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Abstract

In this work, we report the successful preparation of a promising material with acidic properties from starch-derived
mesoporous carbon (SMC), functionalized with sulfated zirconia (SZr-SMC). The process of assembling P123, starch,
zirconia, and silicon produces ordered mesoporous carbon modified with Zr. Reaction time and temperature are essential to
avoid the appearance of poorly assembled or unsightly structures, reducing the surface area and the size of the pores. SZr-
SMC has a surface area of approximately 1300 m?/g, and a total pore volume of 0.94 cm®/g, composed mainly of mesoporous
with an average pore size of 3.5 nm. The composition of the surface and the chemical states of the elements did not reveal
Zr0, as isolated clusters. Ammonia thermodesorption studies indicated that, SZr-SMC retains 2.49 mmol/g of NH; at very
high temperature, exhibiting a strong acidity. According to the data collected by infrared spectroscopy (FTIR), of pyridine
desorbed at various temperatures, the total number of acidic sites was 2.36 mmol/g, and the distribution in weak- medium,
strong, and super acidic sites was determined. The activity in the methylation of aniline and isopropanol dehydration indicated
that the acid sites are strong, and have not redox properties. A new and promising catalytic material based on mesoporous
carbons modified with sulfated Zr is developed, which opens a wide range of acid-catalyzed reactions applied to industrial
and medical processes.
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1 Introduction such as sulfated zirconia [3] and tungsten zirconia [4], have

been informed. The functionalization of Zr-SBA-15, with

Starch mesoporous carbon (SMC) has attracted attention
as a new material due to its applications as drug carriers,
catalyst support and energy storage medium [1]. Starch
is a nontoxic and renewable carbon precursor and a natu-
ral polysaccharide compound; it is abundant and contains
more than 49% of oxygen. High content of oxygen in starch
results in the surface of starch-derived porous carbon with
many hydrophilic groups, which can be widely functional-
ized in different applications. The carbohydrates available
in biomasses are promising resources because they are the
main source of natural carbon, renewable, and relatively
economical [2]. Recently, heterogeneous acid catalysts
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sulfonic groups in the catalyst, increases the acidity in the
solid surface. Thus, Bronsted acid sites are found in a more
available way, improving the selectivity to hydroxymethyl-
furfural (HMF), in the fructose dehydration [5]. Although
all debate in the literature on the superacidity status and
acid strength of sulfated zirconia, reports have confirmed
that sulfated zirconia is truly a superacid, based on charac-
terization results using Hammett indicators [6], and both
pyridine (by FTIR) or ammonia (by TPD) [7]. In most of
the works, the zirconia sulfate is found as a bulk of elevated
dimensions, (several hundreds of nanometers, so looking
for its decrease and thus greater surface area exposed and
greater activity of the ZrO, crystals to be sulfated, Mishra
et al. [8], attempted to nanonize them, reported crystals of
sulfated zirconia around 25 nm. Although Zr-sulfate (SZr)
has been widely used in industrial reactions, a few carbon-
based sulfated zirconia supports have been reported [9—12].
It was recently informed that elevated acidity in sulfated
zirconia supported over commercial activated carbon in the
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synthesis of nitrogen heterocyclic compounds [13]. Budarin
et al. [14], reported the synthesis of mesoporous coals called
"starbons" using expanded mesoporous starch [15, 16], as
a precursor without clathartic agent, exhibiting the use of
starch's natural ability to form carbon-graphite structures
with nanochannels. By varying the activation temperature,
it was found that from 300to 600 °C aromatic systems arise,
which then when heated to over 700 °C reach the carbon-
graphite structure, being particularly suitable for use as
catalysts. Carbon nanotubes are also candidates to be used
as active species supports, due to their large surface area,
thermal stability and tubular structure [17]. Dao-Jun Guo
et al. [18], described a catalyst based on sulfated zirconia
and supported by multiwall carbon nanotubes (MWCNT),
which was found to contain high acidity, with nanoparticles
layer coating on the MWCNT surfaces approximately 8 nm.
Wan et al. [19], studied the synthesis of ordered mesoporous
carbon and used it in the capture of CO, with high selectiv-
ity. Tan et al. [20], obtained mesoporous carbon as catalyst
support for potential use in hydrodesulfurization reactions.
These authors studied the NO chemisorption and observed
that has a high NO uptake compared with commercial acti-
vated carbon. Superacid sulfated zirconium nanoparticles
have been reported as potential chemotherapeutic active
agents against neoplastic cells in the human colon and as an
antimicrobial agent [21].

This research reports on our ongoing efforts to advance in
the design of an acid catalyst based on carbon nanostructure.
Thus, we developed a Zr-SMC-based acid catalyst func-
tionalized with sulfated (SZr-SMC) with the typical carbon
structure of graphite. The functionalization with sulfated Zr
groups leads to the catalyst to exhibit super-acid properties
and non-bulky ZrO, species. The goal of this work is the
incorporation of zirconium, in the process of self-assem-
bly of the template agents (P123) and hydrolyzed TEOS,
and starch as a source of carbon in the original synthesis
mixture. This direct incorporation of zirconia leads, after
carbonization, to ordered mesoporous carbon material, with
zirconium in its structure (Zr-SMC), and without zirconium
oxide as a bulky species. The sulfated mesoporous carbon
has a high acidity that can make the SZr-SMC material a
catalyst with super acidic properties.

