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Abstract: The textural, structural, morphological, and acidic properties of TiO2/Al-ZSM-12 zeolite
synthesized viathe hydrothermal method and using methyltriethylammonium chloride as a template
were studied in this study. The structure, size, and shape of the crystallites, and the acidity of the
synthesized materials were investigated in detail using the following methods: XRD, low-temperature
nitrogen adsorption–desorption, XRF, FTIR, Raman spectroscopy, DRS UV–Vis, DRIFTS, PL, SEM,
TEM, solid-state NMR spectroscopy on 27Al, 1H, 29Si, 1H-29Si and 23Na nuclei, NH3-TPD, TG, DSC,
DTA, FTIR-Py, FTIR-2,6-dTBP, FTIR-CD3CN, and DRIFTS-acid. The presence of tetrahedral titanium
in the TiO2/Al-ZSM-12 zeolite was confirmed by Raman spectroscopy, DRIFT, and 29Si NMR. It
was revealed that the crystallites of the TiO2/Al-ZSM-12 zeolite, elongated along the b axis, had a
higher acidity compared to the unsubstituted zeolite Al-ZSM-12. The oxidative catalytic activity of
the TiO2/Al-ZSM-12 zeolite was studied in the photoinduced decomposition of the crystal violet dye
and it was found that the reaction proceeds most efficiently in the presence of H2O2 as an oxidizing
agent and TiO2/Al-ZSM-12 as a catalyst (PCA = 0.157%·min−1).

Keywords: ZSM-12; synthesis; titanium; aluminum; photocatalysis; zeolite

1. Introduction

Zeolites are crystalline microporous aluminosilicates, consisting of SiO4 and AlO4
tetrahedral fragments, forming a frame structure with a certain pore size, controlled sym-
metry, and acidity [1,2]. Due to the presence of Al+3 in the structure, zeolites exhibit acidic
properties, which has led to their widespread use in oil refining and petrochemistry [3–7].

There are a huge number of synthetic zeolites, but only a few of them have commercial
applications. Thus, BEA is used in a number of cases of benzene alkylation with propy-
lene [8] and FAU is often found in cracking reactions [9]. However, ZSM-5 zeolite is used in
almost all processes due to its three-dimensional system of 10-membered ring pores (10MR)
with a size of 5.5 Å × 5.5 Å.

ZSM-12 zeolite (MTW structure type) with a one-dimensional 12-member ring pore
system (12-MR) is used as a selective catalyst in refinery reactions, such as aromatic alky-
lation [10] and disproportionation [11], hydroisomerization of n-paraffins [12,13], and
hydrocarbon cracking [14].

Zeolite ZSM-12, which is characterized by a one-dimensional system of 12-membered
annular pores (12-MR) with dimensions of 5.7 Å × 6.1 Å located in the b-direction [15],
deserves special mention. However, it should be noted that the resulting diffusion re-
strictions lead to a decrease in catalytic activity and inefficient use of acid sites in the
micropores [13,16].
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The catalytic behavior of ZSM-12 zeolites is determined from their textural, structural,
and acidic properties, which can be controlled by introducing transition metal ions such as
tin [17], gallium [18], vanadium [19], or titanium [20], etc., to improve performance in an in-
dustrial catalysis. Thus, Mal et al. [17] synthesized zeolite Sn-ZSM-12 with a Si/Sn > 70 molar
ratio using a diquaternary ammonium template (1,6-hexamethylene bis(benzyldimethyl ammo-
nium hydroxide)), which showed efficiency in the oxidation of phenol, m-cresol, and m-xylene
using hydrogen peroxide as an oxidizing agent. Zhi et al. [17] synthesized gallosilicates–MTW-
type (Ga/ZSM-12) with a Si/Ga molar ratio of 60 to 120 using methytriethylammonium as
a template. The Ga/ZSM-12 zeolite thus obtained exhibited acidic properties similar to
those of the Al-ZSM-12 zeolite. In turn, Reddy et al. [19] synthesized a V-ZSM-12 sample
with a molar ratio Si/V = 50 and 100 (template 4,4′-trimethylenebis(dimethy1piperidinium)
iodide), which was also effective in the oxidation of phenol using hydrogen peroxide as an
oxidizing agent.

Due to the close radii of Al (0.53 Å) and Ti (0.56 Å) and similar coordination properties,
the latter can serve as a suitable element for the formation of a zeolite frame. The use
of titanium oxide TiO2 and titanium-consisting zeolites in various oxidation reactions to
obtain alcohols, aldehydes, and epoxides is widely known [21]. Being a semiconductor,
titanium oxide and titanium-consisting zeolites are capable of generating electron–hole
pairs under the action of photoradiation, producing active radicals OH• and •O−2 upon
interaction with water and oxygen dissolved in the framework [22,23], which greatly speeds
up the reaction. This phenomenon is known in the literature as photocatalysis.

The behavior of TiO2 is the most widely studied due to its high oxidative potential, wide
commercial availability, and low toxicity [24,25]. In particular, Labidi and colleagues [26]
applied TiO2 for depolymerization of organosolv lignin (black liquor) using the pulping
method in a medium of 1-Butyl-3-methylimidazolium methylsulphate([Bmim][MeSO4]) ionic
liquid. The organosolv liquor treated under UVA irradiation with TiO2 photocatalyst
afforded a considerable yield of phenolic compounds and a 20% oil yield [27]. Au-doped
TiO2 nanoparticles and nanoparticles decorated with β-cyclodextrins demonstrated a high
efficiency in the photocatalytic degradation of the methyl orange dye [28].

With regard to titanium-containing zeolites, the [Ti,Al]-β material are active in the
oxidation of cyclohexene to epoxy cyclohexane under the action of sunlight using hydrogen
peroxide as an oxidizing agent [29]. Analogously, TiO2/ZSM-5 composites appeared as
eco-friendly and efficient adsorbent photocatalysts for dyes removal [30]. Ti-MCM-41
composite, treated with trimethylamine, was using as a cooperative photocatalyst for the
selective aerobic oxidation of sulfides illuminated using blue light [31].

