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Abstract: Ti modification of mesoporous silica support has been reported as an effective way to
enhance Cr–Ti–Si interactions that, in turn, impact the catalytic dehydrogenation of ethane with CO2.
However, such modification necessitates a repeated, time-consuming and tedious process. In this
work, a simple, fast and facile approach has been utilized to synthesize chromium-oxide-loaded
titania–silica mesoporous nanocomposites. A series of Cr(y)/Ti(x)–Si mesoporous nanocomposite
catalysts with varying Ti and Cr contents were prepared and tested in the dehydrogenation of ethane
with carbon dioxide. The as-synthesized catalysts were characterized by XRD, TEM, SEM, BET,
UV–Vis–DR, XPS and H2–TPR techniques. The effect of titanium content, as well as chromium
loading on the performance of the prepared Cr(y)/Ti(x)–Si catalysts, was investigated. It was found
that 2.2 and 8 wt % are the optimum titanium and chromium contents in the synthesized catalysts
for obtaining the highest catalytic activity. The superior catalytic performance of the Cr(8)/Ti(2.2)–Si
catalyst can be attributed to a higher dispersion of the Cr species, as well as a higher content of the
redox Cr species on the surface of the Cr/Ti–Si catalyst. The results showed that the Cr(8)/Ti(2.2)–Si
catalyst efficiently dehydrogenated C2H6 in the presence of CO2 giving a 52.3% ethane conversion
and 48.0% ethylene yield at 700 ◦C reaction temperature.

Keywords: titania–silica; mesoporous nanocomposite; Cr catalyst; ethane oxidative dehydrogenation

1. Introduction

Ethylene is an essential feedstock used to produce a wide range of intermediate and final
petrochemical products such as ethylene oxide, polyethylene, styrene, ethylene glycol, ethylbenzene
and polyvinyl chloride [1–3]. Basically, thermal cracking of hydrocarbon cuts like natural gas and
naphtha is the conventional process for ethylene production [4,5]. Energy consumption, rapid coke
formation and enormous CO2 emissions are the main drawbacks of the thermal cracking process [6–8].

However, catalytic ethane dehydrogenation using oxygen or carbon dioxide has been proposed as
a good alternative to the thermal cracking process [9–12]. Nevertheless, the flammability of reactants
mixture, exothermic nature of the reaction and over-oxidation of ethylene represent the obstacles of the
dehydrogenation of ethane with oxygen [13–15].
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On the other hand, the exploitation of CO2 as a soft oxidant for ethane dehydrogenation overcomes
these obstacles where the nature of reaction becomes endothermic and high ethane conversion with
high ethylene yield and selectivity can be obtained at a low reaction temperature [11,12,15].

Over the last decades, a wide range of catalytic systems such as Cr [16–33], Ga [34–38], Ce [39,40],
Zn [41], Co [2,42–44], La [45,46], Fe [47], V [48,49], Ni [44,46,50], Mo [44,51], In [52] and Mn [47,53] have
been investigated for alkane dehydrogenation in the presence of CO2. Among the studied materials,
silica-supported chromium oxide has been proposed as the most promising catalytic system for ethane
dehydrogenation [13,19,21,26,54].

It has been proven that the catalytic performance of the Cr/silica system mainly depends on the
oxidation state of the Cr species, as well as the chromium–silica interaction. Cr species, with different
oxidation states (Cr(III) and Cr(VI)), coexist on the surface of calcined Cr/silica catalytic systems,
where Cr(VI) is the active phase or the component of the active phase for dehydrogenation or oxidative
dehydrogenation reactions [23–25,55–57]. However, the concentration of reducible Cr(VI) on the surface of
catalysts is crucial for the dehydrogenation reaction [58,59]. It has been reported that Cr(VI) will dominate
when the Cr content is below the monolayer coverage over silica support. At the same time, when the Cr
loading exceeds the monolayer coverage, the concentration Cr(III) increases, causing amorphous and
crystalline Cr2O3 to form [25]. Therefore, the high catalytic performance of the Cr/silica system can
be achieved when the Cr species are highly dispersed on the support and the Cr(VI)/Cr(III) ratio is
high. On the other hand, high surface area mesoporous silica received more attention to be used as a
support for high dispersion of chromium species. This material, in addition to its high surface area,
which is 3–4 times higher than the commercial silica, has a uniform pore structure with narrow pore
size distribution. So far, different mesoporous silica such as SBA-1 [24], SBA-15 [28], MSU-x [26,58] and
MCM-41 [22,32,33] have been investigated in the dehydrogenation of ethane with CO2 [24,26,27,29–33].