2 Materials and methods

2.1 Method of preparation

The synthesis of the materials was performed according to
the related literature with further modifications [22]: starch
(4.0 g), copolymer triblock, poly (ethyleneglycol)—poly (pro-

pyleneglycol)—poly (ethyleneglycol) (Pluronic P123, Sigma-
Aldrich) 8.0 g and 320 mL HCI solution (2 M) was mixed in
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a Polypropylene bottle. The mixture was maintained at 35 °C
in a water bath for 6 h under constant stirring. Then, 18.4 mL
of tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich) and
Zirconium (IV) oxide chloride (99.99%, Aldrich) reaching to
a solution with Si/Zr =20 molar ratio. After stirring for 24 h,
the solution was placed in an oven for 24 h at 100 °C without
further stirring. The material previously washed was dried
at 35 °C in a vacuum oven. The obtained precipitate (1 g)
was then treated with 10 mL of deionized water and 98 wt%
H,SO, (1 mL), under stirring for 12 h, and pre-carbonized
at 100 °C for 6 h. The pre-carbonized sample was calcined
at 750 °C under nitrogen flow for 2 h. The resultant carbon/
silica composite was washed with 40 wt. % HF solution to
extract silica from the carbon framework. Finally, the mate-
rial was washed with deionized water and successively dried,
obtaining Zr-SMC material. Mesoporous carbon was func-
tionalized with H,SO, to become sulfated. The newly pre-
pared material was called SZr-SMC, containing an atomic
S/Zr ratio around 0.98(+0.05) and total zirconia approxi-
mately 2.4 +0.05 mmol/g of the catalysts, calculated on the
basis of induced coupled plasma emission analysis (ICP).
During the preparation process, P123, starch, and silicon
and zirconium can self-assemble, at temperatures and times
of approximately 100 °C and 24 h. The reaction time is criti-
cal (less than or greater than 24 h) and higher temperatures
appear poorly assembled or dreadful in the structure, reduc-
ing the surface area and the size of the pores.

2.2 Characterization

SZr-SMC sample was characterized by BET
(Brunauer—Emmett—Teller, X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), transmission electron
microscopy (TEM) X-ray photoelectron microscopy (XPS),
programmed thermodesorption of ammonia (NH3-TPD) and
FTIR of pyridine (Py). XRD results were acquired using a
PANALITYCAL Phillips X'pert XDS diffractometer with a
diffractometer beam monochromator and a CuKa radiation
source. The BET surface area and pore size distribution of
the material was analyzed by nitrogen adsorption using a
surface area analyzer (Quantachrome/Autosorbl). Chemi-
cal states of the elements of sulfated-Zr-SMC identified by
XPS acquired on a Microtech Multilb 3000 spectrometer,
equipped with a hemispherical electron analyzer and MgKa
(hv=1253.6 eV) photon source. The surface morphology of
the SMC was characterized by scanning electron microscopy
performed in a JEOL JSM-6610LV Scanning with energy-
dispersive X-ray spectroscopy (EDS). The acid properties
by the ammonia-TPD, in a Micromeritics Chemisorb 2720
equipment. The samples were pretreated with N, at 400 °C
for 3 h. Afterward, the sample was exposed to NH3 vapors
for 45 min at ambient temperature. NH;-TPD profiles were
collected under He flow at 20 mL/min and a heating rate



Journal of Porous Materials

of 10 °C/min from room temperature to 700 °C. The FTIR
spectra were obtained from a JASCO 5300 Fourier Trans-
form spectrometer. The pyridine adsorption and desorp-
tion studies were conducted in a vacuum line, evacuated
at 104 Torr for 4 h, and heating at different temperatures.
The samples (self-supported wafers), were first degassed
at 400 °C for 1 h under vacuum, using a cell with CaF,
windows.

2.3 Evaluation of catalytic activity

The SZr-SMC activity was evaluated in two processes:
the catalytic decomposition of isopropanol was used as a
test reaction for the study of the effective acidity or redox-
active sites. A fixed bed tubular glass reactor working at
atmospheric pressure was used for a solid charge of 35 mg
without dilution (0.3-0.5 mm particle size). The sample was
pretreated at 250 °C in an N, flow for 2 h (80 mL/min). Iso-
propanol was fed into the reactor by flowing N, (total flow
of 40 mL/min with 30% isopropanol), analyzing the influ-
ence of the reaction temperature. The reaction products were
analyzed by an on-line gas chromatograph provided with an
FID and a fused silica capillary column. However, SZr-SMC
activity was investigated in the gas phase alkylation of ani-
line with methanol at T °C =300; Methanol/Aniline =3 and
different conversion levels, obtained by varying the contact
time, (based on aniline w/f). The reaction system consisted
of a fixed bed reactor constructed of 8§ mm id 300 mm long
Pyrex glass, placed in a controlled furnace using a cutting
pyrometer. The reagents were introduced into the reaction
zone employing a positional displacement pump. The reac-
tion products were analyzed by gas chromatography, using
a 30 m. long AT-WAX capillary column with temperature
programming and FID detectors.

