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Abstract: The zeolites ZSM-5 with different Si/Al ratios were modified with a buffer solution of HF
and NH4F. This acidic treatment led to the obtaining of a material with secondary mesoporosity. The
deposition of cobalt from an aqueous solution of cobalt acetate on the surface of treated samples
generates the formation of different cobalt oxide species: bulk-like Co3O4 phases strongly interacting
with the support, Co2+ in ion exchange positions (γ and β sites) and silicate-like phases. The
mechanism of cobalt silicate phase formation is proposed here and includes a replacement of silanol
groups and the bridging hydrogens by Co and the inclusion of the Co atoms in tetrahedral framework
positions. The catalysts, obtained through use of the treated ZSM-5, exhibit higher activity in
the reactions of propane, and n-hexane completes oxidation compared with the catalyst samples
containing un-treated zeolite. Both the finer dispersion of metal oxide particles on the hierarchical
sample and the presence of secondary mesoporosity improve the effectiveness of the active phase
utilization via access to larger number of active sites.

Keywords: hierarchical MFI zeolite; cobalt catalysts; catalytic combustion; propane; n-hexane

1. Introduction

It is well known that the catalysts for CO oxidation and VOC combustion can be
classified into three categories: (1) supported noble metals; (2) metal oxides or supported
metal oxides; and (3) mixtures of noble metal and metal oxides. A major part of the
commercial catalysts for these processes belongs to the first category, because the reaction
can start at temperatures as low as room temperature. The high cost of precious metals, their
limited availability and sensitivity to higher temperatures and poisons has motivated the
search for substitute catalysts. Among all studied metal oxides, the most active single metal
oxides are those of Cu, Co, Mn and Ni [1]. Manganese- and cobalt-containing catalysts are
less expensive and demonstrate high activity in CO and VOCs oxidation [2,3].

The main drawback of the transition of metal oxides catalysts is the deactivation as
result of an aggregation. This problem could be overcome by applying novel preparation
methods and the application of supports with new properties, such as those of nanostruc-
tured porous oxides. Zeolites are such carriers, because of their specific pore structure,
acidic properties, high thermal stability and their ability to exchange ions [4,5].

In recent years, the attention of scientists has focused on the use of zeolites as catalyst
supports due to their thermal and acid stability and moisture resistance. They have a high
specific surface area, which is a prerequisite for the creation of active catalytic systems.
Metals and metal oxides can be deposited on them as highly dispersed nanoparticles and
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thus create active catalytic systems in which a large number of active centers are accessible
to the reagents in the catalytic processes. One of the best adsorbents and supports for
catalytic systems used for the degradation of VOCs are zeolite aluminosilicates, thanks to
their adjustable surface properties, their controllable hydrophobicity and their ability to
deposit metals and metal oxides. The crystalline microporous structure characteristics of
the zeolites, which imparts a high surface-to-volume ratio, is formed by tetrahedral units
(TO4) bonded by common oxygen atoms.

Zeolite ZSM-5 is a well-known high silicon crystalline aluminosilicate with wide areas of
applications as a catalyst and sorbent. Its chemical formula is |Na+

n(H2O)16|[AlnSi96-nO192],
where n < 27, and its structure is made up of five membered rings, forming the composite
building units “mfi”, “mor”, “cas” and “mel”. By combining the building units a struc-
ture is formed, containing intersecting channel systems. Ten-member straight channels
(0.53 × 0.56 nm) are located i the crystallographic direction [010], while ten-member twisted
channels (0.51 × 0.55 nm) [6–8] are contained in the [100] direction. Although it belongs to
the group of medium porous zeolites, ZSM-5 has a relatively high resistance to coke forma-
tion. Due to the combination of high hydrothermal structural stability and large surface area
to volume ratio, this zeolite is widely used in reactions that rely on chemical and physical
interactions occurring on the crystalline surface [9,10]. One of the disadvantages of zeolites
as a catalyst for oxidation reactions is the deposition of coke on the surface, which leads
to deactivation [11]. One way to overcome this drawback is the development of tailored
hierarchical zeolites, which have been proven to significantly increase catalysts’ tolerance
to coking [12]. One approach for obtaining secondary porosity is through treatment with a
buffer solution of hydrofluoric acid and ammonium. The method was first reported by V.
Valtchev et al. [13]. Whereas F− selectively etches aluminum from the crystal structure, the
HF2– formed in the buffered solution exhibits a slightly higher reactivity and non-selectively
extracts both framework elements (silicon and aluminum) [13,14].

In our previous articles, the propane and n-hexane oxidation in the presence of cobalt-
modified zeolite ZSM-5 with different Si/Al ratio were studied [15,16]. It was found that
the high catalytic activity of Co–ZSM-5 (Si/Al = 23) in both reactions was the result of the
high reducibility due to the lower interaction of the cobalt oxide with the support. Based
on the study of the reaction kinetics, the Mars–van Krevelen mechanism was considered to
be the most probable for propane oxidation and the Langmuir–Hinshelwood model was
used for complete n-hexane oxidation.

In this study, the results concerning the complete oxidation of VOCs in the presence of
cobalt catalysts supported on hierarchical zeolite ZSM-5 with different Si/Al are described.
The additional porosity was introduced via acid treatments with HF acid in combination
with NH4F buffer. Our expectation was that obtaining a second level of porosity would
increase the catalytic activity as a result of the improved access of reactants to the active
sites. A similar effect was observed in hierarchical MFI zeolites modified with Pt and Cu in
CO and benzene complete oxidation [17], as well as hierarchical mordenite in the reaction
of m-xylene transformation [18].