Zeolite Ti/ZSM-12 was first synthesized and used as a catalyst for the oxidation of
cyclohexane in the presence of hydrogen peroxide by Tuel in 1995 [20], but since then little
has been reported about it in the literature.

Due to the fact that post-synthetic processing requires the initial zeolite, and the
synthesis under the action of microwave radiation for such a material has not been studied,
we chose the hydrothermal (i.e., traditional) method for the synthesis of TiO2/Al-ZSM-12
zeolite to increase the concentration of acidic Lewis centers. In the future, we plan to
synthesize this material with a minimum amount of impurity phases under the influence
of microwave radiation.

Thus, the present study is devoted to the thorough investigation of the physical–
chemical properties and catalytic behavior of TiO2/Al-ZSM-12 zeolite, synthesized under
hydrothermal conditions for the first time. In particular, we examine the cooperative effect
of Ti and Al on the morphology, acidity, and activity in the photocatalytic oxidation of
crystal violet dye. This zeolite is used as a catalyst in the photocatalytic reaction of the
crystal violet. In industry, it can be used as a catalyst for the isomerization of alkylbenzenes
in order to obtain p-xylene, a raw material for the synthesis of terephthalic acid.
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2. Results
2.1. X-ray Diffraction (XRD)

The X-ray diffraction spectra of the obtained zeolites are presented in Figure 1. The
observed reflections are characteristic of zeolite with the MTW structural type [15,32]. It
is evident that the introduction of titanium does not affect the structure of this type of
zeolite. In TiO2/Al-ZSM-12 zeolite, in addition to the main phase, there is a trace amount
of impurities: Al2O3·TiO2, Na2O·TiO2, Silica-X.
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Figure 1. Diffractograms of the synthesized zeolites.

2.2. N2 Adsorption–Desorption

The area of low pressures (p/p0= 0.05–0.2) is characterized using the N2 absorption
method, which indicates the presence of a developed microporous structure in the zeolites
(Figure 2). The observed nitrogen adsorption–desorption isotherms belong to type I,
characteristic of microporous zeolites with an H4 hysteresis loop [33,34]. The introduction
of titanium into the structure somewhat reduces the surface area (Table 1) due to the
formation of impurity phases on the surface of the crystallites, which block the access of
the nitrogen molecules to the zeolite micropores and there by reduces the surface area. The
decrease in the degree of crystallinity can be affected by the incomplete entry of silicon
dioxide into the zeolite framework.
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Table 1. Composition and textural characteristics of synthesized zeolites.

Zeolite
SBET,

m2·g−1
VMICRO,
cm3·g−1

VTOTAL,
cm3·g−1

a Elemental Composition, mol/mol b Degree of
Crystallinity, %Si/Al Si/Ti Si/Na Ti/Al

TiO2/Al-
ZSM-12 266 0.098 0.14 80 384 160 0.2 83

Al-ZSM-12 274 0.1 0.13 105 - 837 - 93
a Calculated using the XRF method. b Calculated using the XRD method.

2.3. Scanning and Transmission Electron Microscopy

According to the SEM data, the crystallites of the Al-ZSM-12 zeolite (Figure 3a) are
smaller (5–6 µm) compared to the TiO2/Al-ZSM-12 zeolite [15]. This is due to the higher
Al content in the sample, which affects the rate of nucleation and agglomeration of the
particles [35].
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Figure 3. The micrographs of (a,b) SEM- and (c,d) TEM-synthesized zeolites: (a,c)—Al-ZSM-12;
(b,d)—TiO2/Al-ZSM-12 with corresponding SAED patterns.

TiO2/Al-ZSM-12 zeolite crystallites (Figure 3b) are elongated along the b axis and
are characterized by in homogeneity due to the presence of an amorphous SiO2 phase or
impurity phases (Figure 1) [36]. The Ti ions, which act as a nucleation inhibitor, are present
in the material in the form of TiO4

2− anions. As a result, the growth of crystallites along
the a and c axes slows down [37].

According to the TEM data, the microporous structures of both zeolites are similar
to each other (Figure 3c,d). It can be seen from the electron diffraction patterns that the
TiO2/Al-ZSM-12 zeolite (Figure 3d) is characterized by a hexagonal structure, in contrast to
the Al-ZSM-12 zeolite (Figure 3c), which is characterized by a monoclinic structure. Most
likely, this is affected not only by the size of the radii of titanium and aluminum (the radius
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of the titanium atom is greater than the radius of the aluminum atom), but also by impurity
phases that change the parameters of the zeolite crystal lattice:

a = 24.9 Å, b = 5.0 Å, c = 24.4 Å—for Al-ZSM-12

a = 12.6 Å, b = 11.1 Å, c = 24.4 Å—for TiO2/Al-ZSM-12

2.4. Fourier Transform Infrared Spectroscopy (FTIR), Raman Spectroscopy (Raman), UV–Visible
Diffuse Reflectance Spectroscopy (DRS UV-Vis), Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS), and Photoluminescence Spectroscopy (PL Spectroscopy)

The IR spectra of the obtained materials (Figure 4a) have absorption bands characteris-
tic of zeolites, corresponding to Si–O–Si and Si–O–Al bonds. The absorption bands in the
spectra with maxima at 580 and 543 cm−1 indicate that in the material there are structures
formed by a prism with bases in the form of 12-membered rings, which agrees with the
data of [15,38,39]. The absorption band maximum at 515 cm−1 most likely corresponds to
the Ti–O–Ti bond [40,41].
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The presence of tetrahedral titanium in the TiO2/Al-ZSM-12 sample, which forms
Si–O–Ti bonds, is confirmed by bands with maxima at 517 cm−1 (Raman, Figure 4b) [42,43]
and 953 cm−1 (DRIFTS, Figure 4d) [44,45]. The Raman spectrum of the TiO2/Al-ZSM-12
zeolite also contains a band with the maximum at 695 cm−1, which is responsible for
the appearance of octahedral titanium (Figure 4b). A small shoulder in the DRS UV–Vis
spectrum (Figure 4c) of the TiO2/Al-ZSM-12 zeolite in the region of 250–310 nm indicates
the presence of penta- and octa-coordinated titanium [46–48] and the formation of TiO2
clusters [49].