On the other hand, the interaction between Cr species and silica support is a key factor for the
catalytic activity of this system. It has been found that modifying support surfaces with metal oxide
enhances the dispersion of the active phases, as well as their interaction with the support [60–64].
Cecilia et al. doped SBA-15 silica with zirconium to generate a high number of acid centers that
enhance the interaction of active phases, e.g., vanadium/phosphorous with Zr–SBA-15 for the glycerol
dehydration reaction [60]. SBA-15 mesoporous silica was also modified with either titania or zirconia
in order to improve the interaction of molybdenum as active phases for the hydro-desulfurization
reaction [61]. Lizama et al. used titania modification to enhance the Ni–MO interaction with SBA-15 for
the deep hydro-desulfurization reaction [62]. Furthermore, the Cr/TS-1 catalytic system was investigated
for C2H6 dehydrogenation using CO2; the catalyst exhibited reasonable activity [63].

In order to enhance the performance of the Cr species for ethane dehydrogenation, Ce oxide was
employed to improve the interaction between Cr species and SBA-15 [28]. The results showed that
the role of Ce was to help improve the dispersion of the Cr species over SBA-15. Bai et al. performed
modification or the grafting of sulfate moieties into an SBA-15 support to boost the interaction of the
support with the Cr species, which impacted catalytic activity [65] Recently, we modified mesoporous
silica with titanium using the grafting method, then loading with chromium oxide. The prepared
catalyst was tested for ethane dehydrogenation in the presence of CO2 [64]. We found that modification
of MCM41 by titanium promotes the surface properties of the synthesized catalyst by enhancing
Cr–Ti–Si interactions, enhancing the activity in the ethane dehydrogenation [64].

Some of these grafting or modification processes were performed under an inert atmosphere in
the presence of an organic solvent and repeating such process several times to increase the content
of grafted elements. The process of grafting or modification usually takes place by forming mono or
multiple layers on the surface of the support molecules. However, such modifications necessitated
repeated, time-consuming and tedious processes. Composite materials that combine titania and
silica in a mesoporous structure have attracted more attention due to their potential properties and
applications in adsorption and catalysis.
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In this context, it is predictable that the performance of the supported chromium oxide catalytic
system can be enhanced if the mesoporous silica is replaced by titania–silica mesoporous nanocomposite
and used as a catalyst support. In the present study, we report a simple, fast and facile route to
prepare titania–silica mesoporous nanocomposites and use them as supports for chromium an oxide
catalytic system. A series of Ti(x)–Si supports with Ti content in the range of 1.3–9.2 wt % were
synthesized then impregnated with chromium precursor, characterized and tested in the oxidative
dehydrogenation of C2H6 with CO2. The ratio of titania/silica and the chromium content was optimized
in this investigation.

2. Experimental

2.1. Materials

Tetraethoxysilane and tetraisopropyl orthotitanate as silica and titania precursors were purchased
from Sigma-Aldrich. The chromium precursor (chromium nitrate nonahydrate) was purchased from
Alfa Aesar. N-hexadecyltrimethylammonium chloride (CH3(CH2)15N(Cl)(CH3)3, HTMACl, 25 wt %
aqueous solution; surfactant) and ammonium hydroxide solution (NH4OH, 28.0–30.0%) were received
from Sigma-Aldrich.

2.2. Catalyst Preparation

MCM-41 support was prepared at room temperature using n-HTMACl and TEOS as a surfactant
and silica precursor, respectively [27]. The titania–silica mesoporous nanocomposite was prepared
at the same condition but with the presence of TTIP as the titania source. In this case, titania and
silica sources were simultaneously added dropwise and a syringe pump was employed to control
the hydrolysis rate of the precursors. The obtained powder was washed, dried and then calcined at
500 ◦C for 4 h. The same procedure was repeated but with different amounts of TTIP to obtain samples
containing different TiO2 contents.

In the next step, Cr(y)/Ti(x)–Si catalysts were formed by the incipient wetness impregnation
method. The prepared samples were dried overnight before calcination in the air for 12 h at 650 ◦C.
The final synthesized catalysts were represented as Cr(y)/Ti(x)–Si, where x and y denote the nominal
weight percentage of Ti and Cr, respectively.

2.3. Catalyst Characterization

XRD patterns of the synthesized titania–silica mesoporous nanocomposite support, as well
as supported chromium oxide catalysts, were conducted via a PANalyticalX’Pert PRO MPD
(PANalytical, Netherlands) diffractometer. BET surface areas and pore size distributions of the prepared
Ti(x)–Si and Cr(y)/Ti(x)–Si samples were measured by a Micromeritics Tristar II 3020 surface area
and porosity analyzer (Micromeritics, Norcross, GA, USA). The ultraviolet–visible–diffuse reflectance
(UV–Vis–DR) spectra were conducted using the Shimadzu UV-2100 spectrometer (Shimadzu, Kyoto, Japan).
Elemental analysis was performed by PerkinElmer ICP optical emission spectrometers (Optima 8300
ICP-OES, Billerica, MA USA) and the contents of titanium and chromium were determined for all prepared
samples. Temperature programmed reduction (H2–TPR) analyses using a Micromeritics AutoChem II
2920 (Micromeritics, Norcross, GA, USA) instrument was employed to measure the reducibility of
the synthesized catalysts. A Unicam 4000 FTIR spectrometer (Jasco, Easton, PA, USA) was used to
characterize surface functional groups. A JEOL JEM-2100F transmission electron microscope (TEM)
(JEOL, Tokyo, Japan) and JEOL JEM-7500F scanning electron microscope (SEM) (JEOL, Tokyo, Japan)
were employed to investigate the sample’s inner and outer morphologies, respectively, in addition to
elemental dot mapping analysis.
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2.4. Catalyst Evaluation