2. Results
2.1. X-ray Diffraction

Figure 1a depicts the X-ray diffraction patterns of the zeolite ZSM-5 (par) with different
Si/Al and the materials treated with an aqueous solution of 0.25 M HF, and NH4F denotes
ZSM-5 (tr). According to the literature data the strong diffraction peaks appear at in
the ranges of 2θ = 7◦–9◦ and 2θ = 23◦–25◦ in all the XRD patterns, corresponding to the
standard patterns of ZSM-5 zeolite [19]. The crystallinity and structural characteristics were
preserved in the acidic treatment samples. The X-ray patterns of cobalt-modified samples
are shown in Figure 1b.
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Figure 1. XRD patterns of (a) parent and treated ZSM-5 samples; (b) parent and treated samples
impregnated with cobalt.

No diffraction lines for Co3O4 or cobalt silicates are observed in the case of the cobalt
supported by the treated ZSM-5 samples. The presence of a Co3O4 phase was confirmed
using the TPR data and the UV-VIS results. The absence of diffraction lines for Co3O4 is
the confirmation for high dispersion of this phase in the treated samples. The formation of
cobalt silicate in treated zeolites is confirmed by the blue color of all samples. In previous
studies [15], it was found that the cobalt in Co-ZSM-5 (Si/Al = 23) catalyst mainly represents
a well crystallized Co3O4 phase and that a major part of cobalt in the Co-ZSM-5 (Si/Al = 40)
sample is in the form of finely dispersed Co3O4. Obviously, the acid treatment of zeolites
promotes the formation of finely dispersed Co3O4 on the catalyst’s surface and silicate-like
surface phases.

2.2. Nitrogen Physisorption

The specific surface areas and micro-/mesopore volumes of parent and treated ZSM-5
were analyzed via physical nitrogen adsorption (Table 1 and Figure 2). As was discussed in
our previous investigation concerning the parent ZSM-5 zeolites [16], type IV isotherms
with a hysteresis loop from P/P0 = 0.45 to P/P0 = 1, which were caused by the coherence
of both micropores and mesopores (Figure 2), were obtained. The higher nitrogen uptake
was observed in the isotherms of the samples after acid attack (Figure 2) at partial pressure
close to 1 as a result of the secondary porosity and reduced crystallite size [17]. This is more
pronounced in the sample with Si/Al = 50.

Table 1. Textural properties and elemental analysis of parent and treated ZSM-5 zeolites.

Samples S BET,
(m2/g)

Vt
a

(cm3/g)

Average Pore
Diameter

(nm)

Vmicro
b,

(cm3/g)
Vsec

c

(cm3/g)
Si/Al d

(mol/mol)

Si/Al = 40 par 331 0.25 3.0 0.16 0.09 34.2
Si/Al = 23 par 349 0.20 2.3 0.16 0.04 22.2
Si/Al = 50 par 340 0.25 3.4 0.15 0.10 47.8
Si/Al = 40 tr 392 0.30 3.4 0.15 0.15 37.5
Si/Al = 23 tr 358 0.25 3.3 0.15 0.15 39,6
Si/Al = 50 tr 442 0.60 6.5 0.15 0.45 47.8

a Vt—total pore volume; b Vmicro—microporous volume evaluated using the Vt method; c Vsec—secondary
meso- and macropores formed through chemical treatment (Vsec = Vt − Vmi), d according to XRF (X-ray fluores-
cence) analysis.
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Figure 2. Nitrogen adsorption/desorption isotherms of parent and treated ZSM-5 with different
ratios of Si/Al.

After the acidic treatment, the changes in textural properties (specific surface area
and pore volume) for all zeolites were observed. The increase in specific surface, decrease
in micropore volume and increase in the volume of the mesopores was observed. It can
be seen that samples subjected to acidic treatment increased the volume of the secondary
mesopores, which is most pronounced in sample Si/Al = 50, where it increases more
than fourfold. Elemental analysis shows the slight increases in the Si/Al ratio of samples
Si/Al = 23 and Si/Al = 40 in comparison with that of the parent zeolite. These results mean
a weak process of dealumination and no change in the Si/Al ratio for a sample of Si/Al= 50.
These results indicate that a relatively similar amount of both elements (Si and Al) were
extracted from the zeolite structure.

2.3. X-ray Photoelectron Spectroscopy

The oxidation states of Co on the surface were examined using XPS. Figure 3 shows
an example curve fitting of Co2p1/2 before and after the reaction.

The surface atomic concentrations of cobalt and the peak position of samples before
and after the reaction are presented in Table 2. A peak within the energy range of 792–798 eV
was measured for cobalt with defined binding energies (BEs) either of 795.2–796 eV (Co3+)
or 797.1–798 eV (Co2+), respectively [20,21]. The presence of Co2+ ions in the cobalt-
containing samples is confirmed by the presence of a peak with a binding energy of
797.8 eV. As is visible from Table 2, the Co2+ is the only species on the surface of the
sample before the reaction with Si/Al = 50-tr and Si/Al = 40-tr, and it was dominant on
the surface of Si/Al = 23-tr catalyst before the reaction. It was shown in our previous
investigation that the Co3+ is the dominant species on the surface of non-treated Co-ZSM-
5with Si/Al = 23 before and after the reaction [15] and part of the cobalt in sample with
Si/Al = 40 presents as Co3+. Obviously, the acidic treatment of the zeolites favors the
formation of surface Co2+ ions. Another feature that can be seen from the Table 2 is that the
surface cobalt concentration changes very little after reaction, which could be explained by
the stabilization of the different cobalt species in the zeolite framework.

