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a b s t r a c t

Novel mesoporous 0.25Cr2O3e0.75ZrO2 nanomaterials were successfully synthesized via hydrothermal
method in the presence of anionic, cationic and non-ionic surfactants, namely, SDS, CTAB and Triton X-
100, respectively. The effect of different surfactants and their concentrations on the physicochemical
properties and the catalytic activity of the catalysts were studied by the XRD, HR-TEM, FT-IR, BET, UV
evis/DR, NH3-TPD and ethanol oxidation techniques. XRD results indicated that all the as-prepared
nanomaterials were amorphous materials. The morphology study demonstrated that the sample with
CTAB has the smallest particle size while that with SDS has the largest value. The catalysts prepared with
non-ionic and cationic surfactants have the highest surface area and the pore volume while those pre-
pared with anionic or without surfactant have the smallest values. Additionally, the surface area of the
catalysts decreases with increasing the surfactant content. The optical study indicated that the absorp-
tion peak of the nanomaterials shifts towards the short wavelength by changing the various surfactants.
It is well-observed by NH3-TPD that the non-ionic and cationic surfactants enhanced the amount of
acidic sites on the catalyst surface. These results indicate that the catalytic activity of mesoporous cat-
alysts can be improved effectively by the addition of non-ionic and cationic surfactants.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Nanotechnology involves the study of the synthesis, character-
ization, and properties of nanomaterials [1]. The emergence of
nanotechnology has led to innovations in many areas of electronics,
energy management, structural materials, construction, informa-
tion technology, pharmaceuticals, and medical devices. The largest
share of the manufacturing and application market among the
different nanomaterials belongs to metal oxide nanomaterials [2].
Transition metal oxide nanoparticles represent a broad class of
materials that have been investigated extensively due to their
interesting catalytic, electronic, and magnetic properties relative to
those of the bulk counterparts, and the wide scope of their po-
tential applications [3,4]. Among these materials, chromium oxides
have attractedmuch attention recently because of their importance
both in science and technology [5]. Special attention has been
focused on the formation and properties of chromia (Cr2O3), which
is important in specific applied applications such as in green
larashaad@edu.asu.edu.eg.
pigments [6], ceramic coatings [7], gas sensors [8], catalysts [9],
antitumor applications [10] and solar energy application [11]. As
well as, zirconia has been widely studied because of its attractive
technological properties, including high thermal and chemical
stability, good mechanical strength and wear resistance, excellent
dielectric properties and good ion-exchange properties [12]. Due to
their prominent physical and chemical properties, zirconia (ZrO2)
ceramic materials have been widely used in modern engineering
and industry fields, such as chemical sensors [13], magnetic ma-
terials [14], thermal barrier coatings [15], refractory materials [16],
catalysts [17] and biomedical applications [18].

Since the size and morphologies of nanomaterials have signifi-
cant influence on their properties, many efforts have been devoted
to fabricate nanostructured materials [19,20]. As we know, surfac-
tant is widely used as additive to control the structure and mor-
phologies of conducting polymers and inorganic species [21,22].
The surface active agents, or also known as surfactants were mol-
ecules that have tendency to adsorb at the surfaces and interfaces.
They have a dual chemical structure, one part of the molecule is
hydrophilic and the other is hydrophobic. Surfactant with amphi-
philic character adsorb on the interface to reduce the free energy of
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phase boundary [23].
Catalytic technologies are critical to present and future energy,

chemical process, and environmental industries [24]. For instance,
catalytic conversion of alcohol over metal oxides into hydrocarbons
is useful for petrochemical raw materials or as a motor fuel [25].
Ethanol dehydration with diethyl ether (DEE) and/or ethylene for-
mation occurs lightly on acid heterogeneous catalysts [26].
Furthermore, the ethylene is one of the major feedstock of the
petrochemical industry.

Nevertheless, to the best of our knowledge, the systematic
investigation of the effects of different types of surfactants (anionic,
cationic and non-ionic) on the mesoporous 0.25Cr2O3e0.75ZrO2
binary oxide catalyst for ethanol oxidation has not been reported.
To improve the performance of the as-prepared mesoporous cata-
lysts, it is essential to make insight into the characteristics with
different surfactants. Continuing my previous work [27], herein,
three kinds of surfactants with two different concentrations, that is,
SDS (anionic), CTAB (cationic), and Triton X-100 (non-ionic), were
used as surfactants to prepare 0.25Cr2O3e0.75ZrO2 nanomaterials
via hydrothermal process. As well as the effect of different surfac-
tants on the structural, optical, acidity and catalytic properties of
the corresponding novel mesoporous 0.25Cr2O3e0.75ZrO2 cata-
lysts were characterized by X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HR-TEM), energy dispersive
spectroscopic (EDS), Fourier transform infrared spectroscopy (FT-
IR), N2 adsorptionedesorption measurements (BET), UVevisible
diffuse reflectance spectroscopy (UVevis/DR), temperature-
programmed desorption profile of NH3 (NH3-TPD) and the oxida-
tion of ethanol.
2. Experimental