According to the PL analysis data (Figure 4e), the TiO2/Al-ZSM-12 zeolite has wave-
lengths with maxima at 600–700 nm, which characterize the presence of OH groups and
H2O molecules in the environment of titanium, corresponding to the absorption band
maximum at 695 cm−1 (Raman, Figure 4b).

2.5. Solid-State Nuclear Magnetic Resonance Spectroscopy (SS NMR) on Different Nuclei

The chemical shift at 55.6 ppm in the 27Al NMR spectra (Figure 5a) indicates the
presence of tetrahedral aluminum in the structure of both zeolites [33]. The spectrum of
zeolite Al-ZSM-12 contains a chemical shift of about 0 ppm, which is typical for octahe-
dral aluminum.
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The 1H NMR spectra (Figure 5b) contain isolated Si–OH groups located on the outer
surface of the zeolite (1.1–1.8 ppm); internal Al–OH groups (2.8 ppm); fragments of Si–
O(H)–Al forming Brønsted acid sites (3.8, 4.0 and 4.2 ppm); hydroxyls associated with
Si–OH . . . O– hydrogen bonds (7.1 and 7.7 ppm). A similar shift for the TiO2/Al-ZSM-12
sample at 4 ppm indicates a lower concentration of Brønsted acid sites [50].

Solid 29Si (Figure 5c) and 1H-29Si CP/MAS NMR (Figure 5d) were used to study
the local binding environment in the synthesized zeolites. The two allowed chemical
shifts (at −112.5 and −102.5 ppm) correspond to the Q4 and Q3 tetrahedral fragments
appearing from the formation of silanol groups on the zeolite surface. The chemical shift
at −116 ppm indicates the presence of a Si–O–Ti bond that corresponds to the data from
Raman (Figure 4b) and DRIFTS (Figure 4d) [51].

In the 1H-29Si CP/MAS NMR spectrum (Figure 5d), the chemical shifts correspond to
the same Si states as in the 29Si NMR spectrum (Figure 5c). In the spectra of both samples,
a chemical shift is observed at −92 ppm; in the spectrum of the TiO2/Al-ZSM-12 zeolite,
the intensity of this shift is stronger. Therefore, it can be assumed that the TiO2/Al-ZSM-12
zeolite contains a [Si(OSi)2(OAl)1(OTi)1] particle of the Q2 type. A similar chemical shift
was previously shown in the work of [52] in a study of the Ti-USY zeolite.

The chemical shift at −9.2 ppm in the 23Na NMR spectrum of the TiO2/Al-ZSM-12
zeolite (Figure 5e) is more intense due to its higher content of sodium, which corresponds
to a lower degree of crystallinity compared to the Al-ZSM-12 zeolite. Moreover, in the
spectrum of the TiO2/Al-ZSM-12 zeolite, there are two shoulders shifted towards the
weak field (−22.5 and −30 ppm), which characterize sodium isolated in 12-membered ring
channels very weakly or not subjected to ion exchange [53].

2.6. Thermogravimetric (TG), Differential Scanning Calorimetry (DSC), and Differential Thermal
Analysis (DTA)

According to the TG data (Figure 6a), physically adsorbed water is removed in both
zeolites up to a temperature of 100 ◦C, which is confirmed by the DSC and DTA data
(Figure 6b,c). Thus, the endo- and exothermic peaks in DSC and DTA for the Al-ZSM-12
zeolite are located at 98 ◦C and 88 ◦C, respectively, which indicates not only the removal of
adsorbed water during the analysis, but also the complete removal of the template during
calcination. The shift of similar peaks to 108 ◦C and 101 ◦C for TiO2/Al-ZSM-12 may be
due to the removal of occluded water in impurity particles (XRD, Figure 1).
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When the Al-ZSM-12 sample is heated in the temperature range of 130–1000 ◦C, a
gradual decrease in weight loss (2.8%) occurs, which is associated with the destruction of
the hydrogen bonds and dehydroxylation of the surface Si–OH and Al–OH groups in the
Al-ZSM-12 zeolite. The weight loss for TiO2/Al-ZSM-12 zeolite is 4.8%. A more intense
dehydroxylation in this case indicates a strong interaction of titanium with the OH groups,
which is confirmed by the data of Raman (Figure 4b) and PL spectroscopy (Figure 4c) [54].

The acidity of the zeolites was studied using the methods of NH3-TPD and IR spectra
of Al-ZSM-12 and TiO2/Al-ZSM-12 zeolites with adsorbed probe molecules of pyridine,
2,6-di-tert-butyl-pyridine, deuterated acetonitrile, and DRIFTS-acid, the data of which are
shown in Figures 7 and 8 and in Tables 2 and 3.
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Figure 8. Main structural groups and Brønsted and Lewis acid sites in zeolites identified on the basis
of IR spectra of adsorbed probe molecules: (a,c) FTIR-pyridine, (b,d) FTIR-2,6-di-tert-butylpyridine,
(e) FTIR-deuteration acetonitrile, and (f) DRIFTS-acid. (B—Brønsted acid sites, L—Lewis acid sites,
Py—physically adsorbed pyridine (absorption band maximum at 1443 cm−1), LS—strong Lewis acid
sites, LW—weak Lewis acid sites, BS—strong Brønsted acid sites, BW—weak Brønsted acid sites).

Table 2. Acid characteristics of synthesized zeolites.