Ethane dehydrogenation with CO2 was performed using the experimental rig shown in Figure S1.
A 0.3 g amount of the catalyst was packed into a 6 mm reactor tube made of stainless steel. The reaction was
carried out at atmospheric pressure and 600–700 ◦C reaction temperature. The reactants, C2H6/CO2/N2

(1/5/4), were introduced to the reactor system at a total flow rate of 45 mL/min. Pretreatment of the catalysts
was conducted by introducing air at 600 ◦C for an hour before starting the reaction. The products
of the dehydrogenation reaction and the unconverted reactants were measured using an online gas
chromatograph (Agilent 6890 N, Agilent Santa Clara, CA, USA).

The percentage ethane conversion along with ethylene yield and selectivity were calculated based
on the following equations:

C2H6 Conversion (%) (XC2H6) =
nC2H6in − nC2H6out

nC2H6in

× 100 (1)

C2H4 Yield (%) (YC2H4) =
nC2H4

nC2H6in

× 100 (2)

C2H4 Selectivity (%) (SC2H4) =
nC2H4

nC2H4 + nCH4

× 100 (3)

where ni is a number of moles of the compound i.

3. Results and Discussion

3.1. Catalysts Characterization

TEM and EDX elemental analysis were conducted to have more insight into the internal structure
and morphology of the synthesized Cr(8)/Ti(x)–Si catalysts, as well as the dispersity of chromium oxides
on the support surface and the images, as presented in Figure 1. The TEM image of Cr(8)/MCM-41
samples shown in Figure 1A reveals the formation of large particle sizes of chromium oxides with a size
range of 230–580 nm. The formation of large CrOx particles led to a lack of dispersity on the surface
as shown in Figure 1A (green). On the other hand, the introduction of titania with 2.2 wt % led to a
remarkable reduction of the catalyst particle size, as can be observed in the TEM images of Figure 1B,
where the particle size of Cr2O3 reduced to less than 50 nm. The TEM images of the Cr(8)/Ti(9.2)–Si
catalyst with higher titanium content shown in Figure 1C reveal the agglomeration of the chromium
species on the catalyst; the average size was around 160 nm. On the other hand, the EDX images of the
nanocomposite samples show improved dispersity of the Cr species, which can be referred to as their
superior migration and interaction with titania, where the formation of Cr–O–Ti–O–Si linking bonding
is thought to be the promotional role of titania in this catalytic system [64,66].

To identify the crystalline phases of the chromium-supported titania–silica mesoporous
nanocomposite catalysts, X-ray diffraction peaks were measured and are presented in Figure 2.
The peaks at 2θ = 24.5◦, 33.6◦, 36.2◦, 41.5◦, 50.2◦, 54.9◦, 63.4◦ and 65.18◦ could be indexed to the
diffractions of (012), (104), (110), (113), (023), (116), (212) and (300) planes of the rhombohedral Cr2O3

crystals (JCPDS 00-006-0504). The diffraction peaks of Cr2O3 were observed in all prepared samples.
In contrast, no diffraction peaks attributed to crystalline titania can be observed in the XRD patterns
of Cr(8)/Ti(x)–Si catalysts due to the strong diffraction peaks of chromium and low crystallization
tendency of TiO2 at the examined titania content.

Figure 3A,B presents the N2 adsorption–desorption isotherms and the distribution of pore sizes
for all prepared Cr(8)/Ti(x)–Si catalysts. The textural properties of these samples were measured and
the results are displayed in Table 1. The prepared samples possessed the isotherm of type IV along
with a hysteresis loop of type H1 where both are the characteristics of mesoporous materials.
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Table 1. Textural properties of the MCM-41, Cr(8)/MCM-41, Ti(x)–Si nanocomposite and
Cr(8)/Ti(x)–Si samples.