For the samples Co-ZSM-5 Si/Al = 23 and Si/Al = 40, the Co2+ part was oxidized to
Co3+ after the reaction, leading to the increase in its concentration.
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Figure 3. Fitted Co2p1/2 photoelectron peaks of Co-ZSM-5-tr catalysts with different Si/Al ra-
tios: Sample A—Si/Al = 23; B—Si/Al = 40; C—Si/Al = 50—before catalysis; A′—Si/Al = 23;
B′—Si/Al = 40; and C′—Si/Al = 50—after n-hexane oxidation.

Table 2. Surface atomic concentrations of cobalt in the Co-ZSM-5 catalysts.

Co2p1/2

Before Catalysis

Si/Al = 23-A
Conc., at.% 1.96 (par-2.61) *

BE, eV 796.1 798.1
Conc., at.% 0.17 (2.11) 1.79 (0.5)

Si/Al = 40-B
Conc., at.% 1.93 (par-2.26)

BE, eV 797.9
Conc., at.% (0.04) (2.22)

Si/Al = 50-C
Conc., at.% 3.64 (par-4.76)

BE, eV 798.0
Conce, at.%

After catalysis

Si/Al = 23-A′

Conc., at.% 2.11
BE, eV 795.4 798.2

Conc., at.% 0.31 1.80

Si/Al = 40-B′

Conc., at.% 1.86
BE, eV 795.9 797.9

Conc., at.% 0.24 1.62

Si/Al = 50-C′

Conc., at.% 3.41
BE, eV 797.8

Conc., at.% 3.41
* The data for the starting zeolite, according to [15], are presented in brackets in italics.
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2.4. Temperature-Programmed Reduction by Hydrogen

The TPR profiles of a cobalt-modified parent and the treated catalyst samples are
shown in Figure 4. Their patterns can be deconvoluted up to 450 ◦C into three main con-
stituents with low-temperature shoulders, at 290 ◦C for Si/Al = 23 and 310 ◦C for Si/Al = 40,
with the sharpest and most well-distinguished peak located in the range 324–342 ◦C, and
the broad peak was found at about 380 ◦C.
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40 and 50) (gas mixture of 10% H2/N2, 10 mL min−1).

The first two reduction peaks fit well in the reduction interval observed previously in
bulk Co3O4 powder or large supported Co3O4 particles [22]. The peak at 290(310) ◦C is
attributed to the reduction of Co3O4 to CoO and the next higher temperature originates
from the reduction of CoO to Co0. The shoulder, which is centered at 380 ◦C, is ascribed to
small particles that strongly interact with the support [23]. As can be seen from the TPR
profiles, the reduction temperatures of the treated samples are shifted to higher values,
while at the same time the parts of surface species that are reduced at temperatures above
650 ◦C also increase. It was shown in our previous investigation that the peaks of Co-
ZSM-5-par with Si/Al = 23 appear at lower temperatures in comparison with those of the
other samples [15] and that the formed oxide particles are the largest in the series and as
a consequence they are reduced at the lowest temperature [24–26]. All treated samples
manifested an increase in hydrogen consumption above 600 ◦C. According to the literature
data, the hydrogen consumption above 600 ◦C is due to the reduction of mono-atomic
Co2+ or CoOH+ ions at the exchange sites [27–30]. The main ion present in the cobalt
acetate solution exchange of the parent H-ZSM-5 is [Co-OH]+, which suggests that Co2+

cation replaces one zeolitic proton to lead to a monomeric species [Co-OH]+ [15,31]. The
following can be summarized from the TPR studies: a slight shift in the reduction maxima
for Co3O4 at higher temperatures increases the hydrogen consumption in the region of the
reduction of Co3O4 particles, which strongly interact with the support, and in the region
in which Co2+ species are reduced. All these changes demonstrate stronger interactions
between the cobalt oxide phases and the zeolite framework in the case of treated samples.
The additional formation of different Co2+ species is also the reason for the increased Co2+

surface concentration established from the XPS data (Table 2) for Si/Al = 23 sample after
the reaction.

2.5. UV-Vis Spectroscopy

UV-vis spectra provide additional information about cobalt species present in the
Co-ZSM-5 catalyst (Figure 5). The bands at 412 nm, 498 nm, 521 nm, 594 nm, 650 nm and
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770 nm are visible on the UV-vis spectra of treated samples. According to the literature
data, these bands are ascribed as follows: 498 nm o Co2+ ions in the sinusoidal channel
of ZSM-5 (γ sites) [32,33] and 521 nm, 594 nm and 638 nm to Co2+ ions located at the
intersection of the straight and sinusoidal channels (β site) [28,32,33] and 750 nm external
Co3O4 oxide [28]. The presence of Co3O4 in all the studied samples is evidenced by the
appearance of peaks at 412 nm and 770 nm (see Table 3 and Figure 4).
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Table 3. Assignment of UV–vis peaks for various Co species.

