fluoride system showed the main band at about 210 nm, indicating that most of
the titanium was present as framework Ti species. The presence of a shoulder peak at 250 nm indicated the
presence of small amounts of extra-framework Ti species in these samples. In addition, Ti-CFI[NH4F]-13d
showed small amounts of anatase-like TiO2 as indicated by the presence of a 330-nm band. Prolonging the
crystallization period from seven to 13 days, the intensity of the 210-nm band related to the framework Ti
increased greatly as compared Ti-CFI[HF]-seed-7d and Ti-CFI[HF]-seed-13d, which was consistent with
the results of the ICP test (Table 1). As indicated in the Figure 3B, the sample Ti-CFI[LiOH] synthesized in
the LiOH system without post-treatment processes showed the main absorbance band at about 250 nm,
indexed as extra-framework Ti species. After post-treatment with acid, the sample Ti-CFI[LiOH]-post
only displayed absorbance at about 210 nm, indexed as framework Ti species; however, the intensity
decreased greatly.

Table 1. Product yields, chemical compositions, and porosity properties of Ti-CFI zeolites from the
different synthetic systems.

Samples
Yields

(%)
Si/Ti

(mol/mol)
SBET

1

(m2·g−1)
Pore Volume

(m3·g−1)
Sext.

2

(m2·g−1)

Ti-CFI[HF]-seed-7d ~90 247 395 0.14 33
Ti-CFI[HF]-seed-13d ~90 189 413 0.15 36
Ti-CFI[NH4F]-13d ~92 220 385 0.14 22
Ti-CFI[LiOH] ~85 46 280 0.08 84
Ti-CFI[LiOH]-post - 183 393 0.11 101

1 Brunauer–Emmett–Teller (BET) specific surface area. 2 External specific surface areas were calculated from the
t-plot curve.
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Figure 3. Diffuse reflectance ultraviolet/visible light (DRUV/Vis) spectra of Ti-CFI extra-large-pore
zeolites synthesized in fluoride system (A): (a) Ti-CFI[HF]-seed-7d, (b) Ti-CFI[HF]-seed-13d, and (c)
Ti-CFI[NH4F]-13d, and synthesized in LiOH system (B): (a) Ti-CFI[LiOH] and (b) Ti-CFI[LiOH]-post.

2.2. Catalytic Tests

The characterization showed that well-crystallized Ti-CFI zeolites with framework titanium
species could be synthesized in the HF system with seed or in the NH4F system without seed. Here,
catalytic oxidation of cyclohexene using H2O2 as an oxidant was employed to test their catalytic
performance, while the samples synthesized in the LiOH system were used as controls. Table 2 shows
the results of epoxidation of cyclohexene. The reaction routes are shown in Scheme 1. The cyclohexene
oxide (I), generated by the heterolytic epoxidation of the cyclohexene C=C double bond, and the
1,2-cyclohexanediol (II) side product, formed by hydrolysis of epoxide ring, generally reflect a
concerted process. In contrast, the allylic oxidation side products, 2-cyclohexen-1-ol (III) and
2-cyclohexen-1-one (IV), are often ascribed to a homolytic radical pathway [28]. Others including V, VI,
VII, and VIII are the products of further oxidation.

Table 2. Catalytic oxidation of cyclohexene over various Ti-CFI zeolites using H2O2 aqueous solution
as an oxidant.

Samples Si/Ti
(mol/mol)

Conversion
(%)

Selectivity (%) TON
(mol/mol

-Ti)

H2O2

Efficiency 1

(%)
I II III IV Others

Ti-CFI[HF]-seed-7d 247 8.2 17.0 68.9 4.2 6.1 3.8 49 >99
Ti-CFI[HF]-seed-13d 189 9.0 14.7 69.9 4.6 4.5 11.9 41 >99
Ti-CFI[NH4F]-13d 220 5.3 8.7 74.8 4.3 6.9 5.3 28 >99
Ti-CFI[LiOH] 46 2.0 73.9 14.9 4.2 4.3 2.7 2 12
Ti-CFI[LiOH]-post 183 4.8 14.1 62.3 11.9 4.5 7.2 21 34

1 H2O2 utilization efficiency % = (I + II + III + IV × 2 + (others) × 2) / converted H2O2 × 100.

 
Scheme 1. The possible reaction routes for oxidation of cyclohexene with H2O2 as an oxidant.

Table 2 shows the results of catalytic oxidation of cyclohexene over Ti-CFI zeolites using
H2O2 aqueous solution as an oxidant. Ti-CFI[LiOH] from the LiOH system showed extremely low
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catalytic activity, as indicated by the low cyclohexene conversion and low turnover numbers (TON).
The catalytic activity was increased after post-treatment to remove extra-framework Ti species.
Significantly, all the Ti-CFI synthesized with fluorides showed high cyclohexene conversion, TON and
higher H2O2 utilization efficiency than those of samples synthesized with LiOH. Moreover, comparing
Ti-CFI[NH4F]-13d with Ti-CFI[LiOH]-post, they had similar cyclohexene conversions; however, sample
Ti-CFI[NH4F]-13d from the fluoride system generated more heterolytic products of I and II. Comparing
samples of Ti-CFI[HF]-seed-13d and Ti-CFI[NH4F]-13d, sample Ti-CFI[HF]-seed-13d showed higher
catalytic performance than that of Ti-CFI[NH4F]-13d. The higher catalytic performance was attributed
to higher Ti content, small crystal size, and higher micropore volume, which was consistent with the
above results from DRUV/Vis spectra, nitrogen adsorption analysis, and SEM characterizations.

3. Materials and Methods

3.1. Synthesis of Titanium-Containing CFI-Type Extra-Large-Pore Zeolites in the Fluoride System

The Ti-CFI zeolites were synthesized under hydrothermal conditions in a rotating Teflon-lined
autoclave (50 revolutions per minute) at 448 K for 7–13 days from the following composition: 1
SiO2/0.01 TiO2/0.5 N(16)-methylsparteinium hydroxide/0.5 HF (NH4F)/5–15 H2O/0.1 H2O2. In a
typical run, titanium tetra-n-butoxide was added to an H2O2 aqueous solution to form a stable Ti source
of Ti-peroxo complexes, which were added into an aqueous solution of N(16)-methylsparteinium
hydroxide. Then, tetraethylorthosilicate was added into the above mixture under stirring. After
stirring for 30 minutes, the resultant solution was heated to 353 K to evaporate the alcohol generated
during the hydrolysis of the Ti and Si precursors. After completely evaporating the alcohol, the mixture
was cooled down, and HF or NH4F was carefully dropped. Then, 5 wt.% seeds of pure silica CFI zeolite
synthesized as reported [29] in the presence of fluoride were added if required. The final mixture was
transferred into an autoclave and treated at 448 K under rotation. The solid product was centrifuged,
washed with distilled water, and dried at 373 K, before being calcined at 823 K for 6 h to remove the
organic templates. The obtained Ti-CFI zeolites using HF and NH4F as fluoride sources were denoted
as Ti-CFI[HF]-xd and Ti-CFI[NH4F]-xd, respectively, where x represents the time of hydrothermal
synthesis. The obtained Ti-CFI zeolites upon adding seeds were denoted as Ti-CFI[HF]-seed.

3.2. Synthesis of Titanium-Containing CFI-Type Extra-Large-Pore Zeolites in the LiOH System

In a typical run, titanium tetra-n-butoxide was added to an H2O2 aqueous solution to
form a stable Ti source of Ti-peroxo complexes, which were added into an aqueous solution of
N(16)-methylsparteinium hydroxide. Then tetraethylorthosilicate was added into above mixture under
stirring. After stirring for 30 minutes, the resultant solution was heated to 353 K to evaporate the
alcohol generated during the hydrolysis of the Ti and Si precursors. After completely evaporating
the alcohol, the clear solution was cooled down, and LiOH was added. The final mixture with the
composition of 0.05 Li2O/1 SiO2/0.02 TiO2/0.3 N(16)-methylsparteinium hydroxide/40 H2O/0.1
H2O2 was transferred into an autoclave and treated at 423 K under rotation for 10 days. The solid
product was centrifuged, washed with distilled water, dried at 373 K, and calcined at 823 K for 6 h
to remove the organic templates. The obtained sample was denoted as Ti-CFI[LiOH]. If the sample
was further treated by washing with 1.0 M HCl at room temperature for 24 hours to remove the
extra-framework Ti species, the obtained Ti-CFI zeolites were denoted as Ti-CFI[LiOH]-post.

3.3. Catalytic Reaction

Epoxidation reactions were performed in a 10-mL glass reactor immersed in a 60 ◦C oil bath,
using H2O2 (35 wt.% in water) as an oxidant. In a typical run, the reactions were carried out with
25 mg of catalyst, 1.0 mmol of cyclohexene, and 1.0 mmol of H2O2 in 2.0 mL of acetonitrile with
vigorous stirring for 4 h. Reaction mixtures were analyzed by gas chromatography (GC) using a
Shimadzu GC-2014 (Kyoto, Japan) equipped with a 60-m TC-1 capillary column and a flame ionization
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detector (FID). The amount of the unconverted H2O2 was determined by titrating with 0.1 M Ce(SO4)2

aqueous solution. The products were verified using authentic chemicals commercially available.

3.4. Characterization

Powder X-ray diffraction (PXRD) patterns were measured by a Rigaku Ultima III
instrument (Beijing, China) equipped with a Cu-Kα X-ray source (40 kV and 20 mA). Nitrogen
adsorption–desorption measurements were measured at 77 K on a BELSORP-Mini Π, (MicrotracBEL
Corp., Osaka, Japan). Microporous volume and external surface area were calculated from t-plot
curves. Field-emission scanning electron microscope (SEM) images were obtained on a Hitachi S-5200
microscope (Tokyo, Japan) operated at 1 kV and 10 μA. The content of Si and Ti was tested on a
Shimadzu ICPE-9000 (Kyoto, Japan) inductively coupled plasma-atomic emission spectrometer (ICP).
Diffuse reflectance UV/Vis spectra (DRUV/Vis) were recorded on a V-650DS spectrophotometer
(JASCO, Tokyo, Japan). The diffuse reflectance spectra were converted into the absorption spectra
using the Kubelka–Munk function.

4. Conclusions

Ti-containing CFI-type extra-large-pore zeolites were directly synthesized in a fluoride system.
The addition of a seed could accelerate the crystallization process and decrease the crystal size.
Prolonging the crystallization process could increase the Ti content and pore volume, which was
beneficial to the catalytic performance. Compared with the Ti-CFI sample synthesized in the LiOH
system, Ti-CFI synthesized in the presence of fluorides showed higher catalytic performance and higher
H2O2 utilization efficiency. This indicated that the fluoride synthetic system was a good synthetic
system for the synthesis of Ti-containing CFI-type extra-large-pore zeolites, which could be extended
to the synthesis of other types of Ti-containing zeolites.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/3/257/s1:
Figure S1: (A) PXRD and (B) SEM image of the pure silica CFI-type zeolite synthesized in the HF system, which
was used as a seed for the preparation of Ti-CFI; Figure S2: SEM image of as-synthesized Ti-CFI[LiOH].
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Abstract: In this work, a series of Zn-Co@N-doped carbon materials were prepared by pyrolysis
of Co/Zn-ZIF precursors under a N2 atmosphere and used for high-efficiency synthesis of ethyl
methyl carbonate (EMC) from dimethyl carbonate (DMC) and diethyl carbonate (DEC). The Co to Zn
molar ratio and calcination temperature were varied to study the physical and chemical properties
of Zn-Co@N-doped carbon materials identified by X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
Brunauer-Emmett-Teller (BET), inductively coupled plasma (ICP), thermogravimetric analysis (TG)
and temperature programmed desorption (TPD) analysis. It was deduced that the formation of a
ZnO crystalline structure and the interaction between zinc and cobalt providing weak basic sites and
strong basic sites, respectively, in different samples significantly affected their catalytic performance.
The catalyst activated the reaction most effectively when the Co to Zn molar ratio was 1.0 and
calcination temperature was 600 ◦C. With the DMC to DEC molar ratio controlled at 1:1, a superior
yield of around 51.50% of product EMC can be gained over catalyst ZnCo/NC-600 at 100 ◦C with
1 wt% catalyst loading in 7 h.