Zeolite

The Number of Acid Sites

µmolPYRIDINE·g−1
ZEOLITE DRIFTS-Acid, % µmol2,6-dTBP·g−1

ZEOLITE µmolNH3
·g−1

ZEOLITE

LASs BASs Total B/L
BASs

Total BASs
Weak Sites

(100–300 ◦C)
Strong Sites
(300–500 ◦C) Total

CWEAK
CSTRONG

Weak Medium Strong a LT, ◦C Amount b HT, ◦C Amount

TiO2/Al-
ZSM-12 38 15 53 0.4 83.1 3.2 13.7 100 2.5 188 205 393 32 237 6.41

Al-ZSM-12 5 40 45 8 30.8 8.8 60.4 100 3.1 183 80 363 117 197 0.68

a LT—Low-Temperature. b HT—High-Temperature. LASs—Lewis acid sites. BASs—Brønsted acid sites.
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Table 3. Bands identifying the main structural groups of zeolites and Brønsted and Lewis acid sites.

Adsorption Centers of Probe Molecules
Wave Number, cm−1

FTIR-Py FTIR-2,6-dTBP FTIR-CD3CN DRIFTS-Acid

isolated Si–OH groups located on the outer surface
of the zeolite 3745 3743 N.D. N.D.

internal Si–OH 3740–3710 N.D. N.D.

extra framework Al–OH groups 3665 (Al-ZSM-12) N.D. N.D.

Si–O(H)–Al, Brønsted acid sites 3615 and 1547 3608 and 1620 2277 (Al-ZSM-12)

3723 (BW)

3674 (BM)

3596 (BS)

silanol nests, (Si-OH)n 3520 N.D. 2266 (TiO2/Al-ZSM-12) N.D.

Lewis acid sites, [AlO4]− 1455 N.D.
2330 (Al-ZSM-12);

N.D.
2325 (TiO2/Al-ZSM-12)

N.D.—not identified.

2.7. Temperature-Programmed Ammonia Desorption (NH3–TPD)

For both samples, the NH3-TPD data showed the presence of both strong and weak
acid sites, displayed by the l- or h-peak, respectively (Figure 7, Table 2). It is evident that,
on the one hand, the TiO2/Al-ZSM-12 sample, compared to Al-ZSM-12, is characterized by
a higher concentration of weak acid sites (ammonia adsorption at 100–300 ◦C) formed by
Si–O–Ti fragments and Si–O–Al. The reduced concentration of strong acid sites (ammonia
desorption at 300–550 ◦C), on the other hand, may be caused by incomplete H+-Na+ ion
exchange inside the 12-membered ring channels, which is confirmed by the 23Na NMR
data (Figure 5e).

2.8. Fourier Transform Infrared Spectroscopy of Adsorbed Pyridine (FTIR-Py),
2,6-di-Tert-Butyl-Pyridine at External Surface (FTIR-2,6-dTBP), Deuterated Acetonitrile
(FTIR-CD3CN), and Investigation of Acidity Method Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS-Acid)

The IR spectra of the zeolites with adsorbed probe molecules are shown in Figure 8
and in Table 3.

It is evident that in the TiO2/Al-ZSM-12 zeolite (Figure 8a,b), the intensity of the
bands of the silanol and Al–OH groups is inferior to that of the Al-ZSM-12 zeolite due to
the isomorphic substitution of aluminum by titanium [48]. Pyridine bonded to the OH
groups on the surface of the titanium clusters (Figure 8c) is identified by a band with the
absorption maximum at 1575 cm−1, which corresponds to Lewis acid sites [55]. In the
TiO2/Al-ZSM-12 zeolite, the band with the absorption maximum at 1446 cm−1 is supposed
to indicate an insignificant proportion of tetrahedral titanium, which is also confirmed by
the data from Raman (Figure 4b) and DRIFTS (Figure 4d) [56].

It should be noted that for both zeolites, there was not observed any absorption band of
adsorbed 2,6-dTBP in the range of 1470–1445 cm−1 in the IR spectra (Figure 8d) associated
with the Lewis acid sites, which may be explained by the influence of the screening effect
of the bulky tert-butyl groups of 2,6-dTBP [57].

According to the adsorption spectra of deuterated acetonitrile (Figure 8e), in zeolites
Al-ZSM-12 and TiO2/Al-ZSM-12, Lewis and Brønsted acid sites were determined, which
appear on titanium and aluminum. The concentration of weak Lewis acid sites was
determined from the bands with the absorption maximum at 2306 cm−1 (Al-ZSM-12)
formed by Al+3 and at 2300 cm−1 (TiO2/Al-ZSM-12) formed by Ti+4. The interaction of
CD3CN with the weaker Brønsted acid sites formed by Ti–OH is determined by the band
with the absorption maximum at 2284 cm−1.

According to DRIFTS-acid (Figure 8f), the band with the absorption maximum at
3560–3500 cm−1 in the spectrum of the TiO2/Al-ZSM-12 zeolite broadens at the associa-
tion with H2O: the more the maximum is shifted to long wavelengths, the stronger the
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association (with one or two water molecules). O–H stretch vibrations in the composition
of the hydronium cation (H3O+) produce bands with the absorption maximum below
3300 cm−1. The DRIFTS-acid data allow the conclusion that the introduction of titanium
leads to the redistribution of the number of Brønsted acid sites between the weak and
medium sites(Table 3), which agrees with the NH3-TPD data. In particular, the number
of weak acid sites increases from 30.8 to 83.1%, while the number of medium acid sites
decreases from 8.8 to 3.2%.

2.9. Catalytic Tests

The catalytic activity of the synthesized TiO2/Al-ZSM-12 zeolite was studied in the
oxidation reaction of the crystal violet dye in the light using H2O2 as the oxidizing agent.
The results are presented in Figure 9 and in Table 4.
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Table 4. Measured dye concentration in photocatalytic and control experiments.