Wavelength, nm Assignment References

500 Co2+ in octahedral symmetry as either [Co(H2O)6]2+

or [Co(H2O)5OH]
[34]

498 Co2+ ions in the sinusoidal channel of ZSM-5 (γ sites) [32,33]

521, 594 and 638 Co2+ ions located at the intersection of the straight and
sinusoidal channels (β site)

[29,32,33]

662 Co2+ ions coordinated to the rectangle of four O atoms
of the walls of the main ZSM-5 channels (α site)

[32,33]

417 and 750 external Co3O4 oxide, octahedrally coordinated Co3+

in the mixed spinel oxide phase Co3O4
[28,35]

According to our previous studies concerning cobalt deposited on a parent SZM-
5 zeolite with a ratio of Si/Al = 23, only the bands for Co3O4 were found. After the
acid treatment of this sample, bands for Co2+ ions in different positions are also visible.
Obviously, the acidic treatment with HF and NH4F of the parent zeolite with a ratio of
Si/Al = 23, favors the access of [Co-OH]+ ions during impregnation into the pores of the
zeolite and their location in the intersection of the straight and sinusoidal channels. In
case of cobalt-modified parent zeolite with a ratio of Si/Al = 40, in addition to the bands
for Co3O4 and the bands for Co2+ ions at the γ sites (sinusoidal channel of ZSM-5), the
presence of Co2+ ions at the β site were observed [15]. The band for Co2+ ions at the α

sites (662 nm) is not visible. The all data from UV-vis are in accordance with the TPR
study where it was shown that the presence of the reduction maxima corresponded to the
reduction in Co2+ ions in the exchanged position. Based on the spectra after reaction, it
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can be assumed that there is no significant change in the type and location of the different
cobalt species.

2.6. SEM

The SEM micrographs of initial and treated ZSM-5 zeolite with an Si/Al-23 ratio are
shown in Figure 6. Figure 6a corresponds to the parent ZSM-5 zeolite and 6b and 6c to the
treated ZSM-5, respectively. In ZSM-5 (Si/Al = 23), the formation of aggregates of sizes
of about 2–3 µm was observed, while after the acid attack, the crystal size was decreased
about two times, very likely as a result of the destruction of the primary crystals [18]. The
SEM image with higher magnification shows the particles as having a rough surface and a
mesoporous formation.
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Figure 6. SEM micrographs of (a) the ZSM-5 Si/Al = 23 parent sample and (b,c) samples obtained
via treatment with an HF-NH4F mixed solution.

The SEM micrographs of untreated and treated ZSM-5 with Si/Al = 50 are presented
in Figure 7. As can be seen this sample is made up of a large number of particles (about
0.5 µm) with a rough surface (Figure 7a). After acidic treatment the particle size decreases
(Figure 7b). It was established that the zeolite dissolution through HF initially affects the
structural defects and/or the adhesion positions of the individual crystallites and then
continues deep inside the crystals [17]. As can be seen from the SEM micrograph that
the Si/Al = 50 sample has the smallest aggregates among all studied samples. Therefore,
the presence of more structural defects in this sample could be assumed, facilitating the
dissolution of the zeolite and the formation of mesopores.



Catalysts 2023, 13, 834 9 of 18

Catalysts 2023, 13, x FOR PEER REVIEW 9 of 19 
 

 

 
(c) 

Figure 6. SEM micrographs of (a) the ZSM-5 Si/Al = 23 parent sample and (b,c) samples obtained 
via treatment with an HF-NH4F mixed solution. 

The SEM micrographs of untreated and treated ZSM-5 with Si/Al = 50 are presented 
in Figure 7. As can be seen this sample is made up of a large number of particles (about 
0.5 µm) with a rough surface (Figure 7a). After acidic treatment the particle size decreases 
(Figure 7b). It was established that the zeolite dissolution through HF initially affects the 
structural defects and/or the adhesion positions of the individual crystallites and then 
continues deep inside the crystals [17]. As can be seen from the SEM micrograph that the 
Si/Al = 50 sample has the smallest aggregates among all studied samples. Therefore, the 
presence of more structural defects in this sample could be assumed, facilitating the 
dissolution of the zeolite and the formation of mesopores. 

 
(a) (b) 

  
(c) (d) 

Figure 7. The SEM micrographs of (a) untreated and (b) treated ZSM-5 Si/Al = 50; (c,d) EDX of 
different areas. 

The EDX analysis of different regions of the Co-ZSM-5-tr (Si/Al = 50) sample indi-
cated the homogeneous distribution of Co on the support. 

2.7. NMR Analysis 

Figure 7. The SEM micrographs of (a) untreated and (b) treated ZSM-5 Si/Al = 50; (c,d) EDX of
different areas.

The EDX analysis of different regions of the Co-ZSM-5-tr (Si/Al = 50) sample indicated
the homogeneous distribution of Co on the support.

2.7. NMR Analysis

The most active sample Co-modified acid-treated (Co-ZSM-5-tr), parent ZSM-5 (Si/Al = 50)
and the acid-treated (ZSM-5-tr) zeolites were investigated using solid state NMR spectroscopy
to obtain a more detailed insight into the structural characteristics of the studied materials at the
atomic level.

The 29Si NMR spectra with direct excitation (single pulse spectra) allowed the quanti-
tative assessment of the composition of the zeolite framework and the determination of the
Si/Al ratio by using the relative areas of the characteristic resonances of the different Si(nAl)
units (n = 0,1,2,3,4): Si(4Al), Si(3Al), Si(2Al), Si(1Al) and Si(0Al) [36]. Figure 8 presents
the 29Si single pulse spectra of the parent, the acid-treated ZSM-5 and the Co-modified
ZSM-5-tr samples.
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zeolites: (a) parent ZSM-5, (b) acid-treated ZSM-5 (ZSM-5-tr) and (c) Co-modified Co-ZSM-5-tr. The
individual contributions of the different Si environments are shown as colored lines (green, blue,
cyan, magenta).
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The results from the deconvolution of the spectra using DMFit software [37] are
summarized in Table 4.