Keywords: zeolitic imidazolate frameworks; Zn-Co@N-doped carbon; transesterification

1. Introduction

Ethyl methyl carbonate (EMC) is the simplest asymmetric ester and an important intermediate
in organic synthesis. Recently, EMC has received extensive attention as an excellent co-solvent
in the electrolyte of lithium ion batteries [1–5]. Considering security and environmental issues,
the traditional method of producing EMC by methyl chloroformate and ethanol was abandoned.
Instead, transesterification between dimethyl carbonate (DMC) and ethanol with mild reaction
conditions and a high utilization rate of atoms is the most common method for the preparation
of EMC [6–8]. However, the by-product methanol should be removed in a timely way to achieve
high EMC yield, and the formation of an azeotropic system increases the difficulty of separation and
energy consumption [9]. The disadvantages of the above route have contributed to the development of
alternative methods, such as the transesterification reaction between dimethyl carbonate and diethyl
carbonate (DEC), which is environmentally-friendly, with high atom utilization and mild reaction
conditions. Moreover, in the transesterification system, reactants and products can be directly used as
co-solvents in the electrolyte without further separation [10,11].
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Initially, most catalysts applied to the transesterification reaction between DMC and DEC were
homogeneous [12], bringing about separation problems. Subsequently, a number of more economical
and environmentally friendly heterogeneous catalysts have been reported. A series of solid base
catalysts, including MgO, ZnO, La2O3 and CeO2, were prepared by Shen et al. [13], among which MgO
showed best catalytic performance, followed by ZnO. However, the activity of a single metal oxide as
the catalyst was not particularly good. Hence, supporter or new metals promoting the transformation
of the composition or structure of the available catalyst were introduced to enhance catalytic activity.
Zhao et al. [14] prepared carbon-supported catalysts (MgO/NC-2) with an impregnation method in
which active sites were effectively dispersed on the surface of supporter, and the EMC yield reached
up to 49.3% at optimum conditions. Furthermore, a few bimetallic catalysts were reported, presenting
relatively higher EMC yields compared with single metal catalysts due to the interaction between
different metals [15,16]. For instance, acid-base bifunctional mesoporous catalysts, which combined
specific properties of the acid-base materials and the chemical stability of the mesoporous structure,
were prepared with varying metal types (Mg or Al) and the catalysts promoted equilibrium of the
transesterification reaction being approached in 30 min [17].

Recently, metal organic frameworks (MOFs) made up of metal ions and organic ligands have
attracted widespread attention in different fields, such as gas adsorption and storage [18,19], molecular
separation [20,21], catalysts [22,23] as well as drug delivery [24,25], due to their porous structures and
high thermal stability [26–28]. Meanwhile, several groups applied MOF materials, in which metal ions
acted as acid sites, to transesterification between DMC and DEC since the reaction was essentially an
acid-base catalyzed process. Zhou et al. [29] reported that MOF-5 [Zn4(O)(BDC)3] (BDC = benzene-1,
4-dicarboxylate) showed superior catalytic performance in this reaction, with 50.1% DEC conversion
and almost 100% EMC selectivity. Moreover, zeolitic imidazolate frameworks (ZIFs) consisting of
metal ions (Zn2+, Co2+), imidazole and derivatives were also active catalysts for the transesterification,
providing not only acid sites but also basic sites compared with general MOF materials. Chizallet
et al. [30] proved theoretically that Zn2+ performed as acid sites, combined with N- moieties and
OH groups as basic sites, determining the catalytic performance of ZIF-8. For further experimental
verification, Zhou et al. [31] found that ZIF-8 synthesized at room temperature showed excellent
activity, selectivity and stability. The yield of the target product, EMC, reached 50.7% under moderate
conditions (0.208 g catalyst, 100 ◦C and 3 h).

As reported, ZIF materials rich in metallic elements also act as precursors to prepare metal/C or
metal oxide/C for further treatment [32–34]. For corresponding derivatives, the porous morphology
of ZIF materials can be maintained after low-temperature pyrolysis under an inert atmosphere [35].
Besides, it has been proved that porous N-doped carbon derived from ZIF materials can be applied to
alkali catalytic reactions due to the presence of basic sites [36]. Hence, we proposed a new material
combining the structure, as well as the properties, of ZIFs and the coordination of two metals. In this
study, bimetallic Co/Zn-ZIFs were firstly synthesized using the one-pot method and utilized as the
precursor to prepare Zn-Co@N-doped carbon. A series of materials were prepared with different
metal molar ratios and calcination temperatures to study the role of Zn and Co and their impact
on the formation of active sites. Then, Zn-Co@N-doped carbon as a catalyst was applied to the
transesterification reaction between DMC and DEC. Reaction conditions were optimized on the basis
of EMC yield and selectivity.

2. Results and Discussion

2.1. Characterization of Catalysts

Zn-Co@N-doped carbon materials labeled as ZnCox/NC-T (x represents the molar ratio, T is
the mark of calcined temperature) were synthesized at room temperature using a simple method,
as shown in Scheme 1. In the preparation process, Co/Zn-ZIF with uniform cubic shapes was
successfully obtained, as displayed in the SEM images in Figure S1. The XRD pattern of prepared
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Co/Zn-ZIF shown in Figure S2 is consistent with the reported literature and there was no marked
difference in the pattern of synthesized ZIF-8 [37], implying that the incorporation of cobalt resulted in
hardly any destruction of the structure of the ZIF materials. Then, a pre-determined amount of the
above light purple powder was transformed into bimetallic particles supported by porous carbon.

Scheme 1. Synthesis process of Zn-Co@N-doped carbon.

Characteristics of the calcined products were determined by XRD, and the patterns of catalysts
calcined under N2 atmosphere with different molar ratios and calcination temperature are shown in
Figure 1. Clearly, ZnCo0.6/NC-600 and ZnCo1.4/NC-600 are amorphous (Figure 1A). The catalysts
(ZnCo/NC-550, ZnCo/NC-650, ZnCo/NC-700) with calcination temperatures above or below 600 ◦C,
and the molar ratio fixed at 1.0, also failed in the formation of crystalline structures, which agrees
with a previous report [38]. Instead, a crystalline structure formed when the Co to Zn molar ratio
was controlled from 0.8 to 1.2 with a calcined temperature of 600 ◦C. As shown in Figure 1B,
the characteristic peak of ZnO with hexagonal wurtzite crystal structures (JCPDS card No. 36-1451)
can be observed in all the crystalline samples. This suggests that zinc elements of the precursor
have changed to zinc oxides after heat treatment, even under a nitrogen atmosphere, probably
attributed to the higher electrode potential of Zn2+/Zn than −0.27 eV [36]. More importantly, it was
demonstrated that the ZnO crystalline structure is essential to the catalytic activity of Zn-Co materials
(this will be discussed later). Although the molar ratio of Co to Zn was close to 1.0, no obvious
signals of metallic cobalt and oxides of cobalt can be detected for catalysts ZnCo0.8/NC-600 after
local enlargement of patterns (Figure 1C). As the molar ratio increased up to 1.0, a weak peak at
around 44.22◦ can be observed corresponding to the (1 1 1) plane of the metallic cobalt phase (JCPDS
card No.15-0806). Further enhancement of the cobalt amount results in the stronger intensity of
this catalyst ZnCo1.2/NC-600. However, no peak assigned to oxides of cobalt can be found in any
samples. These results suggest that the Co to Zn molar ratio in all samples was far lower than the
theoretical value. Cobalt particles are probably uniformly distributed on the surface of the carrier.
On the other hand, the crystallinity of cobalt is relatively low at 600 ◦C [39]. It is also worth noting
that the characteristic peaks (Zn 2p) of catalysts doped with cobalt shift to lower diffraction angles
compared with calcined products of ZIF-8. This may be attributable to the interaction between zinc
and cobalt [40].

Moreover, XPS analyses of catalysts were conducted to identify their chemical composition.
The existence of elements including cobalt, zinc, carbon, oxygen and nitrogen was confirmed by XPS
spectra (Figure 2A). Zn 2p patterns of catalysts with different metal molar ratios are shown in Figure 2B.
Two peaks centered at the binding energy of 1044.9 eV and 1021.9 eV are apparent in the patterns,
implying the presence of zinc oxides in accordance with XRD analysis. With the addition of cobalt
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elements, the binding energy of Zn 2p1/2 and 2p3/2 increased a little, probably due to the chemical
environment of zinc and the interaction between zinc and cobalt [40].

Figure 1. XRD patterns of: (A) catalysts with amorphous structure; (B) catalysts with crystalline
structure. Local enlargement of XRD patterns: (C) 43–45◦, (D) 31–37◦.

Figure 2. XPS spectra of (a) ZnO/NC-600, (b) ZnCo0.8/NC-600, (c) ZnCo/NC-600 and (d)
ZnCo1.2/NC-600: (A) full range XPS spectra; (B) Zn 2p spectra; (C) Co 2p spectra; (D) N 1s spectra.
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Calcined products display complicated valence sates of cobalt in the Co 2p patterns (Figure 2C).
Two peaks located at around 782 eV and 780.4 eV were detected in all samples, ascribed to the different
valence states (Co2+, Co3+) of cobalt oxides. Meanwhile, the satellite peaks at around 786.9 eV in
all samples also indicated the presence of cobalt oxides [41]. Banerjee et al. [42] proposed that only
metal ions with their electrode potential higher than −0.27 V contained in MOFs could be reduced to
zero-valent metals under an inert atmosphere. Thus, it is suggested that the neutral electrode potential
of Co2+/Co (−0.27 V) probably accounts for the complex valence sates of cobalt. With the increase
of Co elements in catalysts ZnCo/NC-600 and ZnCo1.2/NC-600, the peak of metallic cobalt appears
and the binding energy of cobalt in all valence states shown in Figure 2C, remarkably, shifts to higher
positions [43]. Clearly, the cobalt incorporation leads to the shift of the characteristic peak both in
Zn 2p and Co 2p patterns. Hence, the XRD and XPS results together illustrate that the interaction
between zinc and cobalt may generate in calcined catalysts, and further are probably linked with
catalytic performance.

Most nitrogen elements of the precursor Co/Zn ZIF were preserved after heat treatment under a
nitrogen atmosphere. The N 1s spectra of different samples were decomposed into different peaks
according to the different chemical states of N (Figure 2D). Apart from the peak centered at around
398.4 eV as evidence of pyridinic-N, a weak peak can also be observed at 400.4 eV implying that
a pyrrolic-N exists in the catalyst [39]. Pels et al. [44] reported that pyrrolic-N (N-5) was stable at
temperatures as high as 600 ◦C and above that temperature N-5 disappeared, gradually converting to
pyridinic-N (N-6) and quaternary-N (N-Q). Moreover, the preserved N not only acted as a carrier to
avoid the agglomeration of particles but also bonded with metal atoms [39,45].

SEM was carried out to investigate morphology and microstructure characteristics of the bimetallic
Zn-Co catalysts with different metal molar ratios. As can been seen from Figure 3A,B, the cubic
structure of the precursor ZIF-8 was maintained after calcination at 600 ◦C under a nitrogen atmosphere.
The SEM patterns shown in Figure 3C,D of catalyst ZnCo/NC-600 cannot be well distinguished from
the above ZnO/NC-600, indicating that the addition of the Co element apparently did not destroy
the morphology and microstructure of the ZIFs. The preservation of N was further verified by
SEM/EDX mapping (Figure S3 A-2) which displays the dispersion of different elements in catalyst
ZnO/NC-600. Additionally, it is remarkable that the distribution density of cobalt was less than
that of zinc (Figure S3 B-1,B-2), suggesting that the Co to Zn molar ratio was probably less than 1,
in accordance with the XRD results. Combined with ICP analysis (Table S2), we speculate that cobalt
nitrate may partly react with ammonia, producing cobalt ammine complexes during the catalyst
preparation, which lead to the decrease of cobalt.

To further characterize particle dispersion and the average size of calcined catalysts, HRTEM
experiments were also performed. Similar to the SEM results, Zn/Co bimetallic catalysts after thermal
treatment also had cubic shapes dimly visible in the HRTEM images (Figure 4A). In ZnCo/NC-600,
uniform dispersion of zinc and cobalt particles embedded in carbon matrix can be clearly observed
(Figure 4B). Lattice spacings of 0.26 nm, 0.25 nm and 0.20 nm in Figure 4C correspond to the interplanar
spacings of ZnO (0 0 2), ZnO (1 0 1) and Co (1 1 1), which correlates with the XRD analysis. Moreover,
the particle size distribution image of ZnCo/NC-600 is listed in Figure 4D and the mean size is about
24 nm, which shows it undergoes an obvious increase compared with that of ZnO/NC-600 (Figure 4F).

The BET surface area, pore volume and average pore size of five samples are illustrated in
Table 1 to identify the porosity of catalysts determined by nitrogen adsorption–desorption isotherms.
The precursor Co/Zn-ZIF displays a relatively high BET surface area of around 1168.3 m2/g.
After calcination, there is a sharp decline in BET surface area. Compared to ZnO/NC-600 (BET
surface area 715.6 m2/g and average pore size 5.38 nm), the incorporation of cobalt results in a
decrease of BET surface area and the increase of average pore size. Furthermore, it (Entry 2–5) reveals a
positive variation trend between BET surface area and Co loading amount, but a negative one between
average pore size and Co loading amount, suggesting that excessive cobalt may lead to the collapse of
the catalyst structure.
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Figure 3. SEM images of: (A,B) ZnO/NC-600; (C,D) ZnCo/NC-600.

 

Figure 4. (A–C) HRTEM images of ZnCo/NC-600; (D) particle size distributions of ZnCo/NC-600;
(E) HRTEM images of ZnO/NC-600; (F) particle size distributions of ZnO/NC-600.
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Table 1. Surface area, pore volume and average pore size of catalysts.

