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MCM-41 molecular sieve was synthesized by liquid crystal templating and modified by incipient wetness
impregnation with different Ca/P ratios. The solids were characterized by XRD, XRF, N physisorption and NHs/
CO,-TPD. The impregnation of Ca/P considerably increased the acid and basic character of MCM-41 materials,
which were subsequently tested as catalysts in the mechanochemical oxidation of diphenyl sulfide, showing good

selectivity (ca. 62 and 76%) for the selective production of diphenyl sulfoxide.

1. Introduction

MCM-41 is a mesoporous material from the M41S family with a
structured narrow pore size distribution, featuring hexagonal arrange-
ment of one-dimensional pores with a diameter between 1.5 and 10 nm,
a large specific surface area (700-1100 m? g'1), high pore volume and
good thermal stability [1]. MCM-41 is often used in the catalytic
cracking of large molecules due to the rapid diffusion of the molecules in
the mesopores [2].

When synthesized as purely siliceous, MCM-41 is only very weakly
acidic. Possible ways of increasing the surface reactivity of these solids
include isomorphic substitutions with the incorporation of other cations
[3] or by supporting inorganic compounds/complexes such as metal
oxides. The incorporation of metal oxides and/or complexes is highly
relevant since solid acids are important catalysts currently in use in
many different reactions [4].

The selective oxidation of sulfides to sulfoxides is a significant and
challenging organic reaction [5]. The growth in the chemistry of organic
sulfoxides during last decade was due to their importance as synthetic
intermediates for the production of a wide range of chemically and

biologically active molecules [6], being extensively employed in medi-
cine, pesticide, heavy metal extraction, oil desulphurization, organic
synthesis and also activation of enzymes [7].

The oxidation of sulfides to sulfoxides is the most straightforward
synthetic route to the latter, and numerous reagents and oxidative
procedures are available for this transformation [6]. However, a large
number of such oxidation reactions often require the use of toxic metal
reagents and/or large quantities of catalysts [8,9]. Among various oxi-
dants employed in this transformation, hydrogen peroxide is an attrac-
tive and environmentally friendly oxidant due to its low cost, high
availability and cleanliness [10]. However, hydrogen peroxide alone is a
relatively weak electrophile and a catalytic activation is additionally
required [11].

Moreover, many catalysts cause over oxidation to the corresponding
sulfones, therefore, control of the reaction conditions plays an important
role in avoiding the formation of oxidation side products [6]. Another
fact to be considered is that some of these methods require a tran-
sition/noble metal catalyst for the selective oxidation of sulfides, which
have a number of disadvantages such as complex preparation routes and
the use of toxic transition metal compounds, among others [12].
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Considering this, in recent years, one of the main objectives of
modernizations in catalytic processes have been the development of new
and efficient technologies to improve environmental conditions and
industries related to fine chemicals [12]. In order to switch the reaction
to greener conditions, several alternatives have been proposed, with
mechanochemistry being one of the most promising alternative meth-
odologies to conduct selective catalytic processes under solvent-free or
highly solvent-limited reactions at room temperature [13].

Based on these premises, the aim of this work was to study the in-
fluence of impregnation of aqueous solutions with different Ca/P ratios
on the surface acidity and basicity of MCM-41, combining the large
surface area of MCM-41 with the acid and basic properties of Ca/P
impregnation. Synthesized transition-metal-free catalysts were subse-
quently tested in the mechanochemical selective oxidation of diphenyl
sulfide to its respective sulfoxide.

2. Materials and methods
2.1. Synthesis of MCM-41

The MCM-41 (MCM-P) was prepared according to a procedure
described elsewhere [14]. Briefly, 630 mL of NH4OH (Merck, 25%) and
810 mL of deionized water were mixed (solution pH 11). Then 6 g of
CTAB (Sigma Aldrich, 99%) were dissolved under magnetic stirring in
the alkaline solution; subsequently, 30 mL of TEOS (Sigma Aldrich,
98%) was added to the mixture. The solution was kept under constant
stirring for 2 h at room temperature. The precipitate was then vacuum
filtered and the solids were dried at 400 K for 24 h and calcined in a
U—shalped quartz reactor at 813 K for 11 h in synthetic air (100 mL
min~ ).