TiO2/Al-ZSM-12 H2O2 TiO2/Al-ZSM-12 + H2O2

a PCA, %·min−1 0.041 0.112 0.157
a PCA—photocatalytic activity.

A slight drop in the substrate concentration in the presence of the TiO2/Al-ZSM-12
zeolite, but in the absence of H2O2, can be explained by decomposition under the action of
atmospheric oxygen catalyzed by Ti+4. The oxidation in this case occurs due to the ability
of titanium-containing oxides to generate electron–hole pairs in the valence band under the
action of photoradiation (Equations (1)–(3)) [22,23,58–61]. Excited electrons, in turn, can be
captured by oxygen molecules adsorbed on the surface or “dissolved” in the zeolite lattice,
producing active O2− radical anions. At the same time, positively charged “holes” could
be restored by water molecules, thus generating active radicals OH• [23].

[TiO4]
hν→ [TiO4]

+ + ∗e− (1)

O2 + ∗e− hν→ •O−2 (2)

[TiO4]+ + H2O→ [TiO4] + H+ + OH• (3)

Previously, it was shown that both •O−2 , and OH• are involved in the oxidation of
organic compounds, with the latter playing a dominant role [23,58–62]. However, because
of the tendency of titanium dioxide tofast recombination of electron–hole pairs, on the one
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hand [23,63], and the low content of titanium in the sample, on the other hand, the rate of
oxidation of crystal violet in the absence of H2O2 was only 0.04%·min−1.

The addition of H2O2 leads to a sharp increase in the reaction rate even in the absence
of a catalyst. The oxidation proceeds via radical mechanism. The introduction of a catalyst
into the system contributes to a slight increase in the reaction rate, approximately equal to
the rateina system with a catalyst but without an oxidizer. At the same time, the shape of
the kinetic curve changes: in the presence of a catalyst, the reaction rate does not depend
on the concentration of the substrate. Two possible reaction paths in the presence of a
titanium-containing catalyst should be noted here:

1. The role of Ti (IV) mainly consists of the acceleration of the H2O2 decomposition and
the generation of OH•; further oxidation of the substrate occurs via the radical mechanism
in the light, as well as in the absence of a catalyst (Equations (4)–(9)):

•O−2 + H2O2 → OH− + OH• + O2 (4)

[TiO4]+ + H2O→ [TiO4] + •H+ + OOH• (5)

[TiO4] + H2O2
hν→ [TiO4]

+ + OH• + OH− (6)

OH− + H2O2 → OOH• + H2O (7)

2OOH• → 2OH• + O2 (8)
•O−2 + H2O → OOH• + OH− (9)

2. Titanium directly interacts with both the oxidizing agent and the substrate, thus
directing the reaction through a coordination mechanism similar to the epoxidation process.
The advantage of this route is the reduced reaction rate at the initial stage compared to
the catalyst-free system, where the reaction could proceed only via the radical mechanism.
Indeed, in this case, only tetracoordinated titanium located on the surface can take part
in the oxidation; it has vacancies in the coordination environment and, thus, it is capable
of attaching hydrogen peroxide and substrate molecules to start the catalytic cycle. The
concentration of tetracoordinated titanium is low and according to Raman and DRIFTS, the
29Si NMR is 15–20%. Nevertheless, both mechanisms do not exclude each other and when
the reaction proceeds in the presence of both TiO2/Al-ZSM-12 and H2O2, it can be assumed
that they coexist simultaneously. In this case, the possibility of the reaction proceeding
viathe coordination mechanism in the presence of H2O2 compensates for the tendency of
the titanium oxide fragments in the zeolite structure to recombine the electron–hole pairs,
which suppresses photocatalytic activity.

3. Materials and Methods

The synthesis of Al-ZSM-12 and TiO2/Al-ZSM-12 zeolites was carried out using
the following reagents: a colloidal solution of silicon oxide LUDOX HS-40 [40 mass.%,
Sigma-Aldrich, St. Louis, MO, USA], aluminum sulfate octadecahydrate [Al2(SO4)3·18H2O,
Sigma-Aldrich, 99%], titanium isopropoxide [Ti(O-i-C3H7)4, Sigma-Aldrich, 97%], methyl-
triethylammonium chloride [[CH3N(C2H5)3]Cl, Sigma-Aldrich, 97%], sodium hydrox-
ide [NaOH, Komponent-Reaktiv, Moscow, Russia, 98%], ammonium nitrate [NH4NO3,
Khimmed, Moscow, Russia, 98%], and crystal violet dye [C25H30N3Cl, Sigma-Aldrich, 98%].

3.1. Synthesis of Zeolites Al-ZSM-12 and TiO2/Al-ZSM-12

Solution A, consisting of 12.6 g of distilled water, 0.4 g of Al2(SO4)3·18H2O, 1 g of
NaOH, and 3.3 g of [MTEA]Cl used as a template, was stirred until all of the components
became completely dissolved. During the synthesis of zeolite TiO2/Al-ZSM-12 (molar ratio
TiO2/Al2O3 = 1), 0.17 g of Ti(O-i-C3H7)4 was added to solution A. Solution B, consisting of
25.2 g of a 40% (wt.) colloidal solution of silicon dioxide of the brand LUDOX HS-40 and
10.1 g of distilled water, was stirred until the reaction mixture was homogeneous. Solution
A was dropped into solution B and stirred gently. The composition of reaction mixtures:
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20.83Na2O:1Al2O3:280SiO2: 35.3 template:3501.6H2O—for Al-ZSM-12
20.83Na2O:1Al2O3:1TiO2:280SiO2:35.3 template:3501.6H2O—for TiO2/Al-ZSM-12

The gel was poured into a Teflon liner and placed into the autoclave, which was heated
at 155 ◦C for 120 h. The product was filtered off, washed with distilled water, dried at
110 ◦C, and then calcined at 550 ◦C for 10 h (heating rate 1 deg·min−1).