Table 4. NMR parameters obtained through the deconvolution of the 29Si single pulse NMR spectra.

Sample Si(0Al) Si(0Al) Si(1Al) Si(2Al)/Si(1OH)
Si/Al Ratioppm % ppm % ppm % ppm %

ZSM-5(Si/Al = 50) −116 10 −113 76.5 −107 13 −101 0.5 31
ZSM-5-tr(Si/Al = 50) −116 13 −113 78 −106 8 −101 1 40

Co-ZSM-5-tr(Si/Al = 50) −118 21 −114 60 −109 17 −103 2 19

The spectra of the parent ZSM-5 and acid-treated ZSM-5-tr samples display the typ-
ical pattern for ZSM-5 zeolites with three main resonances: the signals at −116 ppm
and −113 ppm are assigned to two tetrahedral Si(0Al) sites, which are crystallografi-
cally non-equivalent, while the signal at −107 ppm is characteristic for Si(1Al) structural
units [38–41]. An additional low intensity peak at around −102 ppm is also identified after
the deconvolution of the spectra. This peak indicates the presence of a small amount of
Si(2Al) and/or Si(1OH) structures. Silanol groups from framework defects, for example,
Si(OH)(OSi)3–−n(OAl)n, exhibit peaks, shifted to the low field from the corresponding
Si(nAl) species and, therefore, may partially overlap with the resonances of the Si[(n +
1)Al] units. The results presented in Table 4 demonstrate that sample treatment resulted in
changes in Si/Al ratio determined by NMR (the last column in Table 4). For the acid-treated
ZSM-5-tr sample an increase in the Si/Al ratio was observed, indicating the possible dealu-
mination of the zeolite framework. The overall spectral characteristics of the parent and
acid-treated materials are quite similar, indicating that acidic treatment is not associated
with significant changes in the zeolite structure. The 29Si spectrum of the Co-modified sam-
ple Co-ZSM-5-tr, however, shows some differences in its spectral pattern. All resonances
in the spectrum of the Co-modified sample are shifted to a higher field and the calculated
Si/Al ratio is significantly lower. The Si/Al ratio calculated from the EDX analysis of
the parent, the treated and the Co-modified sample with Si/Al = 50 are 46, 44 and 42 s
respectively. The differences in the Al/Si ratios obtained using the different methods are
probably due to the different accuracies of the determination. What is clearly seen is that
the deposition of cobalt from cobalt acetate leads to a decrease in the Al/Si ratio. The
decrease in the Si/Al ratio in Co-modified samples indicates that the introduction of Co
is associated with compositional and structural transformations of the zeolite framework.
We suggest that the Co-modification resulted in the simultaneous removal of Si and Al
atoms from the zeolite framework and inclusion of the Co atoms in tetrahedral frame-
work positions. A similar phenomenon has been suggested by Mhamdi et al. [42] for the
formation of cobalt silicate when cobalt is deposited from acetate onto ZSM-5. The au-
thors suggest that the fragile H-ZSM5 appears to be unstable toward acetic acid produced
during heating through a reaction between H+ and acetates, from the decomposition of
the cobalt salt. The consequences are a superficial destruction of the zeolite grains and a
local dealumination leading to a phase rich in silicon that accommodates the cobalt ions
in tetrahedral symmetry (hence the blue color of the powder) and to extra framework
aluminum atoms. The evidence of the tetrahedral coordination of cobalt in our sample
is its blue color after calcination. In addition to this, the Co2+ cations can play the role as
charge-compensating ions through the substitution of the bridging hydrogen ions. In the
next step, we used 1H→29Si cross polarization (CP) MAS NMR spectroscopy with the aim
to identify the presence of SiOH groups that are often generated as defect sites in the zeolite
framework during synthesis and modification procedures. The CP technique is based on
the transfer of magnetization from abundant spins (1H) to low sensitivity nuclei (29Si) via
space dipole–dipolar interactions, resulting in a selective enhancement of the resonances
from 29Si units with 1H in their vicinity, such as Si-OH groups or Si(nAl) sites with adjacent
H atoms. The overlayed 1H→29Si CP MAS spectra and 29Si single pulse spectra of the
parent ZSM-5 and the acid-treated ZSM-5-tr are presented in Figure 9.
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Figure 9. Comparison of the 1H→29Si CP (red) and single-pulse (black) 29Si NMR spectra of the
studied zeolites: (a) parent ZSM-5 and (b) acid-treated ZSM-5 (ZSM-5-tr).