Catalyst BET
(m2/g)

Pore Volume
(cm3/g)

Pore Size
(nm)

Cr Surface Density
(Cr/nm2) b

Cr Particle
Size a (nm)

Cr(8)/MCM-41 794 0.86 3.02 1.170 24.14
Cr(8)/Ti(1.3)–Si 750 0.98 3.29 1.235 20.03
Cr(8)/Ti(2.2)–Si 742 0.90 3.27 1.249 20.63
Cr(8)/Ti(4.1)–Si 730 0.87 3.27 1.269 20.61
Cr(8)/Ti(5.3)–Si 717 0.85 3.26 1.292 20.89
Cr(8)/Ti(7.4)–Si 643 0.75 3.29 1.441 21.35
Cr(8)/Ti(9.2)–Si 621 0.63 3.28 1.491 21.82

a Estimated by Scherer’s equation from XRD patterns at 2θ ≈ 55. b Dispersity of Chromium (Cr Surface Density =
NA × (Cr wt %/Cr mol.wt)/SBET) [33,64,67].

Capillary condensation of nitrogen molecules within the pores of MCM-41 and Ti(x)–Si samples
occurred when the relative pressure exceeded 0.3, suggesting the mesoporous nature of the synthesized
nanocomposite. Figure 3B shows the distribution of the pore size calculated using the BJH method.
Cr(8)/MCM-41 and Cr(8)/Ti(x)–Si mesoporous nanocomposite catalysts display a uniform and narrow
pore size distribution centered at 3 nm for the former and around 3.3 nm for the nanocomposite
(Table 1). Moreover, the synthesized nanocomposite samples show high BET surface areas that tend to
decrease with increasing TiO2 content (Table 1).

The chemical composition, as well as the oxidation states of the elements, was investigated for
all prepared samples by using X-ray photoelectron spectroscopy (XPS). The XPS measurement was
conducted for Cr(8)/MCM-41 and Cr(8)/Ti(x)–Si (x = 2.2, 5.3 and 9.2 wt %) samples. The spectra are
presented in Figure S2 and Figure 4. The XPS survey spectra of these samples show that chromium,
oxygen, silicon and carbon elements are present in all prepared samples (Figure S2A). The peak positions
of all elements are in agreement with the values reported in the literature [68]. Moreover, an additional
peak centered at 456.9 eV can be observed in the XPS survey spectra of titania–silica mesoporous
nanocomposite samples which can be due to Ti2p binding energy.
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To better understand the composition and crystalline phase of TiO2, the high-resolution XPS
spectra of Ti2p of Cr(8)/(x)–Ti–Si samples were measured. Figure S2B shows that the Ti2p spectrum
can be deconvoluted into two main peaks. The peak located at 464 eV corresponds to Ti (2p1/2) while
the peak at 458.3 eV is assigned to Ti (2p3/2). The difference between the Ti (2p1/2) and Ti (2p3/2) core
level is around 5.7 eV, which indicates the presence of a normal state of Ti4+ in the anatase phase of
TiO2 [69,70].

The finely scanned XPS spectra of Cr2p of all synthesized samples are shown in Figure 4.
The spectra are composed of two peaks with binding energies of 575.60 and 585 eV that can be
attributed to the Cr2p3/2 and Cr2p1/2 levels, respectively. By using peak-fitting software, these XPS
peaks can be further divided into two more peaks representing Cr(VI) and Cr(III) ions. The Cr2p3/2

spectrum consists of peaks at 575.5(+/−0.5) and 577.68 which can be assigned to Cr(III) and Cr(VI) ions,
respectively. The quantitative results are presented in Table 2.

Table 2. XPS results of Cr(8)/MCM-41 and Cr(8)/Ti(x)–Si-nanocomposites where x = 2.2, 5.3 and
9.2 wt % catalysts.

Catalyst
Cr 2p3/2 Binding Energy (eV)

Cr(VI)/Cr(III)
Cr(VI) Cr(III)

Cr(8)/MCM-41 575.77 577.84 0.882
Cr(8)/Ti(2.2)–Si 575.74 577.47 2.062
Cr(8)/Ti(5.3)–Si 575.49 576.98 1.451
Cr(8)/Ti(9.2)–Si 575.41 576.92 1.052

It can be observed that all synthesized catalysts have almost similar binding energy (BE) values,
but with variances in the Cr(VI)/Cr(III) ratios. The Cr(VI)/Cr(III) ratio of the Cr(8)/Ti-(X)–Si sample
(x = 2.2, 5.3 and 9.2 wt %) significantly decreases with increasing TiO2 contents in the mesoporous
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composite, while the Cr(8)/Ti(2.2)–Si showed the highest Cr(VI)/Cr(III) ratio of 2.062. Based on the
domination of Cr(VI) as the active phase of chromium species, it is expected that the Cr(8)/Ti(2.2)–Si
catalyst will show high catalytic performance toward ethane dehydrogenation.