3 Results and discussions
3.1 The synthesis process

The principal variation of the synthesis technique concern-
ing that reported by Wu et al. [22], which we mentioned
the synthesis procedure, is that we include zirconium in
the self-assembly system of the hydrolyzed TEOS, with
the template (P123) and the carbon source (starch). In this
way a different interaction between the reagent originates,
which after the process described above, builds a material
based on mesoporous carbon with zirconium in its structure,
without the presence of zirconium oxide as a bulky species,
as will be shown later. The template method is an efficient
technique to synthesized mesoporous materials with charac-
teristics specific such as a high surface area and pore-sized
uniform within mesopores range. TEOS is used to control
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Fig. 1 Low-angle X-ray diffraction and inset at high-angle of SMC

the textures of both the P-123 and starch hydrolyzed; the sil-
ica source condenses around the composite formed between
the template and carbon precursors. The incorporation of
TEOS at synthesis reaction was made to obtain mesoporous
carbons with tunable pore structure. The silicon source acts
as a hard template to be able to maintain the shape of the car-
bon molecules in successive treatments that are conducted
on the material, among them, the dehydration reaction in an
acid medium (H,SO,) and calcination at high temperatures.
Employing this method of simultaneous synthesis (sol—gel
method), the pore structure of the carbonaceous material is
precisely controlled. Scheme 1 shows possible active site
formation on mesoporous carbon (SMC).

3.2 XRD-BET-TEM-EDS studies

Figure 1 shows the diffraction patterns of the SZr-SMC: at
low-angle and inset at high-angle. At low-angles, the main
signal around 26 =0.9° corresponds to plane reflection
(100), while the 20 ~ 1.4° is produced from plane reflection
(110). The two reflection signals can be assignable to a hex-
agonal Pémm crystallographic space group [23]. The value
of the spacing d was used to calculate the cell parameter a,,
considering that it is a hexagonal type unit cell, the values
of d;yo=10.69 nm, and the cell parameter is 12.35 nm. The
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cell parameter a; is considered to be the distance from center
to center of the pores, with a well-defined arrangement of
hexagonal or cylindrical channels of infinite length.

The inset Fig. 1 shows two broad signals at high angles,
which can be indexed to the (002) and (100) planes typical
of graphite carbons.

The material has many uniform macropores on its surface
characteristics of mesoporous carbon (Fig. 2a). Figure 2b
shows typical hysteresis loops with capillary condensation
(P/Po>0.55) of SZr-SMC and the pore size distribution
(=3.5 nm). The hysteresis loops correspond to isotherm
type-1V, indicating a mesoporous structure.

The hysteresis loops show H3 characteristics, which can
be attributed to slit-shaped pores. SZr-SMC has a large sur-
face area of up to 1300 m?/g, and a total pore volume of 0.94
cm?/g (Fig. 2b) composed mainly of mesoporous with an
average pore size of approximately 3.5 nm (Fig. 2c¢).

Elemental mapping of S by energy-dispersive X-ray spec-
troscopic (EDS) is shown in Fig. 2d. The presence of S—O or
S=0 bonds was indeed verified by XPS in the next section.

ZrO, crystals were not detected, indicating that the mate-
rial has zirconia interacts with the walls of SMC, with the
absence of clusters of metallic oxides dispersed on its sur-
face, such as we corroborate with XRD and XPS studies
(Fig. 3).

3.3 XPS studies

The surface composition and chemical states of the ele-
ments of sulfated-Zr-SMC (SZr-SMC) were studied using
XPS (Fig. 3). The C 1s signals are shown in Fig. 3a, whose
deconvolution helps us determine three modes of bonding
the C. The first peak is assigned to C—C with sp® hybridiza-
tion and the second with sp® hybridization typical of Carbon
Graphite. The interesting aspect is to observe the energy
binding attributed to the Zr—O-C link at 287.8 eV [24, 25],
without presenting SZr-SMC material, C—OH bonds. In
Fig. 3b, the species S—O or S=O that are attributed to sp>
appear as a broad signal around 170 eV. Additionally, Zr
signals (3ds,, and 3d;,,) located around 182.5 and 185.0 eV
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Fig.2 SEM image (a), BET Isotherm and pore distribution (b), TEM (c¢) and EDS mapping of S (d), of SZr-SMC
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(+0.2) do not correspond to pure ZrO, [17, 26]. It can be
deduced that the interaction of SO,*~ and ZrO, decreases the
electronic density in the Zr core displacing at higher binding
energies the Zr signals in the XPS studies [27], indicating
that a catalyst with attractive acidic properties was generated
as shown below.

3.4 Ammonia TPD studies

In the ammonia-TPD studies (Fig. 4), we have taken special
care to reduce the lag times in the sample cell and in the
pores (large pore size) that tend to interfere with the process
profiles, and therefore these effects were negligible. TPD
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Fig.4 NH;-TPD of SZr-SMC and Zr-SMC