Entry Catalyst SBET (m2/g) Vp (cm3/g) dp (nm)

1 Co/Zn-ZIF 1168.3 0.074 10.15
2 ZnO/NC-600 715.6 0.144 5.38
3 ZnCo0.8/NC-600 275.0 0.295 11.15
4 ZnCo/NC-600 254.8 0.274 11.72
5 ZnCo1.2/NC-600 200.8 0.535 12.18

The CO2-TPD profiles of different samples to determine the base properties of catalysts are
exhibited in Figure 5. As can be seen, curves of samples clearly drift upward over 500 ◦C, probably due
to the decomposition of minor Co/Zn-ZIF. For further verification, a blank run of ZnO/NC-600 without
CO2 adsorption (Figure 5g) was investigated. It shows that the curve displays an up-trend with two
peaks clearly centered between 400 ◦C and 500 ◦C, and around 746 ◦C, respectively. In addition, the TG
curves of ZnCo/NC-600 obtained in N2 reveal that the compound suffered from weight loss at a similar
temperature (Figure S4). Hence, the above two peaks can be attributed to catalyst decomposition and
should be ignored in TPD analysis. Extra peaks, with the exception of decomposition peaks, cannot be
detected in the NH3-TPD profiles (Figure S5), implying the absence of acid sites in the Zn-Co samples.
For catalyst ZnO/NC-600 (Figure 5c), a single desorption peak appears around 100 ◦C and extends
into a broad peak, indicating a single alkali type and weak basic sites. A peak centered at a similar
temperature can also be observed in other samples (Figure 5c–f), which can be ascribed to the presence
of ZnO [30]. With the incorporation of cobalt, the peak centered over 600 ◦C, as the symbol of strong
basic sites, was detected. For comparison, samples calcined from single ZIF-67 and a mechanical
mixture of ZIF-67 and ZIF-8 (1:1) were identified by TPD analysis and the results (Figure 5a,b) showed
that the peak centered over 600 ◦C was missing. To sum up, strong basic sites over 600 ◦C cannot
generate in the absence of Zn or Co, and the mechanical mixing of two elements also prevents their
formation. Cosimo et al. [46,47] discovered in similar experimental research that Li/MgO exhibited the
strongest basic properties, and further assumed that the appearance of these basic sites resulted from
the addition of lithium, causing a structural promotion of the MgO sample by replacing the Mg2+ ions
with Li+ in the MgO lattice. Based on this foundation, Song et al. [39] proposed a hypothesis that the
strong basic sites in catalyst Li/ZnO originated from [Li+ O−] attributing to the substitution of Zn2+ by
Li+ in the ZnO lattice. In this work, it has been proved in the above analysis that Co together with Zn
simultaneously exist in the framework of the Co/Zn-ZIF precursor instead of simply being attached to
the surface. Hence, it can be inferred that the interaction between Zn and Co in the lattice promotes the
generation of strong basic sites. Furthermore, compared with ZnCo0.8/NC-600 and ZnCo1.2/NC-600,
the peak ascribed to strong basic sites in ZnCo/NC-600 is located at the higher temperature. Hence,
we speculate that ZnCo/NC-600 may show the best catalytic performance in the reaction between
DMC and DEC, for the reason that stronger basic sites promote interesterification more effectively [39].

Figure 5. CO2-TPD profiles of: (a) CoOx/NC-600 calcined from ZIF-67; (b) CoZnOx/NC-600 calcined
from the mechanical mixture of ZIF-67 and ZIF-8 (1:1); (c) ZnO/NC-600; (d) ZnCo0.8/NC-600;
(e) ZnCo/NC-600; (f) ZnCo1.2/NC-600; (g) ZnO/NC-600 without CO2 adsorption.

183



Catalysts 2019, 9, 94

2.2. Synthesis of EMC across Different Zn-Co@N-Doped Carbon Materials

Mild transesterification between dimethyl carbonate (DMC) and diethyl carbonate (DEC) was
carried out, the reactants of which mainly convert into ethyl methyl carbonate (EMC). Table 2 shows
EMC yield under unified conditions catalyzed by a series of catalysts with different metal molar ratios
and calcination temperatures.

Table 2. Catalytic performance of different catalysts a.

Entry Catalysts n(DMC):n(DEC) Yield (%) Selectivity (%)

1 ZnO/NC-600 1:1 29.50 ~100
2 ZnCo0.6/NC-600 1:1 2.26 ~100
3 ZnCo0.8/NC-600 1:1 43.58 ~100
4 ZnCo/NC-600 1:1 51.50 ~100
5 ZnCo1.2/NC-600 1:1 42.53 ~100
6 ZnCo1.4/NC-600 1:1 – –
7 ZnCo/NC-550 1:1 0.91 ~100
8 ZnCo/NC-650 1:1 9.33 ~100
9 ZnCo/NC-700 1:1 1.82 ~100

a Reaction conditions: 100 ◦C, 7 h, 1 wt% catalyst amount.

With almost no by-product generated, the EMC selectivity can reach close to 100% when
catalyzed by all samples displayed in the Table 2. Unsatisfactory EMC yield was obtained using
the mono-metallic catalyst ZnO/NC-600 in which ZnO acted as the single alkali site, as confirmed by
TPD results, although the 29.5% yield was a little higher than previously reported for ZnO catalysts
probably due to the increase of surface area and the presence of N interacted with metals as active
sites [13]. Afterwards, cobalt elements in the form of nitrate were added into the mother liquor
for the reason that the synergy between different metals can improve the activity and selectivity of
catalysts [48,49]. For catalyst ZnCo/NC-600, the EMC yield dramatically reached 51.5%, twice that
of the reaction catalyzed by ZnO/NC-600. The TPD results show that the interaction between Zn
and Co in the lattice promotes the generation of strong basic sites in Zn-Co catalysts, suggesting that
apart from ZnO active sites, the interaction between zinc and cobalt can also remarkably enhance
catalyst activity.

Metal molar ratios of Co to Zn were varied from 0.6 to 1.4 in order to achieve catalysts with
superior catalytic performance. It deserves to be mentioned that the EMC yield decreased regardless
of whether Co to Zn molar ratios increased or decreased from 1:1. Hence, adding a moderate amount
of cobalt activated the catalyst, instead of simply assuming that the more cobalt loading the better the
catalytic performance would be. It is probable that the basic sites of ZnO, which have been proved to
be the main catalytic active sites, were covered with the improvement of cobalt elements. It can be
seen from Table 2 that as Co to Zn molar ratios increased to 1.4 or decreased to 0.6, the EMC yield
underwent a rapid decline from 51.5% to 2.26% even 0%.

Additionally, for different catalysts with the Co to Zn molar ratio fixed at 1.0 and calcined under
temperatures from 550 ◦C to 700 ◦C, ZnCo/NC-600 has the best catalytic performance. Combined with
XRD results, when catalysts with no crystalline structure formed on the surface of the carrier were
added, the reaction suffered from an unexpectedly lower EMC yield. Based on the above experiments,
it is reasonable to infer that the non-formation of a crystalline structure may be responsible for the less
active performance of these catalysts, even compared to ZnO/NC-600 calcined directly from ZIF-8.
Hence, the presence of zinc oxides, together with the interaction between zinc and cobalt, can be
further proved to play the role of catalytic sites in these materials.

2.3. Effects of Reaction Conditions

In order to optimize reaction conditions, the effects of reaction time, temperature and catalyst
loading on the yield of EMC were investigated over catalyst ZnCo/NC-600. As shown in Figure 6A,
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the EMC yield increased steadily as the reaction time lengthened from 0 to 7 h and reached 51.5% in
7 h. However, no remarkable increase of EMC yield can be observed over 7 h, or even up to 10 h,
suggesting that equilibrium can almost be reached in 7 h. Thus, the optimum reaction time is 7 h.

Figure 6. (A) Effect of time (100 ◦C, 1 wt% catalyst amount); (B) effect of temperature (7 h, 100 ◦C,
1 wt% catalyst amount); (C) effect of catalyst amount (7 h, 100 ◦C); (D) reusability of the catalyst
ZnCo/NC-600 (7 h, 100 ◦C, 1 wt% catalyst amount).

The impact of temperatures ranging from 70 ◦C to 110 ◦C on the EMC yield was studied. Figure 6B
illustrates that ZnCo/NC-600 performed unsatisfactory catalytic activity with the EMC yield lower
than 5% at 70 ◦C. Also, it was found that the yield of EMC increased with the increase of the reaction
temperature, and the maximum yield (51.5%) was obtained at 100 ◦C. However, the EMC yield
declined slightly when the temperature was elevated to 110 ◦C. It is likely that sustained loss of DMC,
due to its relatively low boiling point (90 ◦C), may result in the decrease of EMC yield with the raising
of the reaction temperature.

As can be seen from Figure 6C, the yield of EMC was also strongly influenced by catalyst loading.
Obviously, no EMC can be detected in the absence of any catalyst. With the lower addition of catalyst
ZnCo/NC-600, 27.68% of EMC yield is achieved at the same reaction conditions. The yield of EMC
increases sharply when the catalyst loading increases from 0.5 wt% to 1 wt%. However, the EMC
yield undergoes a slight decline with further increasing of catalyst loading. It is reasonable to infer
that excessive catalyst loading may influence the rate of mass transfer which resulted in the relatively
slightly lower yield in 7 h. These results may suggest that sufficient catalytic sites provided by
appropriate loading of catalyst promote the transesterification between DMC and DEC. Hence, 1 wt%
catalyst of reactants is optimum for this reaction considering both EMC yield and industrial cost.

Figure S7 also presents the comparative results of different DMC to DEC molar ratios over catalyst
ZnCo/NC-600. Consistent with theoretical analysis, the yield of EMC improved with the increase of
the DMC to DEC molar ratio, and even rose to 81.56% with the ratio controlled at 5:1. This discovery
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has great industrial significance by increasing the use of low-cost reactants to achieve higher product
yield. However, the EMC percentage after reaction undergoes an obvious decline, which increases
the difficulty of separation and purification. Hence, the above two results should be taken into
consideration in combination.

2.4. Recycling of the Catalyst

Considering the cost, it is important to study the reusability of the heterogeneous catalyst in order
to determine the applicability to industrial processes. After the completion of reaction, used catalyst
was separated simply by filtration, washed with ethanol three times, and then dried at 80 ◦C in an oven
overnight. Then, the reaction was conducted using 1 wt% amount of catalyst ZnCo/NC-600 at 100 ◦C
for 7 h. The recycle process was conducted five times, and the catalytic performance of the reused
catalyst is exhibited in Figure 6D. It reveals that the yield of EMC decreased from 51.5% to 40.19% after
five cycles of reaction, indicating that ZnCo/NC-600 displayed relatively good stability during the
recycles. Then, the used catalyst was characterized to verify the reasons for the small loss of EMC yield.
As shown in Figure 7A, catalyst ZnCo/NC-600, after five recycles, has the same characteristic peaks
ascribed to ZnO as the fresh one. Furthermore, combined with TG analysis (Figure S4), this suggests
that the structure of the catalyst has not been damaged. However, local enlargement of the XRD
(Figure 7A) shows that the characteristic peak of spent ZnCo/NC-600 shifts to a higher position,
implying a decreased interaction between zinc and cobalt. Moreover, the intensity of peaks ascribed to
ZnO, and the interaction between zinc and cobalt, becomes lower than the fresh catalyst (Figure 7B).
Also, it can be proved from ICP analysis (Table S2) that Zn and Co suffered a nearly one-half mass loss
after five cycles. Hence, the leaching of metal elements may lead to deactivation of the catalyst.

Figure 7. (A) XRD patterns of: (a) fresh ZnCo/NC-600 and (b) ZnCo/NC-600 after five cycles;
(B) CO2-TPD profiles of: (a) fresh ZnCo/NC-600 and (b) ZnCo/NC-600 after five cycles.

To further understand the reason for catalyst deactivation, a leaching experiment was performed.
A transesterification process where the reaction was stopped after 3 h, and then continued after
filtering out the solid catalyst, was conducted in comparison to another reaction with its equilibrium
approached in 7 h. The results (Figure 8) illustrate that the EMC yield increased slightly, within 5%,
for another 4 h in spite of the removal of catalysts, implying the presence of a small amount of active
component in the reaction system. Hence, we further believe that the leaching of active sites may
account for the deactivation of the catalyst in the reaction and recycle process.
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Figure 8. Leaching test in the transesterification of DMC with DEC over fresh ZnCo/NC-600 and after
catalyst filtration at 3 h. Reaction conditions: 100 ◦C, 7 h, 1 wt% catalyst amount.

2.5. Reaction Mechanism

The mechanism of this reaction has been well-studied and reported in previous literature [10,29].
Based on the above analysis in this study, a possible reaction mechanism for the transesterification
between DMC and DEC is proposed as shown in Scheme 2. DMC and DEC were firstly absorbed on
the basic sites of Zn-Co catalyst, and then intermediates were formed on the surface. The carbonyl of
DMC was attacked by ethoxy ion and the carbonyl of DEC was attacked by methoxy ion. The steps
were affected by the base properties of the catalyst and other reaction conditions, such as temperature
and catalyst amount. Finally, product EMC was detached from the catalyst surface.

y y p y

Scheme 2. Possible reaction mechanism over Zn-Co@N-doped carbon.

3. Materials and Methods

3.1. Catalyst Preparation

All chemical reagents were of analytical grade and used as received without further purification.
Co/Zn-ZIFs were synthesized from an aqueous solution according to the previous literature with a
little modification [37]. Typically, 2 mmol mixture of Zn(NO3)2·6H2O (≥99%, Sinopharm Chemical
Reagent Co., Ltd, Shanghai, China) and Co(NO3)2·6H2O (≥98.5%, Sinopharm Chemical Reagent Co.,
Ltd, Shanghai, China) with designed molar ratio, and 4 mmol 2-methylimidazole (99%, Sinopharm
Chemical Reagent Co., Ltd, Shanghai, China) were separately dissolved in 3 mL deionized water and
4.2 mL ammonia (25–28 wt%, Sinopharm Chemical Reagent Co., Ltd, Shanghai, China). Then, two
solutions were quickly mixed and changed into brown. The mixture was stirred continuously for 6 h at
room temperature. After centrifugation, the product was washed with deionized water and methanol
several times until pH of around 7 was reached, and dried at 80 ◦C overnight. Then, Co/Zn-ZIF
was prepared.