2.1. Materials

All the chemicals in this work were of analytical grade and used
as received without further purification. The water used
throughout all experiments was well purified. Cr(NO3)3$9H2O
(Oxford) as chromia source; ZrOCl2$8H2O (Oxford) as zirconia
source; ammonium hydroxide (NH4OH) (Alpha); ethanol (absolute)
(for HPLC, � 99%) and acetylacetone (acac) (99% purity). Sodium
dodecyl sulfate (SDS, CH3(CH2)11SO4Na) (Oxford), cetyl-
trimethylammonium bromide (CTAB, CH3(CH2)15N(CH3)3Br) (BDH),
and T-octylphenoxypoly-ethoxyethanol (Triton X-100) (TX-100,
C34H62O11) (Merck) were used as cationic, anionic and non-ionic
surfactants.
2.2. Catalyst preparation

Mesoporous 0.25Cr2O3e0.75ZrO2 catalyst synthesized at 210 �C
for 3 h (CZ-H213), which had the highest ethanol conversion and
ethylene production among 0.25Cr2O3e0.75ZrO2 binary oxide
catalysts [27], were prepared by hydrothermal method.
0.25Cr2O3e0.75ZrO2 nanomaterials were prepared in this work
using the method of surfactant-assisted hydrothermal. Three
different surfactants were used to synthesize the catalysts as
following steps.
2.2.1. Catalyst preparation by anionic surfactant
In brief, the 0.25Cr2O3e0.75ZrO2 nanomaterials were prepared

by adding an aqueous solution containing two different concen-
trations of SDS (0.1 and 0.6 M), 9 mL acetylacetone (acac), and
30 mL of ethanol to a mixed aqueous solution of Cr(NO3)3$9H2O
and ZrOCl2$8H2O ([Cr]þ[Zr]) ¼ 1.0 M.
2.2.2. Catalyst preparation by cationic and non-ionic surfactants
In a typical synthetic route, the 0.25Cr2O3e0.75ZrO2 nano-

materials were prepared by adding an aqueous solution containing
two different concentrations of CTAB and TX-100 (0.1 and 0.6 M) to
a mixed aqueous solution of Cr(NO3)3$9H2O and ZrOCl2$8H2O
([Cr]þ[ Zr]) ¼ 1.0 M.

Finally, the three different mixtures were stirred for 30 min and
then aqueous ammonia (2.0 M) was slowly added with vigorous
stirring till the pH was 10. The above mixtures were stirred for
another 90 min, and then transferred into a stainless Teflon-lined
100 mL capacity autoclave at 210 �C for 3 h. After this time, the
autoclave was quenched to room temperature and the resulting
precipitate was centrifuged and washed repeatedly with doubly
distilled water to remove the free surfactant, products were heated
at 50 �C for several hours to remove water. In order to describe
simply, the final products were denoted as CZ-HXY, in which (X ¼ S,
C or T refers to SDS, CTAB or TX-100) and (Y ¼ 0.1 or 0.6 M refers to
surfactant concentration). The mesoporous 0.25Cr2O3e0.75ZrO2
catalyst which was hydrothermally synthesized previously [27] at
210 �C for 3 h (CZ-H213) surfactant-free using for comparison.

2.3. Catalyst characterization

X-ray diffraction powder patterns were recorded at room tem-
perature on a Philips Xpert powder diffractometer, using the
BraggeBrentano configuration and the CuKa, radiation
l ¼ 1.5406 Å. The morphology of the catalysts was observed by
high-resolution transmission electron microscope (HR-TEM)
equippedwith energy dispersive spectroscopic (EDS) microanalysis
system (JEM-2100CX (JEOL). Fourier transform infrared spectros-
copy (FT-IR) was recorded on a Jasco IR 4100 spectrometer (Japan)
using KBr pellets. The textural characteristics of the mesoporous
catalysts were determined using a Quantachrome NOVA 2000
Autosorb Gas Sorption System instrument (USA). The surface area
was calculated from adsorptionedesorption of nitrogen at 77 K
using the multi-point BrunauereEmmetteTeller (BET) method.
Before each N2 sorption measurement, the samples were outgassed
for 2 h at 200 �C. The total pore volume, Vp was estimated to be the
liquid volume of the nitrogen at a relative pressure of about 0.99.
The pore size distribution and pore diameter of the catalysts were
determined from desorption branch of the isotherm using Barrett,
Joyner, Halenda (BJH) method. UVevisible diffuse reflectance
spectroscopy (UVevis/DR) was carried out on JASCO V-550 spec-
trometer (Japan) equipped with an integrating sphere accessory for
diffuse reflectance spectra. Barium sulfate was used as a reference.
The temperature-programmed desorption profile of NH3 (NH3-
TPD) study was performed on a BELCAT-B catalyst analyzer with
TCD detector (Japan). The catalyst was put in the cell and heated in
helium atmosphere at 500 �C for 3 h. After cooling the catalyst to
room temperature the NH3 was passed (10% in He gas) with flow
rate 30 ml/min for 1 h to saturate acid sites of the catalyst. After-
wards the TPD experiment was carried out by purging heliumwith
a rate of 30 mL/min from 25 to 900 �C with a temperature ramp at
5 �C/min.