models found in the literature deal with experiments con-
ducted either under vacuum or under an inert gas stream.
The theory previously exposed assumes that ammonia con-
centration gradients develop within the zeolite pores of the
samples during the TPD runs [28]. Since we work under
N, flow and larger pore sizes of mesoporous carbon, we
suggest that this state is unaccountable for the occurrence
of the TPD maxima observed in this work. However, free
re-adsorption effectively occurs at pretreatment tempera-
tures under 477 °C but desorption is irreversible above this
temperature. In an excellent review Niwa and Katada [29],
reported on the benefits and drawbacks of ammonia TPD.
The total concentration of the acid sites and the concentra-
tion of their relative strength was determined by NH;-TPD.
Regarding the strength of acidic sites, some authors [30, 31],
have reported that ammonia desorption signals below 400 °C
correspond to sites with weak surface acidity, while des-
orption signals are exhibited at temperatures above 400 °C
corresponding to sites with higher acidity. Sani et al. [32],
showed NH,;-TPD profiles of the original ZSM-5, and it was
reported that the modified catalysts SZr / ZSM-5 obtained a
total of 3.71 and 0.75 mmol/g of ammonia retained, respec-
tively (corresponding to desorption from 150 to 550 °C),
with a maximum approximately 300 °C for parent ZSM-5
and 450 °C for sulfated zirconia containing-zeolite. Wu
et al. [33], studied the acidity of ZSM-5 with varying Si/Al
ratios by ammonia TPD, finding that all samples displayed
two NH; desorption peaks. One of the peaks is located in
the temperature range of 208-222 °C and the other one is
in the range of 398-427 °C, which corresponds to a weak
and strong acidic sites, respectively. H-ZSM-5(Si/Al=30)
presented the greatest density of sites, with a total acidity of
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1.71 mmol/g, weak: 0.99, and strong 0.72 mmol/g. Das et al.
[34], concluded that the low surface exposed when using
mesoporous sulfated zirconia, might be the cause of the low
total acidity 0.147 mmol/g, achieved by the NH,-TPD pro-
file, but with a high acidic strength at a maximum of 577 °C.

The NH;-TPD results achieved in this work are shown in
Fig. 4. Zr-SMC material does not retain ammonia, revealing
the absence of acidity. The SZr-SMC catalytic material has a
broad peak between 380 and 700 °C. The value with a maxi-
mum at 465 °C and another of approximately 550 °C was
determined by deconvolution of the NH3-TPD profiles. The
deconvolution area of the peaks has an experimental error
of +5 area/g. As a function of the TPD study, there are 1.28
and 1.21 mmol/g of NH; retained (first and second Peak,
respectively), corresponding to the moderate and strong acid
sites. The total acidic sites are 2.49 mmol/g, greater than the
number of Zr species (1.16 mmol/g), isolated and adhered
to the catalyst surface.

This difference suggests the presence of Bronsted acid
sites due to SO,>~ species and Lewis acid sites due to zir-
conium species. In the graphite structure (our XRD studies
indicate that SMC has typical graphite carbon planes), and
by using XPS of the C 1s peak (Fig. 3a), it can be attributed
to the hybridized carbon sp’ and sp® and the Zr-O-C; the
latter are the potential anchoring sites of sulfated Zr species
in the walls of SMC. When the atomic S/Zr ratios are greater
or around 1, as is our case 0.9 [35, 36], the existence of a
monodentate structural species is suggested. It appears that
the catalyst has more than one type of active site caused by
more than one mode of interaction of Zr with the carbona-
ceous wall of the material.

3.5 FTIR studies

The FTIR results are shown in Fig. 5 and Table 1. The appli-
cation of Fourier Transform Infrared Spectroscopy (FTIR)
is widely known, in the determination of acid sites, using
a base, mainly pyridine as a probe molecule [37]. Thus,
in Fig. 5, we show the spectra of adsorbed pyridine (see
experimental section), desorbed in a vacuum at various
temperatures.

Emeis et al. [38], estimated the number of acidic sites
from early and well-known studies. The criteria for assess-
ing acidic sites as weak, medium and strong to those sites
that retained Py (at 107 Torr), above 250, 350, and 450 °C,
respectively, using H-ZSM-5, HZn-ZSM-5, and InH-BEA,
has been reported by us [39, 40]. Among other authors [31,
32], similar criteria were adopted using H-ZSM-5 and SZr-
ZSM-5. In this work, we apply as criteria to determine the
Py evacuation temperatures, the values of the NH;-TPD
study profiles, despite the difference between the pKb of
both bases. Thus, we start the evacuation at the tempera-
ture at which ammonia is observed, in the NH;-TPD studies
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Fig.5 FTIR of pyridine retained at different temperatures on SZr-
SMC

(200 °C), to have the first idea of the total acid sites. The
second premise was to evacuate at 465 °C and 550 °C (maxi-
mum of the first and second NH;-TPD peaks, respectively).

Thus, knowing the total acid sites, we would arbitrar-
ily infer the acid properties of the material in three catego-
ries: weak or medium acid sites (WMAS), strong acid sites
(SAS) and super acid or super-strong sites (SSAS). The
WMAS was calculated as the total Py retained after evacu-
ation at 200 °C minus Py retained at 465 °C; the SAS as the
total Py minus WMAS minus Py retained above 550 °C,
and the SSAS sites as the quantity of Py retained at more
than 550 °C (Table 1). This study allowed to differentiate
Bronsted and Lewis sites for each case and to perform a
qualitative and quantitative analysis of the acid proper-
ties of SZr-SMC. Figure 5 indicates that, as the desorption
temperature of Py, pre-adsorbed on SZr-SMC, decreases
the bands attributable to Bronsted acid sites (1550 cm™),
Lewis acid sites (1454 cm™") and the band of approximately
1495 cm™! typically assigned to a combined band related
to Bronsted and Lewis sites [41]. Simultaneously, it can be
observed that the retention of Py over 550 °C (SSAS) is a
consequence of Bronsted acid sites, which are 3 times higher
than Lewis acid sites, allowing as, a first approximation, to
assume that the catalyst provides a more Bronsted SSAS. In
addition, the inset in Fig. 5 appears in the same study con-
ducted on the material before it was sulfated (Zr-SMC), and
remarkably, but in line with the NH;-TPD studies, it has no
acid sites. Wen-Hua Chen et al. [42], found that pure ZrO,
samples display only bands in association with the Lewis
sites, while Bronsted sites appeared after its sulfation, which
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Table 1 FTIR data of SZr-SMC