More information about the oxidation state of chromium oxide was reached from analysis
using ultraviolet–visible–diffuse reflectance (UV–Vis–DR) and the spectra are shown in Figure 5.
The absorbance of Cr(8)/Ti(x)–Si samples were higher than the Cr(8)/MCM-41 sample due to the existence
of titania, which can be considered spots for absorbing photons for the prepared nanocomposite
catalysts. Beside the reported data, the absorption bands at 260 and 370 nm can be attributed to the
O2−
→Cr(VI) charge transfer transition of the tetrahedral chromate species. Nevertheless, the bands at

470 and 600 nm can be assigned to the d–d transitions of octahedral Cr(III) species in Cr2O3 or CrOx

clusters [16,59,71–74].
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titanium content wt %.

The reducibility of the supported chromium oxide on both pure mesoporous silica and titania–silica
mesoporous nanocomposites has been investigated using H2–TPR measurements and the profiles are
presented in Figure 6 and Table 3. One can observe that two obvious peaks occurred in the H2–TPR
profiles spectrum for all samples, which can be assigned to Cr(VI) species reduction. From the literature,
the peak around 270 ◦C was attributed to the reduction of formed Cr(VI) species on the catalyst surface,
while the reduction peak at 405–430 ◦C was attributed to the reduction of the interacted Cr(VI) species
with the support framework [19,27,75]. These results are in agreement with XPS and the UV–Vis–DRS
results that proved clearly the coexistence of both Cr(VI) and Cr(III) species on the catalyst surface. It is
noteworthy that the TPR profile of Cr(8)/MCM-41 shows a sharp reduction peak around 270 ◦C, and a
broad small peak around 430 ◦C. This suggests that most Cr(VI) species are existing as bulk oxides
that disperse outside the silica matrix. In contrast, a small fraction of chromate species binds with the
MCM-41 framework, so that a weak interaction between chromium species and silica support was
formed [27]. On the other hand, H2–TPR profiles for Cr(8)/Ti(x)–Si nanocomposites show different
intensities of reduction peak compared with those of MCM-41. Based on the results, the intensity of the
270 ◦C reduction peak is lowered when the titania–silica nanocomposite was employed as a support
instead of silica, indicating that most Cr(VI) species interacted well with the nanocomposite support,
and less reducible Cr species present apart from the support. Simultaneously, increased intensity of the
second reduction peak (at around 405 ◦C) suggests that the Cr(8)/Ti(2.2)–Si sample possesses excellent
chromium-support interaction.
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Table 3. Reducibility data obtained from H2–TPR profiles of Cr(8)/MCM-41 and Cr(8)/Ti(x)–Si catalysts.

Catalysts H2 Uptake
(µmol/g)

H2/Cr Total
(mol/mol)

First Cr(VI)
Peak Area

Second Cr(VI)
Peak Area

Second Cr(VI) Peak
Area/Total Area

Cr(8)/MCM-41 386.14 0.251 2.06 1.13 0.35
Cr(8)/Ti(2.2)–Si 384.16 0.249 0.86 2.52 0.75
Cr(8)/Ti(4.1)–Si 368.63 0.240 1.63 2.29 0.58
Cr(8)/Ti(5.3)–Si 359.13 0.233 1.73 2.12 0.55
Cr(8)/Ti(7.4)–Si 342.48 0.223 1.60 0.73 0.31
Cr(8)/Ti(9.2)–Si 327.26 0.213 2.11 0.66 0.24

On the other hand, the intensity of the first peak slightly increased with increasing TiO2 content
from 2.2 to 9.2 wt % in the nanocomposite samples. This peak is assigned to the reduction of both
Cr(VI) and Ti4+ that interacted with the framework of silica [76,77]. The peak intensity varies due to
the rise of Ti4+ content which is also reduced at this temperature. In contrast, raising titania content
above 2.2 wt % decreases the intensity of the 405–430 ◦C peak, at which Cr(VI) is in the interaction with
silica support undergoes reduction. This interaction can be explained by the formation of a thicker
titania layer which isolates the reducible Cr species from the silica matrix [64].

Hydrogen uptake per each gram of catalyst, hydrogen/chromium ratio (mol/mol ratio) and Cr(VI)
reduction peaks area are illustrated in Table 3. From these results, the highest values of H2 uptake and
H2/Cr ratio were recorded for the Cr(8)/MCM-41 and Cr(8)/Ti(2.2)–Si catalysts. The H2 consumption
for these two samples is almost the same owing to their similar chromium content. It is interesting
to note that Cr(VI) distribution between the surface and inside the matrix of these two samples are
totally different. Table 3 shows that 75% of Cr(VI) species are in robust interaction with the support
framework for Cr(8)/Ti(2.2)–Si sample compared to only 35% for Cr(8)/MCM-41 one. Hence, the high
stability of reducible chromium for Cr(8)/Ti(2.2)–Si catalyst is expected.