2.4. Catalytic activity test

The catalytic oxidation of ethanol was performed in a fixed-bed
flow reactor at atmospheric pressure. Typically, 100 mg sample was
placed in a Pyrex glass reactor tube (10 mm i.d.). Argon gas was
used as a carrier and the ethanol vapor was introduced into the
reactor through an evaporator/saturator at the ethanol pressure
equal 100 Torr with a flow rate of 30 ml/min. Before every run the
catalyst sample was activated by heating at 300 �C in a current of
argon for 1 h then cooled to the catalytic reaction temperature. The



H.R. Mahmoud / Journal of Alloys and Compounds 687 (2016) 954e963956
steady-state tests were conducted isothermally every 25 �C from
150 �C to 400 �C and the gas products were analyzed by a flame
ionization detection (FID) of Perkin-Elmer Auto System XL Gas
Chromatograph (GC) equipped with a packed column (10% squa-
lane supported on chromosorb, 4 m). The temperature of the de-
tector was 250 �C and the column temperature was programmed at
60 �C.

3. Results and discussion

3.1. Structural characterization (XRD, HR-TEM, FT-IR, BET)

The XRD patterns of 0.25Cr2O3e0.75ZrO2 binary oxide catalysts
synthesized using SDS, CTAB and Triton X-100 as surfactants with
two different contents were displayed in Fig. 1. According to the
results, no characteristic peaks were observed, meaning that all
prepared nanomaterials were amorphousmaterials. Several studies
have reported that zirconia-based binary metal oxides at higher
ZrO2 content calcined at 500 �Cwere an amorphousmaterial [28]. It
has been reported that the mesoporous 0.25Cr2O3e0.75ZrO2 cata-
lyst which was hydrothermally synthesized previously [27] at
210 �C for 3 h (CZ-H213) without surfactant was totally amorphous
material. It has been reported that ZrO2 may inhibit the formation
of well crystalline particles, i.e., binary oxides mostly exist in the
form of microcrystals [29].

The effects of surfactants on the morphologies produced in
hydrothermal synthesis of different nanomaterials were studied.
Fig. 2(AeD) shows the high-resolution TEM (HR-TEM) images of the
CZ-H213, CZ-HC0.1, CZ-HT0.1 and CZ-HS0.1 nanomaterials,
respectively. It can be seen from Fig. 2 that the particles of all cat-
alysts have nearly spherical shapes with weak agglomeration. The
average diameters of CZ-H213, CZ-HC0.1, CZ-HT0.1 and CZ-HS0.1
nanomaterials are 1.5 nm, 0.9 nm, 1.3 nm and 2.1 nm, respec-
tively. Furthermore, the average particle size measurements clearly
indicated that the cationic surfactant, CTAB, produced the smallest
particle sizes of 0.25Cr2O3e0.75ZrO2 nanomaterials. On the other
hand, the anionic surfactant, SDS, gave the largest sizes of
0.25Cr2O3e0.75ZrO2 nanoparticles. Notably, the average particle
size of the 0.25Cr2O3e0.75ZrO2 catalyst prepared by hydrothermal
method without surfactant, CZ-H213, (1.5 nm) is higher than the
catalysts prepared with cationic and non-ionic surfactants. The
surfactants can be divided into twomajor categories including ionic
and non-ionic surfactants. These surfactants affect the morphol-
ogies of the synthesized nanoparticles. In fact for the reaction
system in the presence of surfactants, the surface tension of solu-
tion is reduced due to the existence of surfactant, which reduces
Fig. 1. XRD patterns of 0.25Cr2O3e0.75ZrO2 nanomaterials synthesized in the absence
and presence of surfactants (SDS, CTAB and Triton X-100).
the energy needed for the formation of a new solid phase [30]. In
addition to, the cationic surfactants in solution can surround the
nanoparticles via their positive ends to prevent these particles from
being agglomerated and therefore decreasing the particle size of
the nanoparticles [31]. Energy dispersive spectroscopy (EDS) was
performed to further confirm the composition of the prepared
nanomaterials. The EDS results of CZ-HC0.1 nanomaterial (Fig. 2E)
proved the presence of chromium, zirconium and oxygen elements.
The analytical results from EDS were virtually identical or very
close to the nominal wt% of Cr2O3eZrO2 binary oxide catalysts
(Fig. 2E inset).