. . Desorption Py** (mmol/g) Py** (mmol/g) for regions
a01§11c. mtf:s asa functhn of temp. °C
pyridine* retained at different BS LS WMAS SAS SSAS
temperatures
BS LS BS LS BS LS
200 1.37 0.99
465 0.98 0.77
550 0.43 0.18
0.25 0.17 0.75 0.58 0.43 0.18
Total 2.36 0.42 1.33 0.61

#Before desorption at 10~ Torr for 4 h

**4(0.015 mmol/g

would once again substantiate the absence of ZrO, as bulky
species in Zr-SMC and SZr-SMC material. Recently, Yunjie
Wang [43], reported an interesting material based on zirco-
nium oxide deposited on ordered silicon walls, and subse-
quently sulfated, named OMSZS and the proposed structure
is $,04°7/Z10,-Si0,. The material showed higher acidity,
determined by FTIR of pre-adsorbed and desorbed pyridine
at various temperatures, retaining it at 550 °C, mainly due
to Lewis acid sites (1445 cm™"), and in much lower propor-
tion Bronsted sites, unlike from this work, using SZrSMC,
in which the higher proportion is due to Bronsted sites. The
superacidity is found only as a function of the retained pyri-
dine adsorption on Lewis sites at desorption temperatures of
650 °C. Rivoira et al. [44], have reported only the occurrence
of acidic Lewis sites in a Ce-Zr-SBA-15-based catalyst, sug-
gesting its cause in the existence of Zr** isolated into the
framework. The amount, nature and strength of acidic sites
of the SZr-SMC catalytic material, acquired by FTIR of
Pyridine are listed in Table 1.

According to Fig. 5, Zr-SMC materials have not retained
pyridine from 200 °C in evacuation temperature. The data
of Table 1 indicate that for each temperature range of evacu-
ation, the number of Bronsted sites is slightly greater than
Lewis, finding that above 550 °C, SZr-SMC has the most
Bronsted sites. The total of acid sites, (that determined after
evacuation to 200 °C and 10~* Torr for 4 h, is approximately
2.36 mmol/g, slightly less than those obtained by NH;-TPD
(2.49 mmol/g) but greater than the number of Zr species
(1.16 £0.05 mmol/g) content in the catalyst). According to
the regionalization criteria of the acid strength, described,
in WMAS, SAS and SSAS, we found that it was distributed
in, 0.42, 1.33, and 0.61 mmol/g respectively, having in con-
sideration that the implicit error is +0.015 mmol/g.

If we consider the sum of the SAS and SSAS regions,
82% of the sites are strong and only 18% are weak-medium.
These results lead us to consider, in addition to the inhomo-
geneity of acid sites, the existence of at least two types of
active species of sulfated Zr-SMC, responsible for distribut-
ing strength. The reason, for which we study in this work,

the determination of acidity by both NH;-TPD and pyridine
FTIR methods, is related to the fact that several authors
using similar catalysts have applied one or the other method
and it is more difficult to compare the results. For example,
recently, Tonutti et al. [45], examined the acidity of H-ZSM-
5, reported a total of 1.4 mmol/g of total acid sites, between
25 and 727 °C, but used the temperature of desorption of
pyridine, applying similar criteria from us, to the regional
distribution of acidic strength. To assess the activity of the
catalyst, two catalytic evaluations are presented below that
corroborate the strength and nature of the sites determined
by Py-FTIR.

4 Activity Studies

A wealth of information can be found on the determina-
tion of acidity (strength and nature) of ZrO,, sulfated zir-
conia, sulfated zirconia supported in various materials,
with micropores and mesoporous, and of various natures,
either siliceous (the majority), alumina or carbonaceous
supports, etc. Besides, there are many divergences (but
very interestingly, when it comes to having a more com-
prehensive view of the problem), in the operating condi-
tions that employ probe molecules, such as isomerization
of n-pentane [46], butanes [47, 48], and 1-butene [49] to
iso-derivatives of the products, and attributable to the type
and strength of acidic sites. Sulfated mesoporous zirco-
nia, which showed the presence of moderately good acid
sites, was found to be highly active for the synthesis of
biodiesel products based on long-chain fatty acids [50].
Aniline alkylation with methanol has also been used,
trying to infer the existence or coexistence of Bronsted-
Lewis acid sites, and isopropanol dehydration to deter-
mine even redox sites. These determinations have been
made with several zirconia sulfate catalysts with a single
common denominator, which is that the zirconia is found
as an oxide, isolated and with sulfate deposited on the
low exposed surface of zirconia, although the size of the
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zirconia is reduced to 8 nm [51]. In this work, we do not
observe, by either XRD, XPS, or TEM the presence of
zirconia mass or bulky, which allows us to suggest that Zr
should act as an atomic species and maintain its electronic
properties (LUMO-HOMO), either in the self-assembly
process with starch and Zr-SMC later formation, or in the
sulfatation process. For the above reasons, we compared
the activity of catalysts in the conversion of isopropanol
with the results obtained by other authors, at the same
reaction conditions. Moreover, we evaluated the activity
of SZr-SMC for alkylation of aniline with methanol. Fur-
thermore, we use the strategy of the optimum performance
envelope technique (OPE), which is well-documented
because it enables us to determine if the reaction products
are primary, secondary, stable, or unstable. In this study
it is especially useful since the distribution products are
sensitive to the conversion level, which was obtained at
a constant temperature, varying the catalyst mass/aniline
flow ratio, in a piston flow reactor described in the experi-
mental section.