Furthermore, increasing titania content above 2.2% led to a steep decrease of the interacted
fraction of reducible chromium with the silica matrix in the nanocomposite catalyst, reaching 0.24
for the Cr(8)/Ti(9.2)–Si catalyst. This result suggests that a continuous increase of titania contents
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within the mesoporous nanocomposite could cause insulation of the Cr species from the silica
matrix. Moreover, H2 consumption per each gram of the catalyst and H2/Cr ratio shows the same
tendency, where the H2 uptake fell from 384.16 µmol H2/g for Cr(8)/Ti(2.2)–Si to 327.26 µmol H2/g
for Cr(8)/Ti(9.2)–Si while H2/Cr ratio dropped from 0.249 to 0.213 mol/mol for the same catalysts.
It can be concluded that the fraction of Cr(III) species increases with increasing titania percent in the
nanocomposite, where Cr2O3 the phase dominates at the higher titania content samples. These findings
are well consistent with the information obtained from XRD, XPS and UV–Vis–DR measurements.

By merging TPR results with XPS, UV–Vis–DR and XRD data, it can be noted that the Cr(8)/Ti(2.2)–Si
catalyst has a high concentration of reducible chromium species with uniform dispersion and strong
interaction with the mesoporous support structure. Therefore, high catalytic activity with good stability
is expected for this catalytic system. In contrast, increasing titania percent above 2.2 wt % increased
the concentration of non-redox Cr species that, in turn, could drop the catalytic activity.

3.2. Catalytic Activity

The catalytic activity of the synthesized catalysts was examined for the ethane dehydrogenation
in the presence of CO2 as oxidant and results are displayed in Figure 7A–C). The catalytic activities of
all synthesized catalysts are clearly dependent on the reaction temperature.Crystals 2020, 10, x FOR PEER REVIEW  11 of 17 
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yield of Cr(8)/Ti(x)–Si nanocomposite catalysts at different reaction temperatures.

Ethane conversion, as well as ethylene yield, increases with elevating reaction temperature owing
to the endothermic nature of this reaction while the ethylene selectivity slightly drops due to cracking
side reactions that dominate at high reaction temperatures. From Figure 7, the maximum ethane
conversion over the Cr(8)/MCM-41 catalyst was 44.4% with an ethylene yield of 41.0%. Using the
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titania–silica mesoporous nanocomposite leads to a significant improvement in the performance, where
both ethane conversion and ethylene yield rise steeply with increasing titania contents up to 2.2 wt %.
The highest values of conversion and yield were 52.3% and 48.0%, respectively, at 700 ◦C. A further increase
in the titania content led to a drop in both ethane conversion and ethylene yield due to the formation
of less or non-active Cr species. The recorded ethylene selectivity over all tested catalysts was more
than 90%, which agrees with the literature over similar catalytic system (Cr/silica) [14,15,22,63,64,67].
Hence, the Cr(8)/Ti(2.2)–Si catalyst is superior among other catalysts at all reaction temperatures.
The high catalytic conversion of Cr(8)/Ti(2.2)–Si catalyst Cr(8)/Ti(2.2)–Si catalyst can be explained based
on the chemical and physical properties of the developed sample. The chemical properties revealed
by TPR and XPS analyses have indicated that active chromium ratio Cr+6/Cr+3 was highest in the
Cr(8)/Ti(2.2)–Si catalyst. In addition, this sample also showed a superior percentage of reducible Cr6+

species that are responsible for effective ethane dehydrogenation. On the other hand, physical properties
obtained by microscopy that included TEM imaging and elemental mapping showed the two main
points of small sizes of the Cr species along with their better dispersity. Moreover, based on the
findings of Jehng et al. [66], TiO2 at low a concentration (2.2 wt %) will provide a promotional impact
by constructing linking bonding (Cr–O–Ti–O–Si) between silica and Cr species through Ti ones.

On the other hand, the influence of the Cr contents on the catalytic activity was also studied
and the results are presented in Figure 8. Both ethane conversion and ethylene yield increased by
increasing the chromium loading and both reached their maximum values for 8 wt % of the Cr catalyst.
A further increase of Cr loading decreased both values because of the formation of a non-redox Cr
species. Crystalline α-Cr2O3 was found to be less active in the dehydrogenation reactions [22,27].
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Catalytic stability of the superior catalyst, Cr(8)/Ti(2.2)–Si, was also investigated by continuously
running the dehydrogenation reaction over this catalyst for 10 h. The results are displayed in Figure 9.
It can be seen that ethane conversion and ethylene yield over the Cr(8)/Ti(2.2)–Si catalyst decreases slowly
with time-on-stream while the selectivity to ethylene almost remains constant around 92–95% after 10 h
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of reaction time. Lowering the number of reducible chromium species in addition to coke formation
are reasonable explanations for such a reduction in catalytic activity. However, Cr(8)/Ti(2.2)–Si catalyst
still exhibited reasonable stability after 10 h on stream operation. Therefore, as conclusive remarks,
the concentration of high oxidation state reducible chromium species (Cr(VI)) with small size and
uniform dispersion are responsible for the superior catalytic performance of the Cr(8)/Ti(2.2)–Si catalyst.Crystals 2020, 10, x FOR PEER REVIEW  13 of 17 
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Figure 9. Ethane conversion, ethylene yield and selectivity versus time-on-stream over Cr(8)/Ti(2.2)–Si
Nanocomposite catalyst at 700 ◦C.