FT-IR is a technique that can be used to obtain information on
the chemical structures of materials. Fig. 3 shows the FT-IR spectra
of the as-prepared mesoporous CZ-H213, CZ-HC0.1, CZ-HT0.1 and
CZ-HS0.1 nanomaterials. It could be found that all prepared mes-
oporous catalysts showed broad and strong absorption bands in the
range 3700e3000 cm�1, centered at 3430 cm�1 which character-
izes the stretching vibrations of surface hydroxyl groups [17]. And
that the bands at 1630 cm�1 can be assigned to the bend stretching
vibration of adsorbed water [17]. In addition, weak absorption
bands centered at 1400 cm�1 were ascribed to the MeOeM
deformation vibrations [32]. Moreover, the FT-IR spectra shows two
weak characteristic absorption bands at 1030 cm�1 and 960 cm�1,
which were attributed to anti-symmetric stretching vibration of
MeOeM and vibration of M � OH groups, respectively [33].
Furthermore, the infrared vibration bands around 660 cm�1 and
460 cm�1 were corresponded to the stretching vibration of M � O
[34]. Notably, in the FT-IR spectra of the as-prepared surfactant-
assisted catalysts, no typical adsorption bands in the region of
2900e2800 cm�1, corresponding to the stretching modes of the
surfactant hydrocarbon chain [35]. Furthermore, another doublet
bands correspond to asymmetric vibrations of SO2 at 1249 cm�1

and 1219 cm�1 of SDS surfactant were absent [36]. On the basis of
FT-IR analyses, it can be concluded that the different three surfac-
tants (CTAB, Triton X-100 and SDS) were completely removed from
the as-prepared nanomaterials.

Some studies found that improving the texture properties of the
catalyst was beneficial for improving the catalytic activity. The N2
adsorptionedesorption isotherms technique was used to deter-
mine the surface area and type of porosity for synthesized nano-
materials and the isotherms are shown in Fig. 4A. The pore size
distribution was measured using BJH method and is shown in
Fig. 4B. Furthermore, the textural characteristics for all nano-
materials were tabulated in Table 1. It can be seen in Fig. 4A that, all
isotherms are of Type IV, which indicates that the materials are
mesoporous in nature. The shape of isotherms for CZ-H213, CZ-
HS0.1 and CZ-HC0.6 corresponds to H2-type hysteresis loop
nevertheless the shape of isotherms for CZ-HC0.1, CZ-HT0.1 and CZ-
HT0.6 corresponds to H3-type hysteresis loop [23]. The H2-type
hysteresis was believed to be associated with ink-bottle-like
pores, often generated by agglomerates of spherical particles of
non-uniform size and arrangements [37]. Furthermore, the H3-
type hysteresis is generally observed for aggregates of plate-like
particles giving rise to slit-shaped pores [38].

As can be seen in Table 1, the sequence of surface areas of the
nanomaterials synthesized using SDS, CTAB and Triton X-100 as
surfactants with two different contents was as follows: CZ-HT0.1
(646.4 m2/g) > CZ-HC0.1 (588.4 m2/g) > CZ-HC0.6 (569.9 m2/
g) > CZ-HT0.6 (557.6 m2/g) > CZ-H213 (526.6 m2/g) > CZ-HS0.1
(511.6 m2/g). In addition to these mentioned above, it could be
concluded that the mesoporous catalysts prepared with non-ionic
and cationic surfactants, have the highest surface area and pore
volume. Nevertheless, the mesoporous catalysts prepared with
anionic surfactant or without surfactant showed a decrease in BET
surface area. Furthermore, increasing the surfactant content



Fig. 2. HR-TEM images of (A) CZ-H213, (B) CZ-HC0.1, (C) CZ-HT0.1, (D) CZ- HS0.1, (E) EDS of CZ-HC0.1 nanomaterials.