In order to synthesize bimetallic Zn-Co@N-doped carbon materials, Co/Zn-ZIF was calcined in
nitrogen for 2 h at a predefined temperature. The heating rate of the pipe furnace was set at 5 ◦C/min.
After cooling to room temperature, a black solid was obtained and labeled ZnCox/NC-T, where x
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represents the molar ratio of Co to Zn ranging from 0.6 to 1.4 and T is the mark of calcined temperature
between 550 ◦C and 700 ◦C.

For comparison, ZIF-8 was synthesized by the same method and sent to the pipe furnace calcined
at 600 ◦C to obtain ZnO/NC-600.

3.2. Characterization of Catalysts

X-ray diffraction (XRD) patterns of the catalysts were recorded on an X-ray diffractometer (Ultima
IV, Rigaku, Kyoto, Japan) using Cu Kα as the radiation source (40 kV and 40 mA). The scanning range
(2θ) was from 5◦ to 80◦, with a scanning rate of 20◦·min−1.

The morphologies and microstructures of prepared catalysts were investigated using a FESEM
scanning electron microscopy (SEM, FEI Inspect F50, Hillsborough, OR, USA) with an accelerating
voltage of 15.0 kV. Additionally, the mapping of energy dispersive X-ray spectrometer (EDX, Quanta
250, Hillsborough, OR, USA) was conducted to measure the dispersion of different elements.

High-resolution transmission electron microscopy (HRTEM) was performed on a transmission
electron microscopy (JEM-2100F, JEOL, Kyoto, Japan) operated at 200.0 kV.

The X-ray photoelectron spectroscopy (XPS) was recorded with a spectrometer (ESCALAB-250Xi,
Thermo Scientific, Waltham, MA, USA) with Al Kα (1486.6 eV) radiation. The obtained element
binding energy was calibrated and corrected using the peak of C (1s) at 284.6 eV as references.

The nitrogen adsorption-desorption isotherms were recorded with an analyzer (3H-2000, Beishide,
Beijing, China). Prior to measurement, the samples were degassed under vacuum at 200 ◦C for 12 h.
The surface area was obtained using the multipoint Brunauer-Emmett-Teller (BET) method while pore
volume and pore size were calculated using the Barrett-Joyner-Halenda (BJH) method.

The concentration of elements was measured by an inductively coupled plasma optical emission
spectrometer (ICP-OES, Varian 720-ES, Palo Ato, CA, USA).

Thermogravimetric analysis (TG) was conducted with a thermogravimetric analyzer (STA 449C
FS, NETZSCH, Bavaria, Germany). The experiment was performed under N2 atmosphere and the
samples were heated from room temperature to 900 ◦C at a heating rate of 20 ◦C per minute.

Temperature programmed desorption (TPD) was carried out to determine the properties of the
samples, using a catalyst analyzer (TP-5076, Xianquan, Tianjin, China) equipped with a thermal
conductivity detector (TCD). Typically, 0.1 g sample was pretreated under an He atmosphere at 300 ◦C
for 1 h to exclude moisture and other adsorbed gases at the flow rate of 30 mL·min−1. After cooling to
room temperature, the catalyst was exposed to pure CO2 or ammonia gas to conduct the adsorption
process for 0.5 h, and then flushed again with He flow (30 mL·min−1) for at least 50 min to remove
redundant and physically adsorbed gas. Then, the sample was heated to 800 ◦C at a rate of 10 ◦C
min−1 under a constant He flow to obtain the CO2 or ammonia gas desorption curve.

3.3. Reaction Procedure

Interesterification between dimethyl carbonate (DMC) and diethyl carbonate (DEC) was carried
out in a 50 ml three-necked flask equipped with a reflux condenser and a magnetic stirring. In a
typical reaction, 9 g (0.1 mol) DMC (99.5%, Sinopharm Chemical Reagent Co., Ltd, Shanghai, China),
11.8 g (0.1 mol) DEC (99.5%, Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) and 0.2 g (1 wt%
of reactants) catalysts were mixed into the flask. Then the mixture was heated to a predetermined
temperature with continuous stirring for the given time. After cooling to room temperature, the product
was analyzed using a gas chromatograph (GC-6890, Ouhua, Shanghai, China) equipped with a flame
ionization detector (FID) and a capillary column (SE-30, 30 m × 0.25 mm, Agilent, CA, USA). Used
catalysts were separated by filtration, washed with ethanol several times and finally dried at 80 ◦C
overnight. Then, the above reaction was repeated using the regenerated catalyst to examine the
reusability of catalysts.
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4. Conclusions

In summary, bimetallic Zn-Co catalysts carbonized by zeolitic imidazolate frameworks were
prepared for high-efficient synthesis of ethyl methyl carbonate. It was demonstrated that the cobalt
loading and calcined temperature had a great impact on the catalyst microstructure, particle size,
chemical states and further catalytic performance. When the DMC to DEC molar ratio was controlled
at 1:1, the best catalytic performance, with 51.50% EMC yield, was obtained over 1 wt% catalyst
ZnCo/NC-600 of total reactants at a temperature of 100 ◦C for 7 h. Combined with the characterization
results, it can be inferred that the superior catalytic performance is mainly attributed to the formation
of a ZnO crystalline structure, and the interaction between zinc and cobalt providing weak basic sites
and strong basic sites, respectively. Moreover, with a simple method, Zn-Co catalysts can be reused for
five recycles with only a slight decline in the yield of EMC.
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(C-1) the dispersion of Zn, (C-2) the dispersion of Co; Figure S4. the TG analysis of ZnCo/NC-600 catalysts, (a)
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liquid products; Figure S7, effect of molar ratio of DMC to DEC:EMC yield, EMC molar percentage after reaction;
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Abstract: We review and generalize a recent theoretical framework that provides a sound
physicochemical basis to describe how volume and surface diffusion are affected by adsorption
and desorption processes, as well as by catalytic conversion within the space defined by the irregular
geometry of the pores in a material. The theory is based on two single-dimensional mass conservation
equations for irregular domains deduced for the volumetric (bulk) and surface mass concentrations.
It offers a powerful tool for analyzing and modeling mass transport across porous media like zeolites
or artificially build materials, since it establishes how the microscopic quantities that refer to the
internal details of the geometry, the flow and the interactions within the irregular pore can be
translated into macroscopic variables that are currently measured in experiments. The use of the
theory in mass uptake experiments is explained in terms of breakthrough curves and effective mass
diffusion coefficients which are explicitly related to the internal geometry of the pores.

Keywords: generalized macro-transport theory; adsorbent and non-adsorbent membranes; bulk and
surface diffusion; heterogeneous catalysis; mass transfer and effectiveness factor

1. Introduction

The Shaphiro–Brenners’s theory for macrotransport processes was an outstanding contribution to
the understanding of macrotransport processes in applied chemistry. The theory offered simplified
equations with effective transport coefficients suitable to reduce the time and computational necessities
for predicting the optimal conditions of different experimental or technological situations. The theory
was inspired on the classical Taylor–Aris dispersion problem, in which the three-dimensional diffusion
of a particle in the presence of a flow in a pipe is reduced to a single dimensional problem along the
longitudinal coordinate of the pipe [1,2]. The main consequence of this contraction or projection of the
mathematical description implies that the microscopic structure of the system is incorporated in the
value or possible dependence of the corresponding transport coefficients, like the diffusivity, on the
essential parameters of the problem. That is, after the microscopic structure is suitably abstracted, the
local “microscopic” transport coefficients become “macrotransport” coefficients. In this way, the theory
emphasizes the fact that the macroscopic character of well known three-dimensional transport
equations, for instance, the diffusion equation with its boundary conditions, implies an inherently
complex and heterogeneous system that cannot be ignored. The enormous merit of the theory is that it
offers a rigorous mathematical formulation for doing this contraction of the description along with the
incorporation of chemical aspects related with chemical kinetics [3].
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The Shaphiro–Brenners’s macrotransport processes theory focuses on the effect of flow in regular
domains, as the Taylor–Aris problem set. Nonetheless, in real life regular geometries are scarce.
Most practical situations involving mass or charge transport across membranes or porous media
involve irregular domains and, therefore, require a more general treatment than the one offered by the
original macrotransport processes theory. For instance, the mass transport inside confined geometries
addressed interesting problems that should be studied in order to improve our understanding of several
processes occurring on Biology, Chemistry and many industrial applications ranging from metallurgy
to food processing [4–6]. Some of the most important examples of this type of transport occurs in
biological membranes, zeolites, carbon nanotubes, transformation of hydrocarbons, soil filtration,
chemical reactors and artificial thin films. A few examples are mentioned in Refs. [7–10].

Most experimental techniques related with porous materials pertain to the macro-scale, defined in
terms of the global characteristic length of the system like, for instance, a reaction cell [11–14]. In those
techniques, the quantities of flowing reagents and products are measured at the ends of the material.
These properties have to reflect several processes taking place at the micro-scale, defined in terms of
the transversal characteristic length of the pores, the real length and other internal properties [15–20].
The relation between the microscopic details of the shape of the pores and the longitudinal effective
mass transport across porous materials can be established accurately when the pores are long enough
compared with their average width [21]. When this assumption holds, the microscopic scale description
based on the three-dimensional diffusion equation can be simplified onto a coarse grained description
along the main transport direction, that is, onto a one dimensional diffusion equation having effective
transport coefficients [22–25].

Some of the advantages that follow from this coarse graining of the description are technical,
like the reduction of computing time when solving the time evolution equations with their
corresponding (non-equilibrium) boundary conditions. However, also interesting physical chemistry
concepts emerge from this contraction of the description. Concepts like entropic forces as a result of
entropic restrictions, or effective reaction velocity constants and their influence on the overall behavior
of the system allow to have simplified interpretations of the processes involved that are consistent
with the microscopic details, in similar form as other branches of physics, like in the case of statistical
mechanics and thermodynamics [26–29].

The present article generalizes to three dimensionsa novel approach to this problem that was
recently formulated for the case of non-regular domains in two dimensions [16,18,21,30,31]. In this
alternative or generalized macrotransport process theory, the non-regularity of the geometry of the
pores is explicitly taken into account when the description is contracted. It leads to contributions
correcting the transport coefficients and the effective chemical rates that may be very useful in
practical applications, especially when the perspective on 3D printing is emerging as a very promising
membrane fabrication technique [32].

This new approach enriches the view offered by the Shaphiro–Brenners’s theory for
macrotransport processes, and can lead to an improvement of the theoretical description and
understanding of several processes taking place in constrained transport problems. It makes accessible
the connection between the microscopic details of the geometrical and chemical structure of the pore
with the result of macroscopic experiments. This will be illustrated by considering a series of examples
that show the main features and richness of the theoretical description and its capacities to design
technological devices able to perform, optimally, specific functions.

This work is organized as follows. In Section 2 we will present the main features of the generalized
macrotransport process theory for irregular geometries and then, in Sections 3 and 4 we will extend
it to the case when adsorption–desorption kinetics takes place at the pores surface and to the case
when the adsorbed phase can diffuse on the surface, respectively. The case of heterogeneous catalysis
is considered in Section 5, and the effective diffusion coefficient of adsorbent and non- adsorbent
membranes is studied in the Section 6. In Section 7 we discuss how our theory can be used together
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with experiments, in order to infer some general characteristics of pores from uptake experiments.
Finally, the Summary and Conclusions are presented in Section 8.

2. A Generalized Macrotransport Process Theory for Irregular Domains

Consider the transport of a gas of a pure substance across a pore like the one illustrated in Figure 1.
The molecules of the gas may interact among them and with the walls of the pore and, in general,
they may be adsorbed and desorbed. At the local level and with isothermal conditions the spatial and
temporal evolution of the state of the gas of a pure substance can be characterized by the following
general mass balance equation inside the pore [33]

∂C
∂t

+∇ · j = G(r, φ, z, t), (1)

where C(r, φ, z, t) represents the concentration of molecules in mol·cm−3 (or ·cm−2 in the 2D case) and
G(r, φ, z, t) is the chemical production or consumption inside the bulk of the fluid, having dimensions
of mol·cm−2·s−1. In addition ∇ represents the gradient operator in cylindrical coordinates.

When one considers that the molecules can be adsorbed and desorbed at the pore walls, the
total diffusion current j(r, φ, z, t), having dimensions of mol·cm−2·s−1, can be written as the sum of
two contributions

j(r, φ, z, t) = jdi f f + jsur f , (2)

where jdi f f is the diffusive current in the bulk and jsur f is the surface current of material due the
existence of adsorption and desorption processes implying the transport of molecules through the
pore’s surface. The bulk diffusion follows the Fick law

jdi f f (r, φ, z, t) = −D∇C(r, φ, z, t), (3)

where D is the Fickean-diffusion coefficient [34]. The explicit form of the surface contribution,
jsur f (r, φ, z, t), will depend on the particular chemical kinetics associated with the heterogeneous
chemistry. However, in general this quantity should vanish in every internal point of the bulk domain

jsur f (r, φ, z, t) = 0 r < R(z), (4)

whereas, when evaluated at the boundaries, it takes the form

jsur f (r = R, φ, z, t) = ρ̇(z, t)n̂(R, z), i = 1, 2, (5)

where ρ̇ is proportional to the velocity of the corresponding heterogeneous chemical reaction, that is,
the input or output of material at the pore’s surface. Here, the unit vector normal to the pore surface
at position z is n̂⊥(R, z), see Figure 1. The units of ρ̇ are mol·cm−2·s−1. The detailed analysis on
the properties of the bulk and surface contributions of the total diffusion current at the boundaries,
is provided in Ref. [21].