The 1H→29Si CP spectra of the two samples display three main resonances. The
most enhanced resonance at −102 ppm is characteristic for Si(1OH) groups, while the low
intensity signal at −92 ppm indicates the presence of a small amount of Si(2OH) units. The
main resonance observed in the 29Si spectra at −113 for the Si(0Al) sites is also slightly
enhanced due to possible transfer of magnetization from neighboring silanol protons,
charge compensating protons and/or coordinated water molecules. Since the resonance at
−102 ppm for the Si(1OH) partially overlaps with the signal of Si(2Al) species, the actual
Si/Al ratio might be slightly underestimated. The effectiveness of magnetization transfer
in the 1H→29Si CP MAS technique, and thus the magnitude of enhancement, depends
on many factors, such as Si—H internuclear distances, the relaxation rates and local dy-
namics of the structural fragments, which vary from one chemical environment to another.
Therefore, the 1H→29Si CP MAS spectra are not applicable for quantitative assessments.
Nevertheless, we can safely assume that there are a relatively small number of silanol
groups, since CP efficiency was very low and a high number of scans (NS > 20,000) were
necessary to achieve a reasonable signal-to-noise ratio (S/N) in the 1H→29Si CP spectra
of both the parent (S/N = 20) and the acid-treated sample (S/N = 52). For comparison in
the quantitative single pulse experiments, a much higher S/N of 207 for the ZSM-5 and
191 for the acid-treated ZSM-5-tr zeolites was achieved with 1024 scans (Figure NMR2).
The S/N ratio detected in the 1H→29Si CP spectrum of the parent ZSM-5 was lower by
a factor of 2.6 as compared to the S/N ratio in the spectrum of the ZSM-5-tr, obtained
under identical experimental conditions (NS, relaxation delay, mixing time, etc.). We were
not able to successfully record a 1H→29Si CP spectrum of the Co-modified Co-ZSM-5-tr
sample, and even across 20,000 scans and several different mixing times, the CP efficiency
was very bad, resulting in very noisy spectra. The low efficiency can be explained by the
possible replacement of the silanol groups and the bridging hydrogens by Co, thus limiting
the main source of magnetization transfer. On the other hand, the cobalt is a quadrupolar
(I = 7/2) nucleus, and Co2+ in particular is paramagnetic and can therefore induce the rapid
relaxation of the neighboring protons, which also results in a very low CP efficiency.

The 27Al NMR is an important method for the investigation of the Al coordination
state, the local symmetry of the Al structural environment and the nature of the Al species in
the zeolite framework. The 27Al NMR spectra of the parent, acid-treated and Co-modified
ZSM-5 zeolites (Figure 10) are dominated by the signals of the tetrahedrally coordinated
framework Al atoms centered at around 57 ppm.
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The presence of six coordinated extra-framework Al species (EFAl) with a characteristic
resonance at around 0 ppm has not been detected. The results from the deconvolution
of the spectral patterns with DMFit software are summarized in Table 5. The data for
the parent ZSM-5 indicate the presence of three resonances originating from different
types of the tetrahedrally coordinated Al atoms. The two relatively narrow resonances at
58 and 55 ppm are characteristic for two types of framework Al structures with slightly
different symmetry of their environment. The broad third resonance at ~53 ppm is assigned
to distorted tetrahedrally coordinated Al species at the defect positions of the zeolite
framework [40–44].

Table 5. NMR parameters obtained via the deconvolution of the 27Al NMR spectra.

Sample
Al1 Al2 Al3

ppm % ν1/2
(Hz) ppm % ν1/2 (Hz) ppm % ν1/2 (Hz)

ZSM-5(Si/Al = 50) 58 61 625 55 25 516 53 14 1141
ZSM-5-tr 58 49 500 55 51 500 - - -

Co-ZSM-5-tr - - - 56 42 1047 53 58 1141

In the 27Al spectrum of the acid-treated ZSM-5-tr, the two main signals have a nar-
rower linewidth, while the broad resonance was not detected. These observations imply
that the Al sites in the ZSM-5-tr zeolite have higher symmetry and the acidic treatment
therefore resulted in a higher degree of ordering and a better structuring of the zeolite
framework. The 27Al spectrum of the Co-modified zeolite shows a broad spectral pattern
that could presumably be deconvoluted to two broad signals centered at 55 ppm and
53 ppm. The substantial broadening of the 27Al resonances could be explained by the
significant deformation of the 27Al structural environment, resulting from the inclusion
of the Co atom in framework positions. The presence of surface Co2+ ions, which are
paramagnetic, also contributes to line-broadening effects.

2.8. Catalytic Activity Test

All prepared samples were investigated for their catalytic activity behavior in the total
oxidation reaction of propane and n-hexane. The results for the Co-ZSM-5 catalysts with
different ratios (Si/Al = 50, Si/Al = 40 and Si/Al = 23) are shown in Figure 11.

As can be seen from Figure 11, the catalytic activity increased in the acid-treated
samples, and this was most visible for the sample with a ratio of Si/Al = 50. In the case
of propane oxidation, no change in the activity of the Co–ZSM-5 catalyst with a ratio of
Si/Al = 40 was observed. The most remarkable aspect is the increase in catalytic activity in
the complete n-hexane oxidation reaction. In this case, an increase in activity as observed
for all three treated samples, the weakest being the sample with a ratio of Si/Al = 23,
followed by the sample with a ratio of Si/Al = 40 and the sample with highest activity was
that with a ratio of Si/Al = 50.
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In our previous investigation, it was found that the Co–ZSM-5 (Si/Al = 23) catalyst
manifested the highest catalytic activity in the complete oxidation reactions of propane and
n-hexane as a result of the high reducibility and the lower interaction of the cobalt oxide
with the support [15,16]. Based on the study of the reaction kinetics, the Mars–van Krevelen
mechanism was the most probable for propane oxidation and the Langmuir–Hinshelwood
mechanism was the most likely for complete n-hexane oxidation.

It is well known that when the catalysts operate in the oxidation reactions through
a Mars–van Krevelen mechanism the VOCs are oxidized via the solid, and the catalytic
activity is directly correlated with the catalyst reducibility. Oxides that are reduced at a
lower temperature exhibit higher catalytic activity. As mentioned above, the cobalt oxide
phases in the treated samples are reduced at higher temperature. In such a case, it cannot
be supposed that the reduction behavior determines the catalytic activity. Obviously, the
improved access to the active sites in the treated samples plays an essential role.