Fig. 3. FT-IR spectra of (a) CZ-H213, (b) CZ-HC0.1, (c) CZ-HT0.1 and (d) CZ-HS0.1
nanomaterials.
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resulted in a decrease in the surface area of samples. It must be
pointed out that the SBET value of themesoporous CZ-HC0.6 and CZ-
HT0.6 catalysts was higher than that of CZ-HS0.1 and CZ-H213
catalysts which have the smallest value of the SBET. It was re-
ported that increasing the surfactant content resulted in an in-
crease in the particle size [39]. This can be explained by that
increasing surfactant content at constant water content led to an
increase in the number of the reaction pools (water in oil droplets).
Consequently, more sites were available for nucleation of the par-
ticles, which were expected to yield smaller particles [40]. How-
ever, the increased number of droplets, as increasing the
concentration of the surfactant, that led to a high rate of collisions
among these droplets (shorter droplet mean-free path), hence,
increased the probability of agglomeration of nanoparticles upon
centrifugal separation as well as decreased the surface area of
samples.

The corresponding pore size distributions of all synthesized
mesoporous catalysts (Fig. 4B) showed multimodal distributions in
the lowmesoporous regionwith average pore diameters from 2 nm
to 6 nm. Interestingly, a broad pore size distribution was observed
for all nanomaterials showing the usual pore distribution of an
amorphous material. The results of the textural characterization
were in agreement with the XRD and HR-TEM results discussed
earlier. Finally, it was noticeable that the surface area and pore
volume of the mesoporous catalysts synthesized using non-ionic
surfactant (Triton X-100) and cationic surfactant (CTAB) were
much higher than those of anionic surfactant (SDS) or surfactant-
free (CZ-H213), demonstrating remarkable role of CTAB and
Triton X-100 surfactants, which makes them attractive in the field
of catalysis.
3.2. Optical properties

UVevis diffuse reflectance spectra (DRS) of the mesoporous
0.25Cr2O3e0.75ZrO2 catalysts synthesized using SDS, CTAB and
Triton X-100 as surfactants with two different contents were rep-
resented in Fig. 5A. The optical spectra of all the nanomaterials
consist of two broad peaks one in the range 290e350 nm and the
another peak at 450e550 nm. The absorption peak centered at
330 nm corresponding to the O2� (2p) / Zr4þ (4d) charge transfer
transition [27,41]. Nevertheless, the absorption peak centered at
520 nm was assigned to the ded transition 2A2g - 2T1g, 2E2g, char-
acteristic of Cr(III) ions in a distorted octahedral coordination [42].

The optical band-gap energy (Eg) of the mesoporous catalysts
was given by an equation as [43]:

a hn ¼ A (hn � Eg)1/2 (1)



Fig. 4. (A) Nitrogen adsorptionedesorption isotherms and (B) pore size distribution of nanomaterials synthesized in the absence and presence of surfactants (SDS, CTAB and Triton
X-100).
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where a ¼ 2.303 � ln(Io/I)/t, here ln(Io/I), absorbance and t, thick-
ness of the sample. A is a constant for a direct transition and hn is
photon energy of the incident radiation. The extrapolation curve of
the (ahn)2 vs. (hn) plot was shown in Fig. 5B. Moreover, the optical
band-gap energy (Eg) values for all nanomaterials ranged from 3.31
to 3.50 eV corresponding to ZrO2 and another one constant at
2.20 eV for Cr2O3 were tabulated in Table 1. The sequence of the Eg
values was found to be as follows: CZ-HC0.1 (3.50 eV) > CZ-HT0.1
(3.48 eV) > CZ-HC0.6 (3.44 eV) > CZ-HT0.6 (3.40 eV) > CZ-H213
(3.32 eV)> CZ-HS0.1 (3.31 eV). It was noteworthy that the band-gap
energy of the mesoporous catalysts synthesized using cationic
surfactant (CTAB) and non-ionic surfactant (Triton X-100) with two
different concentrations was larger than those of anionic surfactant
(SDS) or surfactant-free (CZ-H213). Interestingly, the optical prop-
erty test indicates that the absorption peak of the nanomaterials
shifts towards the short wavelength by changing the various sur-
factants. And the blue shift phenomenon might be ascribed to the
quantum confinement effect [43,44]. The results of the optical
properties are in agreement with the XRD, HR-TEM and the textural
characterization discussed earlier.
3.3. NH3-temperature programmed desorption (NH3-TPD)

The ammonia adsorptionedesorption techniquewas carried out
to determine the strength of acid sites present on the catalyst
surface together with total acidity. Fig. 6 shows the NH3-TPD



Table 1
Physicochemical properties of mesoporous 0.25Cr2O3e0.75ZrO2 surfactant-assisted and surfactant-free catalysts.