4.1 Aniline alkylation with methanol

In previous works, in search of the generation of poly-
aniline within-host channels such as, MCM-41, SBA-15
[52], SBA-3 and SBA-16 [53], (whose weak acidity was
demonstrated), we studied aniline adsorption by infrared
spectroscopy. We observed that aniline is adsorbed in
large proportion by the SBA hosts, through the = elec-
tron system of the aniline, with electron acceptor sites of
this material, i.e. the Si-OH groups, leaving free amine
groups, which allowed its subsequent PANI polymeriza-
tion. Thus, in this case, the catalysts with weak acid sites
can interact with the aniline similarly giving free amine
groups to be alkylated. However, if the acid sites are strong
or super acid, the interaction with aniline is through the
NH,— group, leaving the aromatic ring of the aniline free
for its potential alkylation.

Surprisingly (Fig. 6), when we studied the alkylation of
aniline with methanol, a comparative analysis of all reaction
products obtained indicates that:

e Toluidine is the initial and stable product of aniline
alkylation with methanol, with the highest yield and
more than 95% selectivity in all ranges of aniline con-
version.

e N-methylaniline (NMA), is primary an unstable prod-
uct, reaching only at 1.7 mol% at aniline conversion of
42 mol%

e N,N-dimethylaniline (NNDMA), is derived from NMA
alkylation, so it is a secondary stable reaction product,
reaching 2.29 to 72 mol% aniline conversion.
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Aniline conversion, extrapolated at zero time and at 380 °C

e 2.4-Dimethylaniline (DMA), 2,3,4-trimethylaniline
(TMA), was not produced.

These results corroborate the new SZr-SMC catalytic
material mainly offers sites of strong and very strong acid-
ity. Thus, Toluidine appears as the main product in the
entire range of aniline conversions. Furthermore, Fig. 6
significantly demonstrates how the low alkylation levels
of the amino groups generate low production of NMA and
NNDMA [54, 55]. Results are in correlation with TPD and
FTIR analysis, and the low proportion of ammonia or pyri-
dine retained below 465 °C, which can be considered to
denote medium or weak acid sites, which are active for the
alkylation of the NH,— group of aniline.

The recyclability and stability characteristics of this type
of catalysts are essential, especially when used in the ani-
line alkylation reaction with methanol. For this reason, we
selected the operating conditions at which the highest aniline
conversion was achieved according to the data in Fig. 6 at T
°C =380; Methanol/Aniline =3, and 10 min time on stream
time (fresh sample). Thus, Fig. 7 shows the results of aniline
conversion and toluidine production of the fresh sample and
after 5 cycles of 4 h each. Up to the third cycle, no catalyst
deactivation is observed, after which both aniline conversion
and toluidine yield decrease. Then, after the fourth cycle,
the catalyst was calcined at 550 °C in static air during 5 h,
and recovered in the fifth cycle its high conversion (> 69%)
and toluidine production (> 67%) as obtained with the fresh
catalyst. This phenomenon demonstrated that calcination
had a positive impact on the recovery of catalytic activity,
as the active sites of the catalyst were "cleaned" by removing
adsorbed organic species (coke formation). As a result, the
recyclability and reusability of the catalyst without loss of
activity was effectively determined. Furthermore, according
to ICP studies of S and Zr of the reactivated material, the
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Fig.7 Catalytic activity of SZr-SMC after five catalytic cycles.
T =380 °C, aniline/methanol =3; cycle reaction time=4 h

chemical composition was not affected (2.38 +0.05 mmol/g
of Zr and a ratio S/Zr of 0.987), similar for the pristine sam-
ple. Concerning the effect of the re-activation process on
the availability of acid sites, additional pyridine adsorp-
tion and desorption studies at 550 °C revealed 0.425 and
0.182 mmol/g corresponding to SB and SL respectively,
similar to the reported concentrations for the fresh sample
(Table 1).

4.2 Isopropanol conversion

Using the isopropanol conversion reaction, the catalysts
can be categorized according to their acidity in dehydra-
tion or dehydrogenation to propene or acetone, respectively.
Dehydration of isopropanol to propene occurs in acidic sites,
while dehydrogenation to acetone is performed in redox or
basic sites. The catalytic characteristics of AI-SBA-15 for
dehydrating isopropanol were studied by us, showing that
the acidic sites are only the active sites within the meso-
structure of H-Al-SBA-15 [56], in agreement with the weak
acid sites of AI-SBA. Different authors employed this reac-
tion using ZrO,-based catalysts on different supports, finding
also that the presence of redox sites was due to the bulky
oxide [54-56]. Table 2 illustrates the catalytic activity of
SZr-SMC at various temperatures. Alvaro Reyes-Carmona
et al. [50], employing sulfated zirconium oxide supported
on silica SBA-15 evaluates it in the catalytic tests of iso-
propanol dehydration and 1-butene isomerization. A good
catalyst with strong acid sites was identified, with the sample
with 20 wt% of ZrO, as the best performer. SBA-15 was
not active in the conversion of isopropanol. Between other
catalysts, the highest efficiency catalyst, as indicated by the

Table 2 SZr-SMC activity to isopropanol conversion at different tem-
peratures and TOS