2.1. Contraction of the Description for Diffusion Processes

The formulation of a theory for macro-transport processes in irregular domains starts by the
contraction of the 3D description offered by Equation (1) along the coordinates which are transversal to
the main transport direction. Here, for simplicity in the presentation we will assume that this direction
coincides with the z-axis, see Figure 1, and that no adsorption and desorption processes or chemical
reactions are present (jsur f = 0 and G = 0).

In this form, the average diffusion flow along the main transport direction can be obtained by using
the well known relation: Jdi f f =

∫
(jdi f f · êz)dA, with dA = rdrdφ the element of cross section area
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with normal vector along the direction of main transport z. Using Equation (3) in the last expression
we have

Jdi f f = −D
∫ 2π

0

∫ R(z)

0

∂C
∂z

rdrdφ, (6)

where we have assumed that D does not depend on r and φ. Integration over r can be done using the
Leibniz rule due to the irregular boundaries. One obtains

Jdi f f = −2πD
[

∂

∂z

∫ R(z)

0
C(R, z, t)r dr − R(z)C(R, z, t)

∂R
∂z

]
. (7)

Now, it is worth to define the averaged bulk concentration Cb(x, t)

Cb(z, t) =
1

A(z)

∫ R(z)

0
C(r, φ, z, t) rdrdφ, (8)

having the same units as C(r, φ, z, t), that is mol·cm−3. Here, we have introduced the transversal area of
the pore A(z) ≡ πR2(z). For non-twisted and large enough (L >> R) pores we can assume C(R, z, t) �
Cb(z, t), meaning that homogeneity along the radial direction is rapidly reached [21]. Thus, after
integrating and performing some algebraic manipulations at the right hand side of Equation (7),
we obtain

Jdi f f = −DA(z)
∂Cb
∂z

. (9)

In similar form, the integration of the mass conservation equation (Equation (1)) over the
transversal coordinates r and φ yields

∂

∂t
[A(z)Cb] +

∂

∂z
Jdi f f = 0, (10)

where we have used Equation (8), the Leibniz rule:
∫ 2π

0

∫ R(z)
0

∂
∂z

(
jdi f f · êz

)
rdrdφ = ∂

∂z Jdi f f −
Jdi f f |r=R

dR
dz , and assumed non-adsorbing boundary conditions for the diffusion flow at the walls

of the pore: Jdi f f |r=R = 0. In the following section we will indicate how the projected description has
to be modified when adsorbing boundary conditions are considered.

In this way, by substituting Equation (7) into Equation (10) we finally obtain the evolution equation
of the averaged bulk concentration Cb(z, t) along the main transport coordinate,

∂Cb
∂t

=
1

A(z)
∂

∂z

[
D(z)A(z)

∂Cb
∂z

]
. (11)

This equation is the appropriate one-dimensional mass conservation relation for a diffusion process
that originally takes place in a three-dimensional irregular domain with fixed and reflective boundaries.
It should be noticed that the presence of the position dependent transversal area A(z), introduces
important modifications to the differential operator associated with the diffusion process. Furthermore,
it is convenient to stress that, in general, the diffusion coefficient entering into Equation (11) is a position
dependent quantity, see Equation (15) below. The justification of this fact and an explicit form of this
dependence in terms of the geometry of the pore are given in the next subsection.

These differences with respect to the usual diffusion equation imply that, when one approximates
the description of a three-dimensional diffusion process with a simple diffusion equation of the form:

∂C1D
∂t

= Dm
∂2C1D

∂z2 , (12)
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then careful should be put on what the constant effective diffusivity Dm implies. An equation like
Equation (12) was rigorously derived from Equation (11) in Ref. [30], where the connection between
the molecular diffusion coefficient D and the effective membrane diffusivity Dm was given in terms of
the geometry of the pores. The final expression is consistent with the experimental inference

Dm = D0
ϕ

τ
δ, (13)

where D0 is the molecular diffusion coefficient of the particles in the bulk phase in absence of
confinement, and ϕ and τ are the porosity and tortuosity of the membrane, respectively. The symbol
δ is called the constriction factor since it quantifies, in an averaged form, the effect of the internal
corrugation of the pores on the mass flux. In particular, the inverse 1/δ is a measure of the intrinsic
resistance of a pore to the flow. The theoretical deduction of Equation (13) in Ref. [30] establishes
rigorous mathematical relations for the experimental macroscopic parameters ϕ, τ and δ, in terms of
the geometrical parameters of the pores, in such a way that they can be useful for pore design.

Figure 1. Geometry of an irregular tortuous pore of radius R(z), transversal area A(z) and length L.
Also shown are the three types of pores that will be used for numerical experiments. These experiments
will consist on the study of the bulk and surface diffusion dynamics and its interplay with the
adsorption–desorption and catalytic processes at the surface of the pore. The mathematical details of
their geometries are summarized in Appendix A, in particular the values of the geometric parameters
used in simulations are provided in Table A1.

The mass balance equation Equation (11) has many advantages since it is written in terms of the
volumetric concentration. The first one is that it is easy to connect it with the boundary conditions
which are of practical importance in the chemical reaction engineering. For example, the cases when
an external gradient is imposed on the porous material: Cb(0) 	= Cb(L), with z = 0 and z = L the
extremes of the pore, see Figure 1. Another example is when saturation conditions are imposed on
an initially empty material: Cb(0) = Cb(L) = C0 with C0 a constant. This quality of Equation (11)
is very important because in an experimental setup these conditions are usually the measurable or
controllable parameters. Therefore, the Equation (11) allows one to establish in a detailed way the
concentration profile (usually not measured) in terms only of the external condition, as long as the
internal shape of the pore is known.

2.2. The Diffusion Coefficient in the Contracted Description

The contracted description we have already presented, can be related with the
Fick–Jacobs–Zwanzig description of Brownian motion at irregular domains [22]. In this case, valid for
equilibrium situations, one should assume a very diluted gas in such a way that the probability
density is proportional to the concentration of molecules: P ∝ C. When this assumption is valid,
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the Equation (11) can be rewritten in terms of the reduced probability p: P � p/A(z), which is a linear
density. The result is the Fick–Jacobs–Zwanzig equation

∂p
∂t

=
∂

∂z

[
D(z)A ∂

∂z

( p
A
)]

. (14)

The interesting point here is that the diffusion coefficient entering in Equation (14) is position
dependent, i.e., D = D(z). Several expressions for the functional form of this coefficient have
been obtained for the two-dimensional problem [22,23,29,35]. However, in three dimensions,
and only for illustrative purposes, it is convenient to write down the form reported in Ref. [36]
for a three-dimensional cylindrical tube:

D(z) =
D0

1 + h2
z(z) +

R2
z(z)
2

. (15)

Here h(z) is the middle line of the pore, R(z) its local width and the subscript z denotes derivation
respect to this coordinate. Therefore, in the contracted description, the diffusion coefficient is
reduced by the constriction (proportional to R2

z) and by the sinuosity (proportional to h2
z) of the pore.

These parameters are involved in the definitions of ϕ, τ and δ. For more details, see Refs. [18,30,31].

3. Adsorption–Desorption Kinetics in Macrotransport Process Theory for Irregular Domains

When the internal surface of a pore is chemically active there is a probability per unit time that
a particle which approaches to the wall becomes adsorbed or desorbed. This probability is measured
by the contribution jsur f given in Equation (5) and therefore the adsorption–desorption rate por unit
area of the pore’s surface, jsur f · n̂ = ρ̇, is proportional to the velocity of reaction ρ̇ which measures
how rapidly the particles are leaving the bulk and stay attached at the wall, and vice versa.

Assuming that the adsorbed layer does not modify in an noticeable extent the available volume
of particles diffusing in the bulk, one can proceed along the same lines of the last section in order to
obtain (see Ref. [21] for details)

∂Cb
∂t

=
1

A(z)
∂

∂z

[
D(z)A(z)

∂Cb
∂z

]
+

Γ
A ρ̇ (16)

where Γ(z) is an area density, that is, a purely geometric factor which measures the local surface area of
the pore since

∫ L
0 Γ(z)dz = Asur f ; for surfaces of revolution, it has the explicit form Γ(z) = 2πR(z)γ(z),

where the length density is γ(z) =
√

1 + R2
z(z). The factor Γρ̇/A has therefore the dimensions of

mol·cm−3·s−1.
The Equation (16) accounts for the spatial and temporal evolution of the bulk concentration

of a gas inside a pore having an adsorbing irregular surface. The adsorption–desorption process is
therefore weighted by the control parameter Γ(z)/A(z), see the left panel of Figure 2. This means that
an increase in the amount of active sites over the wall of the pore [or equivalently, increasing Γ(z)]
produces in turn an increased efficiency of the adsorption–desorption process as it is expected, this is
shown in the right panel of Figure 2.

The Equation (16) is the generalization of the macro-transport processes theory to the case when
diffusion and adsorption–desorption chemical kinetics may occur. It gives a clue of how to relate the
detailed process occurring at the wall with the measurements that only consider the internal volume
of the pore. For example, if in a given system the adsorption–desorption process is the slower step of
the dynamics, then one can ignore the diffusion process and therefore Equation (16) reduces to

∂Cb
∂t

= 2γ(z)Rb(z, t), (17)
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where we have identified the reaction velocity Rb (in mol·cm−3·s−1) of the respective chemical kinetics
through the expression

πR(z)
A(z)

ρ̇(z) =
ρ̇(z)
R(z)

= Rb(z, t), (18)

in which we made use of the explicit form of the cross area A(z). This relation quantifies how
fast the material is adsorbed-desorbed at position z at time t over the pore surface and therefore,
is crucial for understanding the role of the geometric irregularity of the pore when quantifying the
adsorption–desorption macroscopic reaction rates. Integration over the length L of the pore yields the
macrotransport relation

dCb
dt

= Rb(t). (19)

where we have defined Cb = L−1
∫ L

0 Cb(z, t)dz and Rb = 2L−1
∫ L

0 Rb(z)γ(z)dz. This last expression
for the chemical rate is exclusively a time dependent function, but implicitly contains the details of the
internal geometry of the pores.

x

C
(x,t)

a)

x

C
(x,t)

b)

Figure 2. Evolution of the non-equilibrium concentration profiles of the tortuous (black lines) and
winding pores (colour lines) in two different situations. In (a) we present the diffusion dynamics in
the absence of adsorption. Since we have designed the pores for having the same effective diffusion
coefficient Db(z), then the concentration profile evolves equally in both pores. However, in (b) we
show that the adsorption efficiency is different in both pores because it depends on the length of the
walls (proportional to their enhancement factor γ) which is larger in the tortuous pore (black lines)
than in the winding pore (colour lines). This fact causes that less particles reach the exit side of the pore
(at the right). See Appendix A for details of the simulations.

3.1. The Thiele Modulus

The Equation (16) shows that a porous material of irregular shape increases the efficiency of
an adsorption–desorption process by the combination of two factors. In first place, the corrugation
and sinuosity of the pore make slower the effective diffusion process along the longitudinal direction,
since the diffusion is reduced by a factor of D/D0 compared with a cylindrical pore. In second place,
the corrugation of the pore makes that the surface of the walls is increased by a factor Γ, augmenting in
principle the amount of active sites.

Traditionally, both factors can be taken into account in a single characteristic parameter of
a chemical reactor called the Thiele modulus, which is defined as the square root of the ratio between
the characteristic time of diffusion and the characteristic time of the adsorption–desorption kinetics [16]

Φ2 =
characteristic time of diffusion

characteristic time of adsorption
. (20)

From this definition it is possible to show how the irregularity of the pores locally increases the
Thiele modulus Φ with respect to Thiele modulus Φ0 of a cylindrical pore of radius R0 with the same
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length and no irregularities. Let us assume a first order adsorption process with velocity constant κ

(1/s), that is,
Rb(z, t) = −κCb. (21)

Then, from Equation (16) in the stationary state the expression of the Thiele modulus for a cylindrical

pore is (γ = 1): Φ0 =
√

2κ L2

D0
. The corresponding expression of the position dependent Thiele modulus

for an irregular pore can also be obtained from Equation (16). Introducing the scaled variable ζ = z/L,
in the stationary state Equation (16) becomes

∂2Cb
∂ζ2 =

(
2γκ · L2

D

)
Cb − ∂Cb

∂ζ
· ∂

∂ζ
ln |D A|, (22)

where we have used Equation (21) and made some rearrangements. Noticing that the characteristic time
of diffusion can be defined by τdi f f = L2/D and the characteristic time of adsorption by τads = (2γκ)−1,
then the local Thiele modulus Φ(z) can be defined in complete analogy with Φ0 by

Φ(z) =

√
2κγ · L2

D
, (23)

implying that

Φ(z)
Φ0

=

√
γ

D0

D
=

√
γ(z)

[
1 + h2

z(z) +
R2

z(z)
2

]
≥ 1, (24)

where in the second equality we have used Equation (15). The inequality follows from the fact that
D0/D(z) ≥ 1 and γ =

√
1 + R2

z(z) ≥ 1. Additionally, one may introduce an averaged Thiele modulus
which can be defined in the usual form

Φ =
Φ0

L

∫ L

0

√
γ(z)

[
1 + h2

z(z) +
R2

z(z)
2

]
dz. (25)

The results of the present theory seem to go deeper in the modeling and comprehension of the
processes taking place in the system than previous theories. The corrected expressions depending
on the corrugations and sinuosity of the pores, show how the internal geometry of the pore affects
the amount of material adsorbed or transferred across a membrane. This could be a very relevant
knowledge in the cases when one looks for programmed performance properties of a membrane.