Catalyst SBET (m2/g) VP (cm3/g)a Average pore diameter (nm)b Tmax-NH3 TPD acid sites distribution Total acidity Density of acidic site Band-gap
energy (ev)

(�C)c Weak Medium Strong (mmol/g) (mmol/m2)d Cr2O3 ZrO2

CZ-H213 526.6 0.65 4.8 84, 295, 450 84 10 2 96 0.182 2.20 3.32
CZ-HS0.1 511.6 0.81 5.9 77, 600 66 e 13 79 0.154 2.20 3.31
CZ-HC0.1 588.4 1.25 2.6 86, 305, 460 90 49 4 143 0.243 2.20 3.50
CZ-HC0.6 569.9 0.68 4.6 e e e e e e 2.20 3.44
CZ-HT0.1 646.4 1.32 3.3 86, 680 61 e 98 159 0.246 2.20 3.48
CZ-HT0.6 557.6 1.03 4.1 e e e e e e 2.20 3.40

a Pore volume.
b Average pore diameter obtained from BJH method.
c Temperature at desorption peak maximum.
d Density of acidic site ¼ amount of acidic site/BET.

Fig. 5. (A) UVevis/DR spectra and (B) Plot of (ahn)2 vs. (hn) of nanomaterials synthesized in the absence and presence of surfactants (SDS, CTAB and Triton X-100).

Fig. 6. NH3-TPD profiles of CZ-H213, CZ-HS0.1, CZ-HC0.1 and CZ-HT0.1 catalysts.
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profiles for the as-prepared mesoporous CZ-H213, CZ-HS0.1, CZ-
HC0.1 and CZ-HT0.1 catalysts. The total acidity and the density of
acid sites (i.e. the amount of acid sites per BET specific surface area)
of the samples were presented in Table 1. The strength of acidic
sites was determined on the basis of NH3 desorption temperature
[38]. Ammonia from weak acidic sites desorbs at < 200 �C, from
moderately acidic sites it desorbs at 200e350 �C and from strongly
acidic sites it desorb at > 350 �C [45]. The NH3-TPD profiles of CZ-
H213, CZ-HS0.1, CZ-HC0.1 and CZ-HT0.1 nanomaterials were
distributed over the temperature from 50 to 800 �C which indicate
that the acid strength was distributed from weak to strong uni-
formly. However, the total acidity of CZ-H213, CZ-HS0.1, CZ-HC0.1
and CZ-HT0.1 catalysts were respectively 96, 79, 143 and
159 mmol/g evidencing that the non-ionic and cationic surfactants
enhanced the amount of acidic sites. In other words, the CZ-HT0.1
catalyst had the highest acidity then this was followed by CZ-
HC0.1 catalyst and the CZ-HS0.1 catalyst had the lowest acidity
(c.f. Table 1). Furthermore, the density of acid sites for all synthe-
sized nanomaterials obeys the same sequence of the total acidity as
represented in Table 1. Based on the above results, the non-ionic
surfactant-assisted catalyst (CZ-HT0.1) not only exhibited the
highest acidity but also had the largest number of strong acid sites
with very high signal intensity among all catalysts. Therefore, it
could be said that the presence of non-ionic surfactant (TX-100)
increased the number of strong acidic sites similar to the
enhancement in surface area (Table 1) [46]. Generally, it was re-
ported that the surfaces of metal oxides were composed of cations
(Mnþ) and oxide ions (O2�). They were terminated by OH-groups at
low temperatures. Lewis acid sites, i.e. unsaturated cations (Mnþ),
were formed during thermal dehydroxylation of the metal oxides
[47,48]. Furthermore, it was reported that the Brønsted acid sites
corresponds to NH3 desorption temperatures higher than 400 �C
[49,50]. In other words, the addition of non-ionic surfactant (TX-
100) increased the number of Brønsted acidic sites on the catalyst
surface. Finally, the nature of acid sites is very important property
of these catalysts.
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3.4. Effect of changing surfactant type and concentration on the
catalytic activity

Ethanol oxidation was measured at reaction temperatures from
150 to 400 �C over the mesoporous surfactant-assisted and
surfactant-free catalysts. In addition to the ethylene (C2H4), other
by-products like diethyl ether (DEE) (less than 15%), acetaldehyde
(CH3CHO) (less than 10%) and acetone (CH3COCH3) (less than 2%)
were detected in ethanol oxidation. Fig. 7 (AeE) represents the total
ethanol conversion (TC %) and yields of C2H4, DEE, CH3CHO and
Fig. 7. (A) The total ethanol conversion (TC %), (B) ethylene yield, (C) diethyl ether yield, (D
and presence of surfactants (SDS, CTAB and Triton X-100) as a function of the reaction tem
CH3COCH3 versus the reaction temperature for all the as-prepared
mesoporous catalysts, respectively. It was pointed out that the total
ethanol conversion and C2H4 yield were progressively increased
with the rise in reaction temperature as shown in Fig. 7 (A&B),
respectively. In the low reaction temperature region (150e225 �C),
all the mesoporous catalysts had similar ethanol conversion and
C2H4 yield. However, the prepared catalysts exhibited different
activities by increasing the reaction temperature from 250 to
400 �C. Generally, the non-ionic and cationic surfactant assisted
catalysts with two different contents exhibited higher catalytic
) acetaldehyde yield and (E) acetone yield of nanomaterials synthesized in the absence
perature.