A similar result has been observed in platinum, copper and palladium catalysts
supported on hierarchical MFI zeolite in the oxidation reactions of CO and benzene [17]. A
more noticeable effect of acid treatment on the activity of the complete n-hexane oxidation
is most likely related to the fact that the n-hexane molecule (dnHex = 10.3 Å) [45] is larger
than that of propane and the presence of secondary mesoporosity had a higher effect on
n-hexane oxidation.

For the reliable and quantitative analysis of the catalytic activity of the samples and
the effect of the treatment, the ratio between the pre-exponential factors at apparent fixed
averaged activation energies, ko,tr/ko,par, was applied. The calculated reaction parameters
are presented in Table 6.

For the calculations of the pre-exponential factors (ko) and the apparent activation
energies (Eapp), data for conversions below 30% were used. Under such reaction conditions,
the calculated values for the average effectiveness factors (accounting for the irregular-
shaped catalyst particles) were within the limits 0.90–0.99, and therefore, the effect of the
internal diffusion effect was implemented in the reactor model by applying an iterative
approach. The external mass transfer limitations were minimized by tests at high hourly
space velocities. Obviously, in all cases, the treatment of the samples led to an increase in
activity. Within the propane combustion, the improvement in activity was within the limits
of 5% to 56%, i.e., the calculated values of ko,tr/ko,par were 1.05 for Si/Al = 23 and 1.56 for
Si/Al = 50. More remarkable is the effect of the treatment for the n-hexane combustion, and
again, the highest value of ko,tr/ko,par was obtained after the treatment of the Si/Al = 50
sample. It should be pointed out that improvement of more than twofold in the activity of
the Si/Al = 40 sample after the treatment is also significant. The most impressive increase is
the case of the treated Si/Al = 50 sample during n-hexane combustion, where the reaction
rate increased by more than six times.
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Table 6. Calculated reaction parameters of parent and treated Co-ZSM-5 catalysts with different
Si/Al ratios (23, 40 and 50).

Propane n-hexane

Si/Al = 23 par Si/Al = 40 par Si/Al = 50 par Si/Al = 23 par Si/Al = 40 par Si/Al = 50 par

ko, s−1 1.24 × 105 1.11 × 106 2.74 × 105 3.56 × 108 9.53 × 108 2.04 × 108

Eapp, kJ/mol 81.89 92.11 91.87 117.68 123.43 125.85

Si/Al = 23 tr Si/Al = 40 tr Si/Al = 50 tr Si/Al = 23 tr Si/Al = 40 tr Si/Al = 50 tr

ko, s−1 5.17 × 104 2.49 × 105 1.23 × 106 8.96 × 106 3.30 × 107 1.42 × 108

Eapp, kJ/mol 75.0 85.1 97.3 99.7 104.0 114.9

Eapp, average,
kJ/mol 80.2 88.6 94.6 108.7 113.7 120.4

ko,tr/ko,par 1.16 1.05 1.56 1.09 2.08 6.19

3. Materials and Methods
3.1. Catalyst Preparation

The starting ZSM-5 materials with different Si/Al ratios were kindly provided by SUD-
CHEMIE AG (H-MFI-90, Si/Al = 50) and ALSIPENTA zeolite GmbH (SH-27, Si/Al = 23),
respectively. The ZSM-5 sample of Si/Al = 40 ratio was synthesized according to [46]. All
these samples were denoted as (ZSM-5-par).

The treated ZSM-5 samples (ZSM-5-tr) were modified via etching using an aqueous
solution of hydrofluoric acid (Sigma-Aldrich, Taufkirchen, Germany) and ammonium
fluoride (Sigma-Aldrich, Taufkirchen, Germany). The solution was prepared from 60 mL
0.25 mol/L HF acid, 10 g NH4F and 60 g H2O, to which 1 g of well-dispersed ZSM-5 was
added. The so-obtained mixture was stirred for 20 min at 25 ◦C and then followed by
filtration, washing and drying at 80 ◦C.

The precursors were prepared by the introduction of ZSM-5-tr to an aqueous solution
of Co(C2H3O2)2.4H2O to obtain a 5 wt.% Co-ZSM-5-tr catalyst. The support was kept in
the solution for 5 min, after which the solution was separated and the sample was dried at
100 ◦C. After drying, the sample was placed again in the rest of the solution. The procedure
was repeated until the solution was completely absorbed. Finally, all samples were calcined
for 3 h at 450 ◦C in the air flow.

Taking into account the dissolved amount of Co(C2H3O2)2.4H2O, the final concentra-
tion of cobalt in the as-prepared samples was 5%.

3.2. Catalyst Characterization

The crystalline structure and phase composition of the samples were investigated via
an Empyrean diffractometer (PANalytical) equipped with a multichannel detector (Pixel
3D, PANalytical) using Cu Kα 45 kV–40 mA radiation in the 2θ range. The quantitative
phase compositions of the samples were obtained by using the X’Pert HighScore software.

The elemental analysis was carried out through WDXRF (Wave-dispersive X-ray
fluorescence) using a Spectrometer Rigaku Supermini 200.

The texture characteristics of the studied catalyst samples were determined through
low-temperature (77.4 K) nitrogen adsorption on a Quantachrome Instruments NOVA
1200e (Boynton Beach, FL, USA) instrument. The specific surface areas were calculated
using the Brunauer–Emmett–Teller (BET) equation. The total pore volumes and average
pore diameters were estimated at a relative pressure close to 0.99. The t-plot method was
used to determine the volume of micropores [47]. Before the measurements, the samples
were degassed for 16 h in vacuum at 200 ◦C. The scanning electron microscopy (SEM)
analyses were performed on a Philips 515 instrument at a 20 kV accelerating voltage.