Equation (22) predicts that the mass distribution inside the pore will only depend on the Thiele
modulus, which becomes corrected by the local values of the length density γ(z) and of the diffusion
coefficient D(z). From this information and taking into account the definitions of the mass transfer
coefficient and effectiveness factor a very complete description can be achieved. Very detailed examples
in two dimensions were previously analyzed in Ref. [16,21]. We will show this in the following section
for the case of conical pores.

3.2. An Application: Conic Pores

The utility of the previous results may be illustrated by considering some interesting situations
of practical interest, like nano-filtration, among others [37–41]. As an example, consider first that
the porous material is a membrane subject to a concentration difference between both ends. In this
case, the proportionality k between the net flux and the net concentration difference is called the
coefficient of mass transference and usually augments with the Thiele modulus. The Equation (22) allows
to predict that the presence of throats of specific slopes can increase the transferred material across the
membranes and, therefore, increase k in a very appreciable way. At the other hand if we are interested
in an equilibrium process where the fluid can enter at both sides of the membrane saturating the
membrane, then the internal effectiveness factor η is usually measured [16]. This parameter measures

200



Catalysts 2019, 9, 281

the ratio between the amount of gas actually adsorbed and that which would be adsorbed if all the
internal surface of the pore were exposed to the external concentration. It is known that this parameter
η usually decreases with the Thiele modulus. Once more time, the use of Equation (22) allows to
predict that the existence of bottlenecks can increase the effectiveness factor in two ways, since the
reduction of the volume caused by the funnel causes in turn accumulation of material making the
adsorption more efficient, see Figure 3.

Figure 3. Predictions for the normalized mass transfer coefficient k/k0 (left) and effectiveness factor η

(right) as a function of the pore geometry, for the four conical pores depicted in the figure using the
reduced scheme. See Appendix A.

4. Effect of Diffusion of the Adsorbed Phase over the Internal Pore Surface

When a particle is physically adsorbed at the internal surface of the pore it enters in a very
narrow region that is called the adsorption field. The length and deepness of the adsorption field is
dictated by the type of interaction between host and guest molecules of the solid porous material [42].
In this situation, and adsorbed particle can change its position by two ways. One of them is a simple
desorption process which can be described with the same models than adsorption as before, or by
other way, it can move along the surface of the pore. This second mechanism is called surface diffusion
and is caused by short-length interactions among the molecules and the surface. From the practical
point of view, it has been suggested that the surface diffusion coefficient is larger than the bulk
diffusion, and that can be responsible for most of the effective transport inside porous materials [43–45].
However, as the traditional models for quantifying surface diffusion usually depend of the reactor
used, it is hard to deduce general conclusions of this process [46].

In order to establish a one-dimensional description of the concentration of the adsorbed phase
along the main transport coordinate, we will assume that the pore surface is non-twisted, i.e., it is
independent of the azimuthal coordinate and therefore describable by a single parametric coordinate.
This assumption allows us to write, in the limit of zero loading, the parametric coordinate [31]

q(z) =
z∫

0

√
1 + R2

z(z)dz. (26)

The coordinate q(z) can be understood as a measure of the real length traveled by the molecules
in the main transport direction. The significance is clear when analyzing the case of a conic pore,
see Figure 4a. The diffusion over the surface of the cone is approximately equal to the diffusion over
the two dimensional domain indicated in Figure 4b, where the effective length of this domain is

defined by L̃ =
L∫

0

√
1 + R2

z(z)dz.
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Hence, the projected concentration of adsorbed molecules along the coordinate q is s(q, t), having
dimensions of mol·cm−1 along the surface. This concentration satisfies a one-dimensional mass balance
equation which comes from the projection of the corresponding two dimensional diffusion equation
along the coordinate q(z). This equation is similar to the so-called generalized Fick-Jacobs equation,
see Ref. [18,31]

∂s
∂t

=
∂

∂q

[
Ds w

∂

∂q

( s
w

)]
+ gs, (27)

where w = 2πR(q) is the width of the two dimensional domain, and gs (in mol·cm−1·s−1)
quantifies the interchange of molecules between the adsorbed phase and the bulk by means of the
adsorption–desorption process. Equation (27) is relevant because it provides a clear physical meaning
to the surface diffusion coefficient Ds as the proportionality constant between the current density
of molecules and the concentration of adsorbed molecules when measured only along the surface.
Therefore, this diffusion coefficient can be directly deduced, independently of the type of reactor, from
the measurements of the mean square displacement in the limit of zero loading.

From the experimental point of view, the details about the spatial and temporal distribution of
the adsorption process are usually ignored. Thus, the theoretical description is done by assuming
a general mechanism for the adsorption–desorption kinetics from which one adjusts the chemical rates
in terms of the internal concentrations measured. However, these bulk and surface concentrations
are known in terms of the internal volume of the pore and, therefore, are measured in mol by unit of
internal volume. In this way, for practical purposes, it is necessary to express Equation (27) in terms of
volumetric concentrations and of the bare coordinate z, instead of the effective coordinate q. Let us
define the concentration of the adsorbed phase Cs (in mol by unit of volume) through the relation

Cs =
γ

A s, (28)

where the length density γ takes into account the re-scaling due to the projection over the effective
defined coordinate q. Substituting the last relation into Equation (27) and using the geometric
relation Equation (26), we obtain the single dimensional diffusion equation for the concentration
of the adsorbed phase Cs

∂Cs

∂t
=

1
A

∂

∂z

[
4πDs

A
γ w

∂

∂z

( A
γ w

Cs

)]
+ γRs, (29)

where Rs = rs/A, and we used the expression for the transversal area A = πR2. The Equation (29)
quantifies the concentration distribution of the adsorbed phase as the result of the surface diffusion
and the interchange of particles with the bulk phase. In the case when the projection of the dynamics
is performed from a two dimensional channel [31], the corresponding mathematical form of the
one-dimensional diffusion equation is very similar to the generalization of the Fick-Jacobs equation
given in Equation (16). The difference is the form of quantifying the effective mass flux of both
diffusive processes.

A striking effect predicted by the above equation is that a macroscopic stationary state can be
reached in such a way that the surface and bulk dynamics compensate each other. This effect is shown in
Figure 5, where we show this coupling in a sinusoidal pore in the presence of Langmuir adsorption [47].
The presence of inhomogeneities on the surface concentration slaved to the form of the pore induce
non-vanishing gradients, that is, induce bulk and diffusion currents developing in opposite directions
along z. The result is the apparent formation of condensation-diffusion cells inside the pore [31].
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Figure 4. Projection approximation of the diffusion over the surface of a conical pore. (a) The
effective length q appears due to the projection over the cone. (b) The motion along the q coordinate is
approximately equal to the motion inside a two-dimensional funnel pore. The semicircular dotted lines
indicate the exact form of the surface. For large pores as initially assumed L >> R, the error made by
our approximation is negligible.
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Figure 5. Langmuir adsorption dynamic inside the tortuous (black lines) and winding (color lines)
pores in the presence of surface diffusion. In (a,b) figures the solid-lines correspond to the long-time
(equilibrium) bulk concentration Cb(x) and diffusion current Jb(x), the dashed-lines to the long-time
(equilibrium) surface concentration Cs(x) and diffusion current Js(x) and the dotted-lines to the
long-time (equilibrium) total concentration C = Cb + Cs and current J = Jb + Js. At long times
the particles in the bulk tend to be distributed homogeneously inside the pore while in (c) the
coverage fraction θ(x) shows that the adsorbed particles tend to segregate producing an accumulation
in the wider regions of the pore. This interesting effect suggests the existence of bulk-surface
exchange counter-fluxes in the interior of the pores, even when macroscopic equilibrium is reached.
See Appendix A for simulation details.

5. Heterogeneous Catalysis

In previous sections we have presented a theoretical framework that describes the spatial and
temporal evolution of the concentration of molecules along axisymmetrical irregular pore whose
shape is known, and in which heterogenous reactions and surface diffusion take place. The theoretical
framework is summarized by Equations (16) and (29), which separate the processes occurring in
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the bulk from those in the adsorbed phase because the diffusion in each case has different origins
and magnitudes.

In both equations, the irregularity of the pore geometry enters through the geometric parameters A
and γ, which represent the cross area and the length-density of the walls, respectively. Therefore, if the
reaction of adsorption and desorption is known, as well as the bulk and surface diffusion coefficients
in the limit of zero concentration, then Equations (16) and (29) allow, in principle, to describe in detail
the concentration of any fluid inside the pore.

However, in practice the parameter γ(z) is frequently unknown, and therefore the effect of the
adsorption–desorption kinetics on the overall transport across the pore or the membrane is only
assessed in average form. Thus, in this situation it is convenient to approximate the parameter γ(z) in
terms of an average enhancement factor: γ = L−1

∫ L
0 γ(z)dz, and introduce an operational definition for

γ. For a previous discussion on this subject, see Ref. [18,31]
An operational definition γ can be introduced in terms of the ratio between the reaction velocity

constant inside the pore with respect to that of a flat surface. Thus, γ can be expressed in terms
of the net bulk reaction velocity R̃ = γR, where R was defined through Equations (17) to (19).
Assuming that the chemical kinetics has an overall characteristic velocity constant κ, like for instance
in Equation (21), then we have: R̃ = −γκCb. Thus, as an approximated average measure of the
enhancement factor of the reaction due to the fact that the reactions take place into a pore, we may
propose the relation

γ � κ̃/κ, (30)

where κ̃ is the effective velocity constant inside the pore, and κ is the velocity constant in a flat surface.

5.1. An Example: The Isomerization Reaction

In this subsection we will illustrate the capabilities of the theory by considering a simple
isomerization reaction at the internal surface of the pore [14]. In this example, schematically represented
in Figure 6, the particles of A enter the pore with concentration CA

b . Some are adsorbed at the wall
forming the reactive AS with concentration CA

s :

A + S
kA−−⇀↽−−
k−A

A · S , (31)

and therefore with reaction velocity

R̃Ads = κ̃ads

(
CA

b CS − KadsCA
s

)
, (32)

where CS = C0
s − CA

s − CB
s denotes the concentration of vacant sites in the Langmuir-Hinshelwood

approximation, and Kads is the equilibrium constant associated with the adsorption–desorption process
of species A. Afterwards, the catalytic reaction transforms the reactive AS into the isomer B attached to
the wall, BS, with concentration CB

s :

A · S
kS−−⇀↽−−

k−S
B · S , (33)

with the corresponding reaction velocity

R̃Cat = κ̃cat

(
CA

s − KcatCB
s

)
, (34)

where Kcat is the equilibrium constant associated with the catalytic reaction at the surface of the pore.
Finally, the isomer B is desorbed and transported out of the pore, with concentration CB

b , that is:

B · S
kS−−⇀↽−−

k−S
B + S , (35)
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for which the reaction velocity is given by

R̃des = κ̃des

(
CB

s − KdesCB
b CS

)
, (36)

where Kdes is the equilibrium constant associated with the desorption-adsorption process of the
isomer B.

The dynamics of the catalytic process can therefore be described by the following two sets of
evolution equations for the bulk and surface concentrations. For the reactive A we have

∂CA
b

∂t
=

1
A

∂

∂x

[
DbA

∂CA
b

∂x

]
− R̃Ads, (37a)

∂CA
s

∂t
=

1
A

∂

∂x

[
4πDs

A
γ w

∂

∂x

( A
γ w

CA
s

)]
+ R̃Ads − R̃cat. (37b)

The equations for the isomer B are in turn

∂CB
b

∂t
=

1
A

∂

∂x

[
DbA

∂CB
b

∂x

]
+ R̃Des, (38a)

∂CB
s

∂t
=

1
A

∂

∂x

[
4πDs

A
γ w

∂

∂x

( A
γ w

CB
s

)]
− R̃Des + R̃cat. (38b)

Different predictions on the behavior of the reactive and product concentrations can be obtained
depending on the slower step in the chain of processes of the heterogeneous catalysis. In Figure 7 we
show the results of the catalytic model in which the distribution of active sites over the pore surface
is inhomogeneous. In fact only three portions of active sites were considered with the aim to show
that the concentration of molecules at the surface is inhomogeneous. Two cases were considered,
with and without surface diffusion of A and B. As expected, surface diffusion helps to homogenize the
distribution and enhances the total mass transport across the pore, see Ref. [31] for more details.