Fig. 8. Schematic representation of various surfactants. Taken from Ref. [57].
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activities than the surfactant-free or anionic assisted surfactant
catalysts. Specially, the CZ-HT0.1 catalyst exhibited the highest
catalytic activity and the CZ-HC0.1 catalyst exhibited the secondly
highest catalytic activity. Additionally, the activity sequence of all
nanomaterials was as follows: CZ-HT0.1 > CZ-HC0.1 > CZ-
HC0.6 > CZ-HT0.6 > CZ-H213 > CZ-HS0.1 > CZ-HS0.6. That is to say,
the total ethanol conversion (TC %) of the synthesized catalysts
measured at 325 �C decreased as
84.2% > 79.1% > 75.2% > 63.6% > 60.9% > 45.8% > 39.2%, respec-
tively. Furthermore, the C2H4 yield for all synthesized nano-
materials obeys the same sequence of the total ethanol conversion
as represented in Fig. 7 (A&B). It was noteworthy that increasing
the surfactant content led to a limited decrease in the catalytic
activity of catalysts. Interestingly, the total ethanol conversion and
C2H4 yield of the mesoporous CZ-HC0.6 and CZ-HT0.6 catalysts
were higher than that of surfactant-free or anionic assisted sur-
factant catalysts.

Increasing the reaction temperature, the DEE yield increases
reached the highest values at 350 �C then decreases by increasing
the reaction temperature as shown in Fig. 7C. Otherwise, the DEE
yield for all synthesized nanomaterials obeys the same sequence of
the C2H4 yield as represented in Fig. 7B. The yield of CH3CHO
increased slightly as the reaction temperature increased reached
the highest values at 350 �C then decreased by increasing the re-
action temperature as displayed in Fig. 7D. Further, the acetone
yield increased as reaction temperature rose as presented in Fig. 7E.
These results were in line with the reaction mechanism involving
acetaldehyde as the main intermediate of the acetone synthesis via
aldol condensation of acetaldehyde [27]. Additionally, the yields of
CH3CHO and CH3COCH3 were very similar for all synthesized
catalysts.

It has been widely acknowledged that catalytic activity can be
influenced and enhanced by a number of factors [51,52], and within
this study it has been found that a combination of factors, partic-
ularly surface, morphology, optical and acidity properties have
caused significant changes to the ethanol oxidation for the as-
prepared mesoporous catalysts. Therefore, the CZ-HT0.1 catalyst
prepared using Triton X-100 as a non-ionic surfactant exhibited the
highest ethanol conversion and the CZ-HC0.1 catalyst prepared
using CTAB as a cationic surfactant exhibited the secondly highest
ethanol conversion. This influence has been attributed to acquiring
the highest surface area (646.4 m2/g and 588.4 m2/g, respectively),
the highest pore volume (1.32 cm3/g and 1.25 cm3/g respectively),
the lowest particle size (1.3 nm and 0.9 nm, respectively), the
largest optical band-gap energy (3.48 eV and 3.50 eV, respectively)
and the highest total acidity (159 and 143 mmol/g, respectively)
among all current mesoporous catalysts. It clearly indicated that
the conversion of ethanol slightly decreased by increasing the
surfactant concentration. This influence can be explained that those
catalysts had lower surface area, smaller pore volume, lower optical
band-gap energy and smaller total acidity than the same catalysts
with low surfactant concentration. Obviously, the lowest catalytic
activity was observed with the catalysts synthesized using anionic
surfactant (SDS) which might be due to acquiring the lowest sur-
face area, the largest particle size, the lowest optical band-gap
energy and the smallest total acidity.