4. Conclusions

In this study, titania–silica mesoporous nanocomposites were synthesized with different titanium
contents before impregnation of chromium oxide and examination for oxidative ethane dehydrogenation
using CO2. The variation of the titanium content changed the relative crystallinity, as well as the
surface area of Ti(x)–Si samples. The characterization results indicated that Ti(x)–Si, with a Ti content
of 2.2%, has superior relative crystallinity with appropriate surface area and uniformity, as well as a
greater ratio of Cr(VI)/Cr(III). The presence of 2.2% titanium stabilized the reducible Cr species at their
high oxidation number in addition to the enhancement of chromium dispersity and metal–support
interaction. It has also been found that for superior catalytic activity, the optimum chromium content is
8 wt %. The highest ethane conversions and ethylene yields obtained at 700 ◦C over the Cr(8)/Ti(2.2)–Si
catalyst were 52.3% and 48.0%. Furthermore, this nanocomposite catalyst has shown good stability for
more than 10 h on the stream.
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49. Ogonowski, J.; Skrzyńska, E. Conversion of Lower Hydrocarbons in the Presence of Carbon Dioxide:
The Theoretic Analysis and Catalytic Tests over Active Carbon Supported Vanadium Oxide. Catal. Lett. 2008,
124, 52–58. [CrossRef]

50. Qiao, A.; Kalevaru, V.N.; Radnik, J.; Martin, A. Oxidative dehydrogenation of ethane to ethylene over
Ni–Nb–M–O catalysts: Effect of promoter metal and CO2-admixture on the performance. Catal. Today 2016,
264, 144–151. [CrossRef]

51. Solymosi, F.; Németh, R. The oxidative dehydrogenation of ethane with CO2 over Mo2C/SiO2 catalyst.
Catal. Lett. 1999, 62, 197–200. [CrossRef]

52. Chen, M.; Xu, J.; Liu, Y.-M.; Cao, Y.; He, H.-Y.; Zhuang, J.-H. Supported indium oxide as novel efficient
catalysts for dehydrogenation of propane with carbon dioxide. Appl. Catal. A 2010, 377, 35–41. [CrossRef]

53. Zhu, J.; Qin, S.; Ren, S.; Peng, X.; Tong, D.; Hu, C. Na2WO4/Mn/SiO2 catalyst for oxidative dehydrogenation
of ethane using CO2 as oxidant. Catal. Today 2009, 148, 310–315. [CrossRef]

54. Wu, R.; Xie, P.; Cheng, Y.; Yue, Y.; Gu, S.; Yang, W.; Miao, C.; Hua, W.; Gao, Z. Hydrothermally prepared
Cr2O3–ZrO2 as a novel efficient catalyst for dehydrogenation of propane with CO2. Catal. Commun. 2013,
39, 20–23. [CrossRef]

55. Hakuli, A.; Harlin, M.E.; Backman, L.B.; Krause, A.O.I. Dehydrogenation of i-Butane on CrOx/SiO2 Catalysts.
J. Catal. 1999, 184, 349–356. [CrossRef]

56. Wang, G.; Zhang, L.; Deng, J.; Dai, H.; He, H.; Au, C.T. Preparation, characterization, and catalytic activity
of chromia supported on SBA-15 for the oxidative dehydrogenation of isobutane. Appl. Catal. A 2009,
355, 192–201. [CrossRef]

57. Kim, D.S.; Tatibouet, J.-M.; Wachs, I.E. Surface structure and reactivity of CrO3/SiO2 catalysts. J. Catal. 1992,
136, 209–221. [CrossRef]

58. 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]

59. Puurunen, R.L.; Weckhuysen, B.M. Spectroscopic Study on the Irreversible Deactivation of Chromia/Alumina
Dehydrogenation Catalysts. J. Catal. 2002, 210, 418–430. [CrossRef]

60. Cecilia, J.A.; García-Sancho, C.; Mérida-Robles, J.M.; Santamaría-González, J.; Moreno-Tost, R.;
Maireles-Torres, P. V and V–P containing Zr-SBA-15 catalysts for dehydration of glycerol to acrolein.
Catal. Today 2015, 254, 43–52. [CrossRef]

61. Klimova, T.; Gutiérrez, O.; Lizama, L.; Amezcua, J. Advantages of ZrO2- and TiO2–SBA-15 mesostructured
supports for hydrodesulfurization catalysts over pure TiO2, ZrO2 and SBA-15. Microporous Mesoporous Mater.
2010, 133, 91–99. [CrossRef]