Figure 6. Illustrative image of the different steps of the heterogeneous catalysis inside an irregular pore.
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Figure 7. Numerical experiments predicting the surface concentration profiles of the species A and B of
the heterogeneous isomerization reaction considered in Section 5.1. The upper line shows the tortuous
pore together with the corresponding results Figures (a,b). In (a) the black lines show to the surface
concentrations CAS(x) (dotted line) and CBS(x) (dashed line) together with the total concentration
C = CAS + CBS (solid line) when the active sites are located in the positions indicated by the gray
gridlines (corresponding to the wider positions of the pore). The color lines correspond to the same
concentrations when the active sites are located in the orange gridlines (corresponding to the narrower
positions of the pore). In (b) the corresponding diffusion fluxes as a function of time are shown.
The bottom line shows a similar situation but for the sinuous pore. Negative values of the flux indicate
that the species B leaves the pore at the left end. In (c) the solid lines (black and red) show a dramatic
change of total mass transport depending on the position of the active sites. This is related with the
also dramatic difference of efficiency of the heterogeneous isomerization reaction in this pore, see black
and blue dashed lines. The changes are also drastic with respect to the tortuous pore. The total
surface fluxes of species A and B are compared in (d). The details of the parameters used are given in
Appendix A.

6. The Effective Diffusion Coefficient of Adsorbent and Non-Adsorbent Membranes

When a fluid crosses a porous medium, the flow is reduced due to the presence of the solid
material. The causes of this reduction have been traditionally split in three factors. First, the reduction
of effective volume available for the fluid; second, the increase of the path-length that the molecules
have to travel due to the sinuosity of the pores and finally, the third factor which is related with the
decrease of the effective flux due to the corrugation of the pores.

These factors are represented by three parameters which can be measured experimentally in
uptake experiments. They are, respectively, the porosity φ defined as the ratio between the internal
and total volume of the membrane; the tortuosity τ which is the average of the square ratio of the real
path-length that the molecules have to travel and the longitudinal length of the membrane; and the
constriction factor δ of a membrane which quantifies the reduction of the flow due to the presence of
the walls. It is an experimentally well known fact that these parameters modify the effective diffusion
coefficient Dm of a membrane make up with non-adsorbent pore’s surface in the form

Dm

D0
=

φ

τ
δ ≤ 1, (39)

where the inequality comes from the fact that the geometric parameters obey the corresponding
inequalities φ, δ ≤ 1 and τ ≥ 1.

The present theory allows one to calculate with detail the form in which the irregularity of the
pore affects the effective flux inside the porous material and, therefore, it also allows to connect it with
information that can be obtained from macroscopic measurements, see Figure 8. By means of simple
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conservation arguments provided in Ref. [30], it can be proved that the constriction factor of a porous
material of non-adsorbent walls is given by

1
δNA

=

〈
D0

Db(z)A(z)

〉
〈A(z)〉. (40)

In this expression, the brackets represent the spatial average in the longitudinal coordinate z. We have
added the subscript NA to emphasize that Equation (40) is valid for non-adsorbent membranes.
Therefore, the constriction factor in Equation (40) together with the porosity and tortuosity, having their
corresponding expressions in Ref. [30], help to predict the diminution of the flow in a non-adsorbent
porous material. This expression is a general form of a previous expression intuitively obtained for the
diffusivity in Ref. [48].

Adsorbent Membranes

In most of the practical cases, however, one is interested on membranes able to carry out
adsorption–desorption processes. The interesting question now is to determine in which cases the
effective membrane diffusion coefficient Dm increases and in which decreases. The question is not
obvious to solve a priori since an enhancement of the bulk diffusion may occur by the presence
of surface diffusion effects, and the fact that the adsorption along the pore can increase the local
concentration gradient inside the pore, accelerating the entrance of more fluid to the pore.

In order to consider the influence that the adsorption process and the irregularity of the geometry
have in the measured diffusivity, one has to consider the total change in the two flows inside the channel:
The flow due to bulk diffusion and which is originated by the external concentration gradient Jb =

−Db
∂Cb
∂x , and the flow due to surface diffusion that is owing to the internal variations of concentration

in the adsorbed layer Js = − 4Ds
γw

∂
∂x

(
wCs

γ

)
. In mathematical terms, the reduced scheme we have used

in Equations (16) and (29) allows to show that the total flow per unit of area is

Jt = −Db
∂Cb
∂x

− 4Ds

γw
∂

∂x

(
wCs

γ

)
. (41)

As the total flow can be written macroscopically only on terms of an effective diffusion coefficient
Dt, and the total concentration Ct = Cb + Cs as Jt = −Dt(x) ∂Ct

∂x , simple comparison of this equation
with Equation (41) allows to obtain Dt if the isotherm of the system Cs(Cb) is known. In this case and
if the adsorption/desorption process is the rate limiting step in the catalytic reaction, it is possible to
calculate the rate conversion factor λ = ∂Cs

∂Cb
. With this information, the local effective diffusivity of the

particles inside a pore of adsorbent walls is [18]

Dt(x) = Db(x)
1

1 + λ(x)
+

4Ds(x)
γ2(x)

λ(x)
1 + λ(x)

. (42)

Since λ > 0 for most of the known isotherms, the last equation establishes that the effective
diffusivity of the fluid inside the pore is proportional to the bulk and surface diffusion coefficients
Db and Ds, and it can be enhanced or diminished depending on the intensity of the adsorption
rate λ(Cs, Cb). There are two facts that Equation (42) confirms: first, the effective diffusivity of
particles depends upon the position along the pore; secondly, the diffusivity depends upon the internal
concentration of bulk and adsorbed particles. More importantly, this internal diffusivity can be
predicted if D0 and Ds are known in the limit of zero loading.

In these terms, the conservation principles used for obtaining the constriction factor δ in
Equation (40) for a non-adsorbent membrane, can be easily generalized for an adsorbent one, and the
more general expression for this parameter is just:

1
δ
=

〈
D0

Dt(z) A(z)

〉
〈A(z)〉. (43)
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Figure 8. Concentration profiles in three pores depicted above, where an homogeneous adsorption
process takes place along the pore with equal concentrations at both ends. In (a1) we show the
predictions of the concentration profiles for a tortuous pore (green) when adsorption and bulk diffusion
takes place at different times. Black lines show the predictions by Equations (16) and (29) whereas solid
color lines (green) show the prediction by the most elemental one-dimensional diffusion Equation (12)
having no-corrections from the geometry of the pore. In (a2) we show a similar comparison in
the presence of surface diffusion. The comparisons in (b1,b2) correspond to the cylindrical pore
(blue) and show that, only in this case, the approaches are equivalent, as expected. Comparisons in
(c1,c2) correspond to the winding pore (red). Remarkable differences between tortuous and winding
pores emerge from this simulation study, in particular in the case when surface diffusion is present.
Cylindrical and tortuous pores have very similar behavior whereas the tortuous pore introduces large
deviations with respecto to the elemental description of the concentration profile. See Appendix A for
details of the parameters used in the simulations.

This constriction factor in the effective diffusion coefficient of a membrane in Equation (39),
depends on the concentration of the adsorbed phase and therefore, it depends on the loading.
This means that if the curves Dm versus loading θ are known, one can establish the relative
importance of the surface diffusion and the irregularity of the pore in the efficiency of the adsorption
process [18]. Since our reduced model in Equations (16) and (29) allows to obtain with detail the internal
concentration, it enables to establish how these curves change in terms of the corrugation of the pore
and in terms of the intensity of the surface diffusion, this will be illustrated in the following section.

7. How to Use This Theory in Uptake Experiments

In previous sections we have shown how the speed and efficiency of the mass transport process
through a membrane are related to the shape of the pores which make up the membrane. If the shape
of the pores is known, then by using the average transport equations Equations (16) and (29) it is
possible to predict with a good degree of approximation, the amount and distribution of the material
adsorbed as well as its concentration in the bulk.

Nonetheless, most practical situations impose the inverse problem, that is, the necessity of finding
out some general qualitative characteristics of the pores of a material from, for instance, uptake
experiments. Without pretending to be exhaustive in this issue, in the present section we will illustrate
how this structural or geometrical information can be extracted from experiments by fitting the
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obtained data with the numerical solution of the Equations (16) and (29). In order to do this, we will
consider two examples.

7.1. Breakthrough Curve and Internal Pore Geometry

As a first example, consider the experiment of a fluid adsorbed on a column of a porous material
in which the pores have, approximately, the same geometric shape and an homogeneous distribution
of adsorption sites. In this experiment a fluid penetrates the column from one side and diffuses
towards the exit side. If the fluid is partially adsorbed at the surface of the pores, then the rapidity
with which the bulk concentration at a certain height of the column reaches its saturation value
may be different depending on the shape of the pores. This follows from the fact that the effective
diffusivity of the membrane depends on the balance between the bulk and the surface concentrations.
These concentrations are implicit functions of the adsorption velocity inside the column which, in turn,
is partially determined by the geometry of the pores and the distribution of the active sites.

The process already described can be understood with the help of a breakthrough curve, in which
the concentration at a certain point is measured as a function of time. The important data are the
initial time, at which the increase in concentration begins, and the slope of the curve which is critically
determined by the balance between the characteristic times associated with the volumetric diffusion
and the reaction of adsorption.

Figure 9 shows the numerical solution of Equation (16) for a simple adsorption process at the
surface of the pore. Each curve represents the same diffusion-adsorption dynamics for a winding
(black lines) and a tortuous (color lines) pores, see details in the caption of the figure and in Appendix A.
A significative difference among the breakthrough curves of materials having straight (or near straight)
pores is clear, when compared with those emerging from membranes in which the pores have important
constrictions or sinuosities. Therefore, small changes on the geometry can be detected in principle in
these experiments.

Figure 9. Breakthrough curves obtained from solving Equation (16) for a simple linear adsorption
process given by ρ̇ = −raCb(z) with ra the adsorption rate and D0 the diffusion coefficient. The pores
considered are the winding (black lines) and tortuous (colour lines) pores with length L = 5.
The boundary conditions consist of fluid entering at the left (Cb(z = 0) = 1), and exiting at the
right (Cb(z = L) = 0). The values of the constants (in arbitrary units) were ra = 0 and D0 = 1 for
the solid lines, ra = 0.1 and D0 = 0.75 for the dashed lines, ra = 0.4 and D0 = 0.5 for the dotted
lines, and ra = 1.0 and D0 = 0.1 for the dash-dotted lines. In order to obtain the breakthrough
curve, the temporal increasing of the concentration is measured at z = 4.5. Our theory predicts that
a small difference on the slope of these curves can be the result of purely geometrical changes, and the
constriction and sinuosity of the pores can be reflected in this type of curves. See Appendix A [16].
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7.2. Effective Diffusivity of the Membrane as a Function of the Average Load

The second example consists on a similar experiment with a porous column. However, in this
case we will consider the possibility of modifying the chemical properties of the surface of the pore by
some procedure without essentially changing its internal geometry. Depending on the active materials
added to the surface of the pores in the membrane, the density and distribution of active sites of
adsorption will be increased or reduced, thus changing the average load that the column can adsorb.

In this experiment it should be possible to measure the time evolution of the spatial profiles of the
total concentration (Ct = Cb + Cs) inside the membrane, as recent experiments in pulsed field gradient
NMR techniques have shown [34,49,50]. The resulting curves, such as those reported in Ref. [51] may
be reproduced with our theory as it follows from Figure 8.

Furthermore, since the spatial profile of the total concentration is related with the effective diffusion
coefficient of the membrane, then by changing the properties of the surface it is possible to change the
relationship between the effective diffusion coefficient of the membrane and the average adsorbed
load. Thus, from independent measurements it should be possible to establish the dependence of the
effective diffusion of the membrane in terms of the average adsorbed load.

The same can be done by using as an starting point the Equations (16) and (29). These equations
can be solved in order to find the total mass concentration within the pore as a function of position
and time. Then, by using the parameter λ = (∂Cs/∂Cb)T as well as Equations (41) through (43),
it is possible to find the effective diffusion coefficient associated with the total mass concentration,
i.e., the effective diffusion coefficient of the membrane, Dm. The Figure 10 shows the predictions for
these experiments, that is, the value of the effective diffusion coefficient as a function of the spatially
averaged load 〈Θ(x)〉x. Each frame in the figure represents an experiment with three different columns,
corresponding to pores having different geometries and the same fixed value of the surface diffusivity.
Each point of the curve represents a different value of the adsorption rate which reflects the changes in
the number of active sites within the membrane and therefore, a different load capacity.

Figure 10. Effective diffusion coefficient of a membrane as a function of the loading for the three pores
studied, and for several values of the surface diffusion coefficient. It is clear that the surface diffusion
changes the concavity of the curve and, at fixed loading, increases the efficiency of the mass transport.
See Appendix A for simulation details.

The Figure 10 provides some qualitative consequences about the relationship between the shape
of the pores and the surface diffusion. From the figure, it follows that the surface diffusion increases

210



Catalysts 2019, 9, 281

the net effective diffusivity of the particles relative to the state where the particles cannot move along
the surface. Since this seems to happen especially for intermediate or high loads, a change in the
concavity of the curve may be related to a change in the surface diffusion of the process. For high
surface diffusivities and loads, adsorbed particles slow down the total diffusion due to their mutual
interactions. The other mechanism associated with the change of the shape of these curves is directly
related with the shape of the pore. Sinuous and tortuous pores tend to reduce the effective diffusion
coefficient with respect to a straight cylindrical pore, as expected. An important consequence of this
effect is that, although both irregular pores have the same effective volumetric diffusion coefficient,
since one pore has less surface area than the other, it has a lower effective diffusion coefficient.