Catalyst Temperature (°C)
Conversion/selectivity (mol%)?*
125 175 200 250
SZr-SMC/TOS®
1 55/100 70/100 90/100 100/100
5 90/100 100/100
10 90/100 100/100
15 89.9/100 99.7/100
20 89.9/100 99.7/100
H-AI-SBA-15 25/100 65/100 80/100 -
(Ref. [56])
SZ720S - 20/100 42/100 -
(Ref. [50])
MCMSiZr7 - - 40/100 -
MSUSiZr7 - - 90/100
(Ref. [57])

Selectivity to propylene, +0.5%

®Time on stream (TOS), h

(Ref. [56]) H-Al-SBA-15

(Ref. [50]) SZ20S (Si/Zr=20) sulfated

(Ref. [57]) SiZr7: zirconium doped MCM; MSU (Si/Z r=7)

author, was ZrO,-SBA-15 sulfated with 20% ZrO,-substrate,
analyzed from 150, 175 and 200 °C reaching at 13, 21, and
42% of Isopropanol conversion level and 100% selectivity for
propylene, with traces of diisopropyl ether only at 200 °C.
Fuentes-Perujo et al. [57], using the Si-MCM-41, deduced
that the acidity of the siliceous solids was low, meanwhile,
the incorporation of Zr(IV) in the siliceous structure caused
an increment in acidity. The Brgnsted sites are linked with
bridged Zr—OH and Zr—O (H)-Si groups. The Lewis acid
sites diminish in intensity by temperature but are still found
at 350 °C. Hence, these zirconium-doped solid shows Lewis
acid sites. Isopropanol conversion at 400 °C was 30% and
the selectivity to propylene and acetone was 80% and 20%,
respectively, on Si-MCM-41 [57]. Moreover, on MCM-Zr
at 200 °C, the conversion was 40% and the selectivity to
propylene was 100%. The evaluation of the acidity of MSU
in the conversion of isopropanol showed that it was inactive
for the reaction, while MSU with various Zr doped content
(MSU-SiZr), in general, showed 90% selectivity to propyl-
ene at 200 °C [57]. As expected, catalytic materials based on
mesoporous silica are inactive for the conversion of isopro-
panol, in line with its acid strength. The incorporation of Al
as a heteroatom or the deposition of sulfated ZrO, on these
siliceous supports increases their acidity and activity for the
reaction. According to the data in Table 2, the high activity
of SZr-SMC material for the conversion of isopropanol and
the high selectivity to propylene can be noted. Moreover, at
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low temperatures, the conversion levels are elevated com-
pared to the data of the literature [50, 55-57], but per the
presence of SAS and SSAS determined by FTIR of pyridine.
In the whole temperature range studied, neither acetone nor
diisopropyl ether was detected. The Zr-SMC material shows
a low conversion even at high temperatures (3% at 350 °C),
as expected from the lack of available acidic sites.

As can be seen in Table 2, the activity and stability in
the conversion of 2-propanol to propylene was compared
with a silica structure with Al as lattice heteroatom, and
with to Si;—-O-Al-OH type acid sites in AI-SBA-15 [56], the
same silica structure (SBA-15) but doped with ZrO,-sulfate
as active sites [50, 56]. Another silica structure, with Zr in
a mesoporous silica structure [57]. Whatever the type of
active site and the support, the acidic SZr-SMC material
synthesized in this work, is more active in the conversion
of 2-propanol to propylene. We suggest that the reason for
these differences is related to the superacid nature of the
active sites of the material. Furthermore, in all cases, the
conversion is a function of increasing reaction temperature.

Table 2 also shows that the SZr-SMC catalyst maintained
its catalytic activity toward propylene production (studying
the reusability effect at temperatures of 200 and 250 °C)
after four cycles of 5 h duration each (time on stream, TOS),
without additional activation, thus reaching a total of 20 h
of continuous reaction. These results indicate the absence
of irreversible adsorption of both the reagent and product,
and the possible polymerization leading to carbon deposi-
tion blocking the access pores to the material, as well as the
permanence of the active species.

Two Langmuir—Hinshellwood mechanisms were consid-
ered (using the gas—solid reaction, at atmospheric pressure in
a fixed-bed microreactor), assuming that the surface reaction
is likely that both mechanisms occur simultaneously [58], an
E1 (two steps, carbocation formation and then propylene),
and E2 (one step, propylene as the only species formed by
intramolecular dehydration).

Lamier et al. [59], using alumina as a catalyst, reported
that in both cases (E1 or E2 mechanism), the reaction tem-
perature is found to be the key parameter in 2-propanol
conversion, and tailoring the alkene/ether selectivity, rather
than morphology influences, which in turn strongly affect
the amount of active sites and thus the catalytic activity. Oth-
erwise, the two mechanisms have similar activation energy
(~98 klJ/mol), with an exothermic adsorption—desorption
heat, which makes if the active site is strongly Bronsted, the
conversion of 2-propanol increases with temperature, due to
the modest decrease in activation energy (~ 10 kJ/mol), for
the step involving the loss of water from the adsorbed reac-
tant on acidified matrices [60]. This decrease in activation
energy with temperature is associated with an easier loss of
water from the protonated alcohol molecule through a con-
certed mechanism, yielding higher 2-propanol conversion.

@ Springer

When the active sites are sulfated zirconium (SZrO,), as
the Zr content increases [61], its dehydrogenation activity
produces acetone.

5 Nature of SZr-C interaction

Having reached this point in our work, and considering in
addition to the studies already shown, which indicate the
absence of ZrO, clusters, complementary UV-Vis diffuse
reflectance experiments of SZr-SMC showed no absorption
bands around 230 and 290 nm attributable to isolated ZrO,,
neither as monomers nor as oligomers, respectively [62, 63],
we must ask ourselves a question to which we will try sug-
gesting two answers.