To obtain the H-form of zeolites, the synthesized materials were treated 3times with a
1 M aqueous solution of NH4NO3 at 80 ◦C for 17 h. Then, the solid product was filtered off,
washed with distilled water, dried at 110 ◦C, and then calcined at 550 ◦C for 8 h (heating
rate 1 deg·min−1).

3.2. Characterization

The X-ray diffraction (XRD) analysis was performed with a RigakuRotaflex D/max-
RC instrument (Rigaku, Tokyo, Japan) using copper Kα radiation (λ = 0.154 nm). The
diffraction pattern of the sample was recorded in the angular range 2θ = 3–50◦ with a range
of 0.04◦ at the shooting rate of 2 deg·min−1. The reflections corresponding to the crystalline
and amorphous components were described using the pseudo-Voigt profile, which is a
linear combination of the Lorentz and Gauss functions. The degree of crystallinity CI was
calculated using the MDI Jade 6.5 (https://materialsdata.com/prodjd.html, accessed on
18 December 2022) program using the formula: CI =

ACR
ASUM

, where ACR is the sum of the
integral intensities (areas) of reflections corresponding to the crystalline phase, ASUM is the
total area of all reflections that approximated the diffraction pattern. This method is used
in the absence of standard samples, the crystallinity of which is taken as 100%.

N2 adsorption–desorption isotherms were recorded with a Gemini VII 2390 (V1.02t)
instrument (Micromeritics, Gemini, New York, NY, USA) at 77 K (−196 ◦C). Before the
measurements, the samples were degassed at a temperature of 300 ◦C for 6 h. To calculate
the surface area, the Brunauer–Emmett–Teller (BET) method was used based on adsorption
data in the relative pressure range p/p0 = 0.05–0.2. The total pore volume was determined
from the amount of adsorbed nitrogen at a relative pressure p/p0 = 0.95. The volume of
micropores was determined using the t-plot method.

X-ray fluorescence elemental (XRF) analysis was conducted with the Thermo ARL
Perform’x Sequential XFR instrument (Thermo Fisher Scientific, Waltham, MA, USA) using
a 2500 W X-ray tube. Before the analysis, the samples weighing 200 mg were pressed into a
tablet with boric acid.

Scanning electron microscopy (SEM). The micrographs of the samples were taken
on a Hitachi (Chiyoda City, Tokyo) TM3030 desktop scanning electron microscope. The
information on the local elemental composition and the distribution of elements on the
sample surface was obtained using an energy dispersive spectrometer (EDX) with the
Quantax 70 software and hardware system.

Transmission electron microscopy (TEM). The structure and surface morphology of
the synthesized samples were studied using transmission electron microscopy on a LEO
AB OMEGA instrument with the magnification from 80 to 500,000 and the image resolution
of 0.2–0.34 nm.

Fourier Transform Infrared Spectroscopy (FTIR). The samples were analyzed via the
Fourier transform IR spectroscopy method on a Nicolet IR2000 instrument (Thermo Scien-
tific) through the multiple attenuated total internal reflection method using a Multireflection
HATR attachment containing a 45◦ ZnSe crystal for various wavelength ranges with a
resolution of 4 cm−1.

Raman spectroscopy (Raman). Raman spectra were recorded on a Horiba LabRAM
HR Evolution spectrometer. Raman spectra were excited using a He:Cd laser, λ = 325 nm.
Spectral resolution 3 cm−1.

UV–visible diffuse reflectance spectroscopy (DRS UV-Vis).Absorption spectra were
recorded on a Lambda 950 spectrophotometer (Perkin Elmer, Waltham, MA, USA) in the
wavelength range from 200 to 2500 nm in the diffuse reflection mode.

https://materialsdata.com/prodjd.html
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Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). Diffuse re-
flectance IR spectra were obtained using a PIKE Diffus IR high-temperature cell (Madison,
WI, USA) connected to a VERTEX-70 IR Fourier spectrometer (Bruker, Yokohama, Japan).
The spectra were recorded in the range of 4000–500 cm−1 with the resolution of 40 cm−1

(100 scans/spectrum).
Photoluminescence spectroscopy (PL spectroscopy). PL spectra were obtained using a

Fluoromax Horiba Tobin Yvon 55 V spectrofluorometer(Horiba, Kyoto, Japan). The spectra
were recorded at room temperature and λ excitation = 250 nm.

Solid-State nuclear magnetic resonance spectroscopy (SS NMR) on different nuclei.
NMR spectra with magic angle rotation were recorded on a Bruker AVANCE-II 400 WB
spectrometer with the magnetic field of 9.4 T, which corresponds to operating frequencies
ν (1H) = 400.13 MHz, ν (27Al) = 104.2 MHz, ν (29Si) = 79.5 MHz, ν (23Na) = 105.8 MHz,
and H/X MAS WVT using a magic angle sinning (MAS) sensor. The diameter of the
MAS-rotor is 4 mm, the rotation frequency is 12,000 Hz. The spectra were recorded using
the single-pulse technique with the following parameters (Table 5):

Table 5. The conditions for the conduction of solid-state NMR spectroscopy.

Nucleus Rotation
Angle, ◦

Pulse
Duration, µs

Number
of Scans

Interval between
Scans, s

External Standard
(0 ppm)

1H 90 2.9 16 3 NH4OH, 25%
aqueous solution

27Al 15 0.8 1024 0.5 Al(NO3)3, 1M
aqueous solution

29Si 90 4 256 60 Si(CH3)4

23Na 30 2 1 2048 NaCl, 1M aqueous
solution

For the spectra of 29Si, the technique with polarization transfer (CP/MAS) from 1H
to 29Si (contact time, 4 ms; number of scans, 2048; the interval between scans—2.5 s) was
also used.