As concluding remarks of this section, we want to emphasize that from these two examples,
and their multiple variants, it is possible to infer that although it is not entirely possible to predict
the shape of the pores or the value of the surface diffusion coefficient solely from the results of the
averaged equations, it is possible to establish some general and qualitative characteristics about the
internal structure of the pores making up the membrane. It goes without saying that a systematic
study on this problem will be extremely interesting, and that our theory provides with a theoretical
tool to solve it.

8. Summary and Conclusions

Porous materials are of paramount importance nowadays, because the narrowness of the empty
space inside them and its enormous internal surface. These two characteristics make them very
attractive for a wide range of applications, ranging from drug delivery to oil refination and the
elaboration of proton exchange membranes. Their effectiveness is based on having very fine pores that
control the diffusion, and thereby amplify the speed of the chemical adsorption and conversion that
occur within it. Due to this relevant role, it is therefore crucial to understand how all these processes
depend on the geometry of the pores.

In this work, we generalized previous studies on the single dimensional description of the
diffusive mass transport across two dimensional pores [16,18,21,30,31] to a three-dimensional case
with axial symmetry. The key idea is that, on averaging the three-dimensional mass balance equation
along the transport direction, one obtains two single-dimensional mass conservation equations,
for volumetric bulk and surface concentrations, providing with a sound theoretical basis in order
to describe how bulk and surface diffusion are affected by adsorption and desorption processes, as
well as by catalytic conversion within the space defined by the irregular geometry of the pores of the
material. In this aspect, the theory represents a powerful generalization of the Shaphiro–Brenners’s
theory for macrotransport processes, which was formulated for regular domains and was restricted to
low concentrations. Our theoretical framework constitutes therefore a bridge between the microscopic
detail of the pore and the macroscopic measurements of the experiment, a versatility that will allow
in the future to contribute to the design of porous materials such as membranes with specifically
optimized physical-chemical properties.

Beside the virtues already mentioned and as far as we know, the present work constitutes the
first analytical approach to the study of surface diffusion in irregular porous media. The tremendous
generality of the pair of equations we have derived, Equations (16) and (29), allows to establish the
analytical expression of two coefficients widely used in the industry to determine the efficiency of
chemical reactors, namely, the mass transfer coefficient and the effectiveness factor, both of them
depending on the constriction and tortuosity of the pore. The relationships that we have established
between the geometry and these macroscopic parameters, are given through the generalized Thiele
modulus of a porous medium, as well as its relation, at the pore scale, with the effective diffusion
coefficient of a membrane, a quantity measurable in experiments. These parameters may be used to
quantify the efficiency of artificial and structured porous media, as well as in porous materials such as
some zeolites.
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Additionally, we have explained for the first time how surface diffusion increases the effectiveness
of catalysis. In practice, our study predicts how to design artificial nano-membranes based on conical
pores that optimize sieving, transfer and catalytic conversion. This allows to adjust the design of
the membrane in function of the results that the industrial applications require, which is of capital
importance nowadays, especially when the perspective on membrane 3D printing is emerging as
a very promising fabrication technique [32].

The theory we have postulated can be used as a tool for modeling the distribution and diffusivity
of particles in the bulk and on the surface of irregular pores, when the processes involved in
heterogeneous chemistry take place simultaneously. Therefore, Equations (16) and (29) constitute
a very powerful theoretical framework in the description of chemical reactors formed by membranes,
where all these processes occur simultaneously in the conversion of reactants into products through
a catalytic reaction on the surface.

The great advantage of using our theoretical framework is that the microscopic quantities
that refer to the internal detail of the flow, and the interactions within the irregular pore, can be
translated into macroscopic variables that are currently measured in experiments. This makes it of
huge practical importance.
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Appendix A

Appendix A.1 Figure 1

In order to simplify the description, in these work we have studied pores which can be reduced to
the well known two-dimensional case, whose three-dimensional equivalents are plotted in Figure 1 [21].
A two dimensional pore is constructed by two walls w1(z) and w2(z). In this case, the width and
the middle line are given by w(x) = w2(z) − w1(z) and h(z) = [w1(z) + w1(z)]/2, respectively.
The effective bulk diffusion coefficient is then given by the generalized Bradley-Zwanzig [23] diffusion
coefficient equivalent to Equation (15) in two dimensions:

D(z) =
D0

1 + h2
z(z) +

w2
z(z)
12

. (A1)

The four pores of length L = 5 plotted are obtained with the data of Table A1.

Table A1. Values of the parameters used to build the four pores used in the main text.

Label w1(z) w2(z)

Tortuous 0.2 sin
(

6πz
L

)
1 − 0.2 sin

(
6πz

L

)
Winding −0.2 sin

(
6πz

L

)
1 − 0.2 sin

(
6πz

L

)
Straight 0 1
Conical −m z 1 + m z

In the plotted example in Figure 1, m = 0.1.
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Appendix A.2 Figure 2

Comparison of the concentration profiles inside two different pores for pure diffusion (left)
and diffusion-adsorption (right) processes. The concentration for the tortuous (black lines) and
winding (color lines) pores which have the same effective diffusion coefficient Db(z) =

D0
1+0.19 cos2( 6πz

5 )
,

have been plotted for four different times (continuous line t = 0.0, dotted line t = 5.0, dot-dashed line
t = 10.0, dashed line t = 50.0). Left: In a first process, only bulk diffusion in the two pores is taken into
account. We solved Equation (16) with D0 = 1 and ρ̇ = 0. We plot the concentration as function of time
considering that Cb(z = 0) = 1 and Cb(z = L) = 0. As expected, the pure bulk diffusive dynamics is
essentially the same in both pores. Right: In a second process, an adsorption reaction in the surface
with rate ρ̇ = −0.05 is now included. In this case, the difference of the enhancement factor (γ = 1.3)
of the tortuous pore makes the adsorption process more effective than the winding one (γ = 1.05).
This is confirmed by the fact that less concentration of particles reaches the exit side of the pore in the
winding geometry [21].

Appendix A.3 Figure 3

The mass transfer coefficient k is the proportionality constant between the flux at the entry and the
difference of concentration between the two ends of the pore [14]. Therefore, we solve Equation (16)
for the mentioned geometries with the boundary conditions C(z = 0) = C0 = 1 and C(z = L) = 0 at
the ends of the pore, and J(z = 0) = k(C0 − 0). The reference value k0 = D0/L is obtained when there
is no adsorption, and the pore is straight. In contrast, the effectiveness factor η is the ratio between the
amount of mass entering the pore, compared with the mass that would be adsorbed if the entire pore
were exposed to the external concentration (C0 = 1).

In both cases, analytic expressions can be obtained from the reduction scheme for conical pores [16]
changing the rate of the liner adsorption in Equation (16) as ρ̇ = −κCb(z, t). The four pores can be
obtained with R(z) = 1 + mz, with m = 0.5 (red), 0.2 (orange), 0 (green) and −0.2 (blue), respectively.
The length of these pores is L = 2.

Appendix A.4 Figure 5

Langmuir adsorption dynamics inside the tortuous (black lines) and winding (color lines) pores
in the presence of surface diffusion was calculated by solving Equations (37) with D0 = 1, Ds = 0.1
and the Langmuir reaction in Equation (32) with κ̃ads = 1 and Kads = 0.3. In this case Rcat = 0 and we
use periodic boundary conditions.

The solid lines in Figure 5a,b show the long-time (equilibrium) bulk concentration Cb(x) and
diffusion current Jb(x), respectively. In the same figures, the dashed-lines show the long-time
(equilibrium) surface concentration Cs(x) and diffusion current Js(x). The dotted-lines in Figure 5a,b
represent the long-time (equilibrium) total concentration Ct = Cb + Cs and current Jt = Jb + Js.
Black lines correspond to the tortuous pore, color lines to the winding pore. In Figure 5c we show
the coverage fraction θ = Cs/C0

s , with C0
s = 1 for the tortuous (black lines) and the winding (red

lines) pores.
The adsorbed particles tend to segregate producing an accumulation in the wider regions of the

pore. As it can be seen, the different diffusivities in the bulk and in the surface particles can generate
internal fluxes inside the pore, since surface and bulk particles tend to move to the narrower and wider
parts of the pore, respectively. As it is expected, this effect is more visible in the tortuous pore than in
the winding one, where both concentrations are nearly homogeneous [31].

Appendix A.5 Figure 7

Evaluation of the heterogeneous catalysis process described in Equations (37) and (38) for the
tortuous (upper row) and sinuous (bottom row) pores with flow of A entering by the left to the pore
[CA

b (z = 0) = 1, CA
b (z = L) = 0], null concentration of B at the exterior [CB

b (z = 0) = CB
b (z = L) = 0],
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and no surface concentration of B or A [CA
s (z = 0) = CA

s (z = L) = CB
s (z = 0) = CB

s (z = L) = 0].
The bulk and diffusion coefficients are D0 = 1 and Ds = 0.1. The coefficients of the different reactions
in Equations (32) , (34) and (36) are κ̃ads = κ̃cat = κ̃des = 1, Kads = Kdes = 0.3, and Kcat = 0.3.
The position of the active sites in the reduced scheme is controlled by the function f (z) which is zero
almost everywhere, except in the points zi indicated by the dashed lines in the Figure. The comparison
is done among the active sites at the gray gridlines located at: {zi} = { 5

12 , 25
12 , 15

4 } (black lines), and
those located at the orange gridlines defined by: {zi} = { 5

4 , 35
12 , 55

12}.
The pore and the respective position of the active sites is given in the first row of this figure.

Figure 7a (tortuous) and c (sinuous) show the surface steady-state concentrations of A, B [AS (dotted
lines) and BS (dashed lines)] as well as the total one concentration obtained in each case [SC (solid
lines)]. It is confirmed the increase of particles B near the active sites of catalysis. The Figure 7b
(tortuous) and d (sinuous) show the flux of A (in bulk and surface entering the pore), and the flux
of B exiting the pore. From this model study it follows that the active sites near the throats (orange
grid lines) increase the conversion process in the tortuous pore, since more particles of A are being
converted into B [31]. Surface flow behavior is more sensitive on the position of the active sites for the
tortuous pore than for the sinuous one.

Appendix A.6 Figure 8

We simulate the diffusion and adsorption processes given by Equations (37), with a Langmuir
adsorption in Equation (32) in the winding, straight and tortuous pores depicted below. In each
case, the different lines correspond to different times, showing the filling process with boundary
conditions Ct(z = 0) = Ct(z = L) = 1. The dashed lines depict the internal concentration by using
the microscopic approach, provided by the reduced model we present in Equations (16) and (29).
The parameters used were D0 = 1, κ̃ads = 0.1, Kads = 1. In the upper row Ds = 0, and in the bottom one
Ds = 1. The solid lines represent the macroscopic approach as the result of using the most elemental
one dimensional diffusion Equation (12) with the same boundary conditions, and using the effective
diffusion coefficient Dm as predicted by Equation (39) in Ref. [18]. As it can bee seen, the results
derived from all the microscopical details are well captured by the macroscopic diffusion coefficient.

Appendix A.7 Figure 9

Breakthrough curves obtained from solving Equation (16) for a simple linear adsorption process
given by ρ̇ = −raCb(z) with ra the adsorption rate and D0 the diffusion coefficient. The pores
considered are the winding (black lines) and tortuous (colour lines) pores with length L = 5.
The boundary conditions consist of fluid entering at the left (Cb(z = 0) = 1), and exiting at the
right (Cb(z = L) = 0). The values of the constants (in arbitrary units) were ra = 0 and D0 = 1 for
the solid lines, ra = 0.1 and D0 = 0.75 for the dashed lines, ra = 0.4 and D0 = 0.5 for the dotted
lines, and ra = 1.0 and D0 = 0.1 for the dash-dotted lines. In order to obtain the breakthrough
curve, the temporal increasing of the concentration is measured at z = 4.5. Our theory predicts that
a small difference on the slope of these curves can be the result of purely geometrical changes, and the
constriction and sinuosity of the pores can be reflected in this type of curves. [16].

Appendix A.8 Figure 10

Curves measuring the effective diffusion coefficient Dm as a function of the loading. Each point
in these plots corresponds to the solution of Equations (37), for the geometry and surface diffusion
coefficient indicated. The fixed parameters are D0 = 1 and κ̃ads = 0.1. For the horizontal axis, the
changes in the average loading 〈θ(X)〉X are obtained by averaging the surface concentration along the
domain. Each point corresponds to a different value of Kads which modifies the adsorption process
and the amount of particles attached to the surface. For the vertical axis, the changes in Kads modify
the ratio of adsorption λ, changing the effective diffusion coefficient in the local scale in Equation (42)
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and, therefore modifying Dm/D0 in Equation (40). For the represented case, the rate Kads was varied
between 0.01 and 1 approximately.

As it is expected, the tortuous geometry decreases the effective diffusion coefficient respect to the
straight pore, whereas the winding pore constitutes a middle case. Be aware how the surface diffusion
augments the transport properties of the pore. Therefore, our theoretical framework allows us to
estimate some qualitative aspects of a membrane, when taking as reference one with straight pores [18].
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