It was reported that the presence of acidic sites on catalyst
surface were believed to be an important factor for influencing the
catalytic performance in the oxidation of alcohols [46,53,54]. It was
pointed out that the non-ionic and cationic surfactant assisted
catalysts with two different concentrations exhibited higher C2H4
and DEE yields than the surfactant-free or anionic assisted surfac-
tant catalysts as shown in Fig. 7 (B&C). Further, the C2H4 and DEE
yields significantly increased with the total acidity and density of
acid sites on the catalyst surface [46]. Interestingly, the CZ-HT0.1
catalyst presented the biggest C2H4 and DEE yields most probably
because of the presence of the largest number of strong acid sites
on its surface as understood from the highest temperature of
ammonia desorption in Table 1 [46,55]. Additionally, the CZ-HC0.1
catalyst demonstrated the secondly biggest C2H4 and DEE yields.
This was most probably attributable to the larger density and
strength of acidic sites (here predominated by the weak and me-
dium acid types) than the other catalysts. Moreover, the C2H4 and
DEE yields on the surfactant-free or anionic assisted surfactant
catalysts were low, which might be due to the presence of small
number and density of acid sites. One may conclude from these
observations that the Triton X-100 and CTAB surfactants play an
important role in increasing the surface area, pore volume, optical
band-gap energy and total acidity of the catalyst which it is related
to the improvement of catalytic activity.
3.5. Proposed synthesis reaction mechanism

Surfactants were surface active agents having both hydrophobic
and hydrophilic properties [56]. They can be classified as anionic,
cationic, zwitter ionic and non-ionic depending on the surface
charge character of the hydrophilic group as shown in Fig. 8 [57].

Two important features which characterize surfactants were
namely adsorption at interface and self-accumulation into supra-
molecular structures. The adsorption of surfactants onto inorganic
and organic surfaces usually depends on the chemical character-
istics of particles, surfactant molecules and solvent [58]. Thus, the
cationic surfactants adsorb onto the negatively charged surface
through its positively charged hydrophilic head keeping its hy-
drophobic end away from the surface. So, they constitute a new
surface that repels polar solvents including water. A hydrophobic
surface is also constituted when anionic surfactants bind to a
positively charged surface. Depending upon the nature of surfaces,
non-ionic surfactants can adsorb onto the surface with either the
hydrophilic or the hydrophobic group oriented toward the surface.
Zwitter ionic surfactants owing to having both positive and nega-
tive charges can adsorb onto both a negatively charged and posi-
tively charged surface without significantly changing the charge
profile of the surface [59]. Once the adsorption of surfactant mol-
ecules on particle surfaces is established, self-organization of the
surfactant into micelles (aggregative structures of surfactants) is
expected to occur above a critical micelle concentration (CMC). The
CMC is the concentration of surfactants in free solution in equi-
librium with surfactants in aggregated form [58].

In the present study, CTAB was used as a cationic surfactant
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which ionizes completely in water. At the beginning of CTAB-
assisted hydrothermal process, ion-pairs between Cr(OH)63e
ZrO(OH)42� and CTAþ could interact electrostatically to produce
micelle-forming agents which were adsorbed on the surface [60].
On the other hand, anionic surfactant (SDS) was dissolved in water
to give DS� anion. Therefore, the positive chromium and zirconium
ions interacted with the hydrophilic head of DS� via coulombic
attraction to produce micelle-forming agents which were adsorbed
on the surface [34]. Furthermore, non-ionic surfactant (TX-100)
was another type which does not ionize in water, because its hy-
drophilic component was non-dissociable like alcohol or ether.
Thus, the metal hydroxide precursor interacted with TX-100
through hydrogen bonding or van der Waals forces to produce
micelle-forming agents which were adsorbed on the surface
[31,61].

Generally, because of this adsorption, the surface energy of bi-
nary oxide nuclei decreases, resulting in active sites being gener-
ated on the surface [30,62]. In addition, the surfactant molecules
adhere to the surface of the final nanoparticles serve as a protective
layer to prevent these particles from being agglomerated and
therefore decreasing the particle size of the nanoparticles [60].
Finally, the surfactant molecules can be removed by washing with
bi-distilled water as confirmed by FT-IR (Fig. 3). According to above
results, the smallest sized and well-dispersed 0.25Cr2O3e0.75ZrO2
nanomaterials were obtained successfully with cationic surfactant
(CTAB) and non-ionic surfactant (TX-100) assisted by the hydro-
thermal process.

4. Conclusions

In conclusion, novel mesoporous 0.25Cr2O3e0.75ZrO2 nano-
materials with three different types of surfactants were synthe-
sized via hydrothermal method. The physicochemical properties of
the catalysts were studied by the XRD, HR-TEM, FT-IR, BET, UVevis/
DR, NH3-TPD techniques. The obtained results indicated that the
catalysts prepared with non-ionic (Triton X-100) and cationic
(CTAB) surfactants are the best, in terms of particle size, surface
area, optical, acidic and catalytic properties.
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