62. Lizama, L.; Amezcua, J.C.; Klimova, T. Development of New Hybrid TiO2/SBA-15 Mesoporous Molecular
Sieves and Their Use as Supports for Deep Hydrodesulfurization NiMo Catalysts. In Studies in Surface Science
and Catalysis; Gédéon, A., Massiani, P., Babonneau, F., Eds.; Elsevier: Amsterdam, The Netherlands, 2008;
Volume 174, pp. 1351–1354.

http://dx.doi.org/10.1016/j.jcat.2004.05.007
http://dx.doi.org/10.1016/j.jcat.2016.02.004
http://dx.doi.org/10.1016/j.cattod.2003.11.015
http://dx.doi.org/10.1016/S2095-4956(13)60086-8
http://dx.doi.org/10.1023/A:1019015509871
http://dx.doi.org/10.1016/S0920-5861(03)00268-2
http://dx.doi.org/10.1007/s10562-008-9438-0
http://dx.doi.org/10.1016/j.cattod.2015.08.043
http://dx.doi.org/10.1023/A:1019027912597
http://dx.doi.org/10.1016/j.apcata.2010.01.011
http://dx.doi.org/10.1016/j.cattod.2009.07.074
http://dx.doi.org/10.1016/j.catcom.2013.05.002
http://dx.doi.org/10.1006/jcat.1999.2468
http://dx.doi.org/10.1016/j.apcata.2008.12.020
http://dx.doi.org/10.1016/0021-9517(92)90120-7
http://dx.doi.org/10.1021/cs300198u
http://dx.doi.org/10.1006/jcat.2002.3686
http://dx.doi.org/10.1016/j.cattod.2014.12.024
http://dx.doi.org/10.1016/j.micromeso.2010.04.019


Crystals 2020, 10, 322 16 of 16

63. Zhao, X.; Wang, X. Oxidative dehydrogenation of ethane to ethylene by carbon dioxide over Cr/TS-1 catalysts.
Catal. Commun. 2006, 7, 633–638. [CrossRef]

64. Al-Awadi, A.S.; El-Toni, A.M.; Al-Zahrani, S.M.; Abasaeed, A.E.; Alhoshan, M.; Khan, A.; Labis, J.P.;
Al-Fatesh, A. Role of TiO2 nanoparticle modification of Cr/MCM41 catalyst to enhance Cr-support interaction
for oxidative dehydrogenation of ethane with carbon dioxide. Appl. Catal. A 2019, 584, 117114. [CrossRef]

65. Bai, P.T.; Srinath, S.; Upendar, K.; Sagar, T.V.; Lingaiah, N.; Rao, K.R.; Prasad, P.S. Oxidative dehydrogenation
of ethane with carbon dioxide over Cr2O3/SBA-15 catalysts: The influence of sulfate modification of the
support. Appl. Petrochem. Res. 2017, 7, 107–118.

66. Jehng, J.-M.; Wachs, I.E.; Weckhuysen, B.M.; Schoonheydt, R.A. Surface chemistry of silica–titania-supported
chromium oxide catalysts. J. Chem. Soc. Faraday Trans. 1995, 91, 953–961. [CrossRef]

67. Al-Awadi, A.S.; Al-Zahrani, S.M.; El-Toni, A.M.; Abasaeed, A.E. Dehydrogenation of Ethane to Ethylene by
CO2 over Highly Dispersed Cr on Large-Pore Mesoporous Silica Catalysts. Catalysts 2020, 10, 97. [CrossRef]

68. Moulder, J.F. Handbook of X-ray Photoelectron Spectroscopy; Physical Electronics: Eden Prairie, MN, USA,
1995; pp. 230–232.

69. Wu, D.; Ma, J.; Bao, Y.; Cui, W.; Hu, T.; Yang, J.; Bai, Y. Fabrication of Porous Ag/TiO2/Au Coatings with
Excellent Multipactor Suppression. Sci. Rep. 2017, 7, 43749. [CrossRef]

70. Yurddaskal, M.; Dikici, T.; Yildirim, S.; Yurddaskal, M.; Toparli, M.; Celik, E. Fabrication and characterization
of nanostructured anatase TiO2 films prepared by electrochemical anodization and their photocatalytic
properties. J. Alloys Compd. 2015, 651, 59–71. [CrossRef]

71. Ayari, F.; Mhamdi, M.; Álvarez-Rodríguez, J.; Ruiz, A.R.G.; Delahay, G.; Ghorbel, A. Selective catalytic
reduction of NO with NH3 over Cr-ZSM-5 catalysts: General characterization and catalysts screening.
Appl. Catal. B Environ. 2013, 134, 367–380. [CrossRef]
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