Thermogravimetric (TG), differential scanning calorimetry (DSC) and differential
thermal analysis (DTA). TG/DSC/DTA was performed on a TG/DSC1 Mettler Toledo
instrument. The sample placed in a 150 µL Al2O3 crucible was heated at the constant rate
of 10 deg·min−1in the range of 1000 ◦C in the air flow (70 mL·min−1).

Temperature-programmed ammonia desorption (NH3–TPD). The acidity of the sam-
ples was determined on a Micromeritics AutoChem HP2950 instrument. The test sample
with the fraction of 0.25–1 mm and the mass of 0.15–0.2 g was placed in the quartz reactor,
after which it was blown in the helium flow at 500 ◦C for 60 min, then saturated with
ammonia in the ammonia/nitrogen mixture (10 vol. % ammonia) for 30 min at 60 ◦C. Excess
ammonia was purged with helium at 100 ◦C for 60 min at the flow rate of 30 mL·min−1.
Then, the sample was analyzed in the helium flow in the temperature range from 100
to 800 ◦C at the heating rate of 8 deg·min−1. Desorbed ammonia was recorded using a
thermal conductivity detector.

Fourier Transform Infrared Spectroscopy of adsorbed pyridine (FTIR-Py), 2,6-di-tert-
butyl-pyridine at external surface (FTIR-2,6-dTBP), deuterated acetonitrile (FTIR-CD3CN).
IR spectra were recorded on a Nicolet Protégé 460 instrument with the optical resolution of
4 cm−1 and the range of 4000–400 cm−1. Disk-shaped samples (D = 1.6·cm, ρ~10 mg·cm−2)
were activated in an IR cell at 400 ◦C at the heating rate of 7.5 deg·min−1 for 2 h and the
pressure of 10−5 Torr. The adsorption of probe molecules was carried out for 30 min at
150 ◦C and the pressure of 2 Torr for pyridine and 2,6-di-tret-butylpyridine, and 0.5 Torr for
acetonitrile. At the end of the adsorption cycle, pyridine was desorbed at 150 ◦C for 15 min.
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The concentrations of BASs (Brønsted acid sites) and LASs (Lewis acid sites) were
determined on the intensity of adsorbed pyridine bands (1545 and 1450 cm−1, respectively);
extinction coefficients were used in the calculations using the FTIR-Py method.

To determine the Brønsted acid sites on the outer surface of the zeolite, a 1620 cm−1

band of adsorbed 2,6-di-tret-butyl-pyridine was used via the FTIR-2,6-dTBP method.
The determination of the titanium state in zeolites was carried out using the FTIR-

CD3CN method.
Investigation of acidity using Diffuse Reflectance Infrared Fourier Transform Spec-

troscopy (DRIFTS-acid). The sample powder was placed in a special crucible in the PIKE
Diffus IR high-temperature cell coupled to a Bruker VERTEX-70 IR Fourier spectrometer.
The catalyst was calcined in the argon flow in the temperature range of 25–450 ◦C; it was
cooled to room temperature in the argon flow. The relative intensities of the bands in
the spectra of zeolites recorded in the argon flow at 450 ◦C were used to determine the
percentage composition of weak, medium, and strong Brønsted acid sites. The 1875 cm−1

band was used as an internal standard. This band is the overtone of the 990 cm−1 band
from the Si–O frame bonds and its intensity does not depend on temperature.

3.3. The Technique of the Catalytic Experiments

The catalytic activity of the synthesized zeolite was studied in the reaction of pho-
todegradation of crystal violet in the aqueous medium. This study included the follow-
ing steps:

1. Suspension preparation. 2 mL of water was added to a 1.5 mg weighed portion of
the test sample, after which stirring was carried out for 30 min until a homogeneous
suspension was formed;

2. Dye adsorption on the surface of the photocatalyst. The aqueous solution of crystal
violet dye (40 µL, 400 mg·L−1) was added to the resulting suspension. The suspen-
sion was vigorously stirred in the darkness for 45 min to establish the adsorption–
desorption equilibrium and prevent premature photocatalytic decomposition of the
dye in the light. Then, hydrogen peroxide (40 µL, 3% solution) was added to the
suspension, if necessary;

3. Photocatalytic activity measurement. After the adsorption–desorption equilibrium
was established, the zeolite suspension was irradiated with an Ocean Optics HPX-2000
xenon lamp (the radiation power of 1.52 mW, measured in the range of 200–1100 nm
with an integrated optical power meter). The spectrophotometric analysis of the
suspension was performed using an Ocean Optics QE65000 spectrophotometer. The
dye concentration was calculated from the optical density at the absorption maximum
(λ~590 nm) minus the background absorption (λ = 700 nm) of the spectrum of the
catalyst suspension without the dye. The control experiment on the decomposition
of the dye using hydrogen peroxide in the light was carried out in the absence of
a catalyst.

4. Conclusions

In this study, aTiO2/Al-ZSM-12 zeolite was synthesized using the hydrothermal
method. Its textural, structural, morphological, and acid properties were studied in detail.
Using X-ray phase analysis and IR spectroscopy, it was established that the obtained
samples belonged to the MTW structural type. It was shown that the introduction of
titanium in the molar ratio Ti/Al = 1:1 led to significant changes in the structure of the
zeolite. Using the nitrogen adsorption method, it was shown that adsorption–desorption
isotherms belonged to type I, characteristic of microporous zeolites, with an H4 hysteresis
loop. During the hydrothermal synthesis, titanium ions which were present in the material
in the form of TiO4

2− anions acted as an inhibitor, slowing down the growth of crystallites
along the a and c axes. The impurities Al2O3·TiO2, Na2O·TiO2, Silica-X were formed as
by-products and led to a decrease in the surface area (from 274 to 266 cm3/g).A decrease in
the degree of crystallinity (from 93% to 83%) was affected by the incomplete incorporation
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of silicon dioxide into the framework zeolite. The presence of tetrahedral titanium in the
TiO2/Al-ZSM-12 sample was confirmed by bands with maxima at 517 cm−1 (Raman) and
953 cm−1 (DRIFTS), the appearance of octahedral titanium was confirmed by a band with
the maximum at 695 cm−1 (Raman), a small shoulder in the DRS UV-Vis spectrum in
the region of 250–310 nm indicated the presence of penta- and octa-coordinated titanium,
and the formation of TiO2 clusters. The PL analysis data of the TiO2/Al-ZSM-12 zeolite
(wavelengths with maxima at 600–700 nm) characterized the presence of OH groups and
H2O molecules in the environment of titanium, which corresponded to the absorption band
maximum at 695 cm−1 (Raman).