According to Wu et al. [22], synthesized by auto-assem-
bly of hydrolyzed TEOS, P123 and starch, a carbonaceous
material after oxidation with sulfuric acid, indicates, the
possibility of competition between hydrolyzed TEOS and
P123 and the OH groups of starch, generating a hybrid mate-
rial of Si—C, that then when extracting the silicon, generates
SMC, with the presence of —OH stretching vibration sites
determined by FTIR. The material does not have zirconium.
At this point, the first difference from our SZr-SMC is that
we do no detect acid sites before sulfation. On the other
hand, Ziyuan Zhao [60], used the technique of interstitial
carburation to manufacture carbide coatings for zirconium.
The coatings showed a microstructure gradient with a vol-
ume ratio of ZrC to 100%, and adhesion among the coat-
ing and the base was strong, but the material was achieved
at more than 1150 °C obtaining high-carbon steel and zir-
conium sheet. To do so, a novel self-template technique
is suggested to synthesize ZrO, (5-10 nm) nanoparticles
embedded in carbon (ZrO,/C). It offers clear evidence for
understanding the catalytic synergy of ZrO, and C provides
a new approach for preparing encapsulated carbon metal
oxides, with efficient catalytic activity and with light metals
as hydrogen storage materials. XRD data confirm that it has
been successful in synthesizing ultrafine ZrO,/C and ZrO,
nanoparticles.

An alternative to the question, about Zr—C interaction,
without the presence of ZrO,, is a model involving two acid
sites for each monodentate species according to our sugges-
tions from the NH;-TPD and Py-FTIR results, where the
total acid content was higher than that of the zirconium spe-
cies in the catalyst. Therefore, the SZr-SMC catalyst has
strong Lewis and Bronsted acid sites [61]. In the simplest
linear systems &, bonding to metals occurs by two interac-
tions. The density of the electrons is donated directly to the
metal, as a 6 bond would be formed. Also, the Zr** can
donate electron density back to the linear system 1 C=C of
the orbital d of the metal to the orbital * empty of C=C of
SMC [64], see Scheme 1a.
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Amin Osatiashtiani [65], studied by XANES, the interac-
tions of ZrO, on SBA-15 and SZr-SBA-15, arriving in the
fact that the tetragonal ZrO, contains two not equivalent
tetrahedral ZrO, units, with different lengths of Zr—O link-
age, either in sulfated or non-sulfated materials. The load
sharing of the local Zr surroundings is awaited to follow its
covalent union to the SO,>~ assemblies.

A signal at 287.8 eV attributed to Zr-O-C was detected
by XPS [22, 24]. We suggest that Zr—-O-C bonds could be
related to the large amount of -OH groups in the carbon
source (starch), which would facilitate the formation of such
bonds and incorporate Zr into the carbonaceous network.
Wau et al. [22], found HO-C sites, in their work on SMC-
sulfate syntheses, although without the incorporation of Zr.
Hence, since we did not find acidity in the Zr-SMC material,
the proton found by Wu [22], have been replaced by us with
Zr. SZr-SMC material should exhibit the nature and strength
of specific acidic sites. Based on the aforementioned, we can
suggest the second type of Zr-wall mesoporous carbon inter-
action of the SMC, as C—-C-O-Zr (Scheme 1b). Both types
of Zr—C and Zr—O—C interactions would conduce to the same
type of sulfated site, the monodentate type (Scheme 1c). The
sulfation of zirconia would cause the subsequent changes in
surface acidity, concerning Bronsted acidity, generating a
new type of Bronsted acid site, with the possibility of pro-
tons creating multicentric links with sulfate anions [66], and
the electron acceptation properties of Zr are potentiated by
the inductive power of the SO42_ anion, which would with-
draw the electron density from Zr or by its direct activation
with the O atom of the sulfate complex.

6 Conclusion

We have presented a novel synthesis procedure for the for-
mation of solid acid catalysts consisting of SMC functional-
ized with sulfated zirconia. During the crystallization pro-
cess, P123, starch, zirconia and silicon can be co-assembled.
After the sulfuric treatments, the physical characteristics
of the parent carbon were maintained in the final mate-
rial, showing a large surface area (1300 m%/g), a large pore
volume and a well-ordered porosity composed of uniform
mesoporous of approximately 3.5 nm. XRD, SEM, TEM
and XPS studies indicated the absence of ZrO, as a bulky
species. Thus, Zr as an isolated species was successfully
anchored in the SMC for subsequent sulfation. Besides, evi-
dence from XPS C 1s data can be attributed to the hybrid-
ized carbon sp? (from the graphitic structure of mesoporous
carbon), which would form Zr—C bonds. Moreover, the
large amount of —OH groups, from the starch used as a car-
bon source, would promote the formation of Zr-O-C spe-
cies (also detected by XPS), forming part of the walls of
SMC, in the self-assembly process. The evidence of two

high-temperature desorption peaks in the NH;-TPD profile
and the high pyridine retention temperature determined by
FTIR revealed medium, strong and super-strong acid sites on
the SZr-SMC catalyst, and it can be assumed that these sites
correspond to a superacid catalyst. Catalytic evaluations in
the alkylation of aniline with methanol and the selective
conversion of isopropanol to propylene, confirm the acidic
properties of the SZr-SMC material.
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