X-ray photoelectron measurements were performed on an ESCALAB MkII (VG Sci-
entific, now Thermo Scientific, Waltham, MA, USA) electron spectrometer with a base
pressure in the analysis chamber of 5 × 10−10 mbar (9 × 10−8 mbar during measurement),
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equipped with a twin anode MgKα/AlKα non-monochromated X-ray source using excita-
tion energies of 1253.6 eV and 1486.6 eV, respectively. The measurements were performed
using only an AlKα non-monochromated X-ray source (1486.6 eV). The pass energy of
the hemispherical analyzer was 20 eV. The instrumental resolution was measured as the
full width at a half maximum (FWHM) of the Ag3d5/2, photoelectron peak is about 1 eV.
The energy scale calibration was performed by normalizing the Si2p line to 103.3 eV for
electrostatic sample charging. The obtained data were analyzed using SpecsLab2 Casa
XPS 2.3.25 software (Casa Software Ltd., Berlin, Germany). The processing of the spectra
involved a subtraction of the X-ray satellites using a Shirley-type background [48]. The
peak positions and areas were determined through a symmetrical Gaussian–Lorentzian
curve fitting. The relative concentrations of the different chemical species were evaluated
based on the normalization of the peak areas to their photoionization cross-sections, as
calculated by Scofield [49].

The temperature-programmed reduction via hydrogen (H2/TPR) was carried out
using a 10 mL.min–1 flow of 10% H2 in argon and a temperature ramp of 10 ◦C min–1 up to
700 ◦C. Prior to the TPR experiments, the samples were treated in argon flow at 150 ◦C for
1 h.

The ultraviolet–visible (UV-vis) spectra were recorded on a Thermo Scientific Evolution
300 spectrophotometer, equipped with a Praying Mantis Diffuse Reflectance Accessory
(Thermo Fisher Scientific).

NMR spectra were recorded on a Bruker Avance II+ 600 NMR spectrometer operating
at a 599.98 MHz 1H frequency (119.20 MHz for 29Si, 156.34 MHz for 27Al), using a 4 mm
solid-state CP/MAS dual 1H/X probe head. The samples were loaded into 4 mm zirconia
rotors and spun at magic-angle spinning (MAS) rates of 10 kHz for 29Si spectra and 14 kHz
for 27Al spectra. The quantitative 29Si NMR spectra were recorded via a single-pulse
sequence, 90◦ pulse length of 4.5 µs, 3 K time domain data points, spectrum width of
29 kHz, 1024 scans and a relaxation delay of 120 s. The spectra were processed using an
exponential window function (line broadening factor 50) and were zero-filled to 16 K data
points. The 27Al spectra were recorded using a single-pulse sequence, 90◦ pulse length
of 2.8 µs, 128 K time domain data points, spectrum width of 780 kHz, 1024 scans and a
relaxation delay of 0.5 s. The spectra were processed via an exponential window function
(line-broadening factor 50). The 1H→29Si cross-polarization MAS (CP-MAS) spectra were
acquired with the following experimental parameters: 1H excitation pulse of 3.6 µs, 2 ms
contact time, 5 s relaxation delay, more than 20,000 scans and a MAS rate of 10 kHz. A 1H
SPINAL-64 decoupling scheme was used during CP acquisition experiments.

3.3. Catalytic Activity

The tests of the complete catalytic oxidation reactions of propane and n-hexane on
the Co-ZSM-5 catalyst samples were carried out in a fixed bed reactor with a gaseous
hourly space velocity (GHSVSTP) of 100.000 h−1. The reaction temperature was controlled
in such a way that the maximal deviation did not exceed +/−1 ◦C. The inlet concentrations
of propane and n-hexane feed were 0.03 or 0.035 vol. %, respectively, and the oxygen
was at −16.0 vol. %. All the feed gas mixtures were balanced to 100% with nitrogen
(4.6). The total catalyst bed volume was adjusted to 0.5 cm3 (0.3 cm3 catalyst and 0.2 cm3

quartz—glass particles) and the reactor diameter was 6.0 mm (Dreactor/Dparticles ≥ 10).
Online gas-analyzers (CO/CO2/O2, Teledyne, Model T803, Teledyne API, Carroll Canyon
Road, San Diego, CA 92131, USA, 2011) and THC-FID (Horiba, Kyoto, Japan) were used
for the analysis of the total hydrocarbon content.

4. Conclusions

The modification of zeolites ZSM-5 with a different Si/Al ratio with a buffer solution
of HF and NH4F led to obtaining a material with secondary mesoporosity. The deposition
of cobalt from an aqueous solution of Co(C2H3O2)2.4H2O on the surface of treated samples
generated the formation of different cobalt oxide species: bulk-like Co3O4 phases strongly
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interacted with the support, the Co2+ in ion-exchange positions (γ and β sites) and silicate-
like phases. The mechanism of cobalt silicate phase formation was proposed, and it
included a replacement of silanol groups, the bridging hydrogens by Co and the inclusion
of the Co atoms in tetrahedral framework positions.

The catalysts, obtained through the use of ZSM-5 zeolites treated with HF and NH4F,
demonstrated higher activity in the reactions of propane and n-hexane complete oxidation
compared with the catalyst samples containing untreated zeolite. Both the finer dispersion
of metal particles on the hierarchical sample and the presence of secondary mesoporosity
played a positive role in increasing catalytic activity. The creation of additional porosity
improved the access of the reagents to the active sites.
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