The presence of tetrahedral aluminum in the structure of both zeolites was confirmed
by the 27Al NMR spectra (the chemical shift at 55.6 ppm); the presence of the octahedral
aluminum is typical for the zeolite Al-ZSM-12 (a chemical shift of about 0 ppm). The
1H NMR spectra contained isolated Si–OH groups located on the outer surface of both
zeolites (1.1–1.8 ppm); internal Al–OH groups (2.8 ppm); fragments of Si–O(H)–Al forming
Brønsted acid sites (3.8, 4.0, and 4.2 ppm); hydroxyls associated with Si–OH . . . O– hydrogen
bonds (7.1 and 7.7 ppm). A similar shift for the TiO2/Al-ZSM-12 sample at 4 ppm indicated
a lower concentration of Brønsted acid sites. According solid 29Si and 1H-29Si CP/MAS
NMR, the two allowed chemical shifts (at −112.5 and −102.5 ppm) corresponding to the
Q4 and Q3 tetrahedral fragments appearing from the formation of silanol groups on the
zeolite surface. In the 1H-29Si CP/MAS NMR spectra of both samples, a chemical shift
was observed at –92 ppm suggesting that the samples contained a [Si(OSi)2(OAl)1(OTi)1]
particle of the Q2 type. According the 23Na NMR spectrum, the chemical shift at –9.2 ppm
in the of the TiO2/Al-ZSM-12 zeolite was more intense due to its higher content of sodium,
which corresponded to a lower degree of crystallinity compared to the Al-ZSM-12 zeolite.

According thermogravimetric, differential scanning calorimetry, and differential ther-
mal analysis, a gradual decrease in weight loss in the Al-ZSM-12 sample (in the temperature
range of 130–1000 ◦C, 2.8%) was associated with the destruction of the hydrogen bonds and
dehydroxylation of the surface Si–OH and Al–OH groups. A more intense dehydroxylation
in the case of the TiO2/Al-ZSM-12 zeolite (4.8%) indicated a strong interaction of titanium
with the OH groups.

Using NH3-TPD and IR spectroscopy of the adsorbed pyridine, 2,6-di-tert-butylpyridine,
deuterated acetonitrile and DRIFTS-acid, the predominant content of weak acid sites in the
TiO2/Al-ZSM-12 sample was established, with Lewis acid sites predominating.

The NH3-TPD data showed that the TiO2/Al-ZSM-12 sample, compared to Al-ZSM-12,
was characterized by a higher concentration of weak acid sites (ammonia adsorption at
100–300 ◦C) formed by Si–O–Ti fragments and Si–O–Al, and the reduced concentration of
strong acid sites (ammonia desorption at 300–550 ◦C) may be caused by incomplete H+-Na+

ion exchange inside the 12-membered ring channels.
In the TiO2/Al-ZSM-12 zeolite (FTIR-pyridine, 2,6-di-tert-butylpyridine), the intensity

of the bands of the silanol and Al–OH groups was inferior to that of the Al-ZSM-12 zeolite
due to the isomorphic substitution of aluminum by titanium. Pyridine bonded to the
OH groups on the surface of the titanium clusters was identified by a band with the
absorption maximum at 1575 cm−1 (corresponds to Lewis acid sites). In the TiO2/Al-ZSM-
12 zeolite, the band with the absorption maximum at 1446 cm−1 was supposed to indicate
an insignificant proportion of tetrahedral titanium.

According to the adsorption spectra of deuterated acetonitrile, the Lewis and Brønsted
acid sites were determined in the zeolites Al-ZSM-12 and TiO2/Al-ZSM-12, which appeared
on titanium and aluminum. The concentration of weak Lewis acid sites was determined
from the bands with the absorption maximum at 2306 cm−1 (Al-ZSM-12) formed by Al+3

and at 2300 cm−1 (TiO2/Al-ZSM-12) formed by Ti+4. According to DRIFTS-acid, the band
with the absorption maximum at 3560–3500 cm−1 in the spectrum of the TiO2/Al-ZSM-12
zeolite broadened at the association with H2O. O–H stretch vibrations in the composition
of the hydronium cation (H3O+) produced bands with the absorption maximum below
3300 cm−1. The DRIFTS-acid data supported the conclusion that the introduction of
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titanium led a to the redistribution of the number of Brønsted acid sites between the weak
and medium sites.

The synthesized TiO2/Al-ZSM-12 zeolite showed activity in the photocatalytic oxi-
dation of the crystal violet dye in the presence of H2O2 as an oxidizing agent. In this case,
the activity of the [TiO2/Al-ZSM-12 + H2O2] system exceeded the activity of the systems
containing only zeolite or only H2O2. It was assumed that in the presence of the [TiO2/Al-
ZSM-12 + H2O2] system, the reaction proceeded simultaneously via the radical mechanism
with photoinduced generation of OH• radicals and the coordination mechanism.

The possibility of isomorphic substitution of aluminum by titanium in Al-ZSM-12
zeolite in the TiO2/Al2O3 = 1:1 molar ratio wasshown. Due to this, the concentration of
Lewis acid sites increased in the resulting zeolite. It is assumed that materials of this type,
exhibiting a higher Lewis acidity, can promote the isomerization reactions of n-alkanes and
aromatic hydrocarbons.
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