2.2. Impregnations with Ca/P

Calcium and phosphorous were added to the MCM-P by incipient
wetness impregnation (total of 5 wt%) in 3 different Ca/P ratios: 1.64,
1.67 and 1.70 (atom basis). The samples were denoted as 64-MCM, 67-
MCM and 70-MCM. The precursors employed for such purpose were Ca
(NO3)2.4H,0 (Merck, 99%) and (NH4),HPO4 (Merck, 99%). For each
Ca/P ratio, four impregnation steps were carried out. First, calcium was
added and then phosphorous, followed by calcium and finally phos-
phorous. After each impregnation, the samples were dried at 393 K.
Then, they were heated to 873 K to cause thermal decomposition of the
precursors of Ca and P and formation of the respective oxides in the
surface of MCM-41. The solids were heated with a ramp of 1 Kmin'! and
remained at 873 K for 6 h.

2.3. Materials characterization

The crystalline structure of MCM-P was determined by powder X-ray
diffraction (XRD) in a Philips PW 1710 diffractometer, 0.01° s’l, 40 kv
and 30 mA. The hexagonal unit cell parameter (ag) was calculated from
the interplanar distance djgp, according to the expression ap = 2djg0/
/3. The Ca and P contents were determined by X-ray fluorescence (XRF)
in a Panalytical Axios 1 KW equipment. The textural properties were
measured by Ny physisorption at 77 K on a Micromeritics ASAP 2020
equipment. Prior to analysis, samples (ca. 200 mg) were pretreated for
24 h at 673 K. The density of acid and base sites was determined by NH3
and CO, temperature-programmed desorption (TPD) in a Micromeritics
AutoChem II 2920 equipment. Prior to TPD analysis, the samples were
pretreated at 673 K, saturated with the probe molecule at 308 K (CO3) or
323 K (NH3) and heated up to 873 K.

2.4. Oxidation of diphenyl sulfide to diphenyl sulfoxide

The oxidation reaction of diphenyl sulfide under ball milling was
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Fig. 1. X-ray diffraction pattern of (a) pure and (b) Ca/P doped MCM-41.

used to evaluate the influence of Ca/P impregnation on the acid and base
properties of MCM-41. In a typical procedure diphenyl sulfide (0.5
mmol), 30% Hy05 (8 equiv.) and catalyst (0.042%mol) were added in
25 mL jar with eight stainless steel balls (@310 nm). Then the planetary
ball milling was performed at 350 rpm for 25 min. The crude reaction
was recover from the jar by using 0.5 mL of toluene. Then the liquid
phase was analyzed by GC-FID equipped with a Supelco 2-8047-U
capillary column. All results were finally confirmed by GC-MS.

3. Results and discussion

MCM-41 material exhibited the main characteristic reflections of
MCM-41, i.e., 3 peaks at 20 = 2.86°, 4.72° and 5.40°, typical of the
hexagonal cell of its mesoporous structure (Fig. 1a). Broad peaks suggest
the formation of small MCM-41 crystals. The hexagonal unit cell
parameter (ap) was 3.6 nm, which is the sum of the pore diameter (Dp)
plus the silica wall thickness. The thickness of the wall and the average
pore diameter are equal to 1.1 nm and 2.5 nm (Table 1).

The characteristic peaks of MCM-41 were no longer detected at low
angles after Ca/P impregnation on MCM-41 (Fig. 1b). The absence of
these MCM-41 characteristic peaks in the impregnated samples may be
related to the mesoporous collapse or to a disorganization of the mes-
oporous structure which turned into an amorphous silica phase [15-17].
The impregnated samples showed low resolution peaks associated with a
carbonated calcium hydroxyphosphate phase, as well as a clear amor-
phous silica phase as evidenced by the broad band at ca. 22-23°
(Fig. 1b).

The results from XRF (chemical composition) indicated a higher
value of the Ca/P ratio as compared to the nominal values in the three
impregnated samples. The experimental Ca/P ratios were 1.86, 1.90 and
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Table 1

Morphology, acid and basic sites distribution (%) and results of the mechanochemical oxidation of diphenyl sulfide using synthesized Ca/P-MCM-41 mesoporous

materials.
Sample SBET/m2 g’l Acid sites® Basic sites” Conversion/% Selectivity/%

Lt.p. m.t.p. h.t.p. Total/pmol NH3 m~2 Lt.p. m.t.p. h.t.p. Total/pmol CO, m~2 Sulfoxide Sulfone

Blank <15 29 71
MCM-P 705 47.3 44.7 8.0 0.57 14.3 1.4 84.3 0.59 <15 40 60
64-MCM 141 46.4 41.2 12.4 4.10 31.3 32.8 35.9 1.52 29 64 36
67-MCM 104 31.1 22.7 46.2 2.18 22.2 34.0 43.8 1.56 32 62 38
70-MCM 159 50.8 21.0 28.2 3.09 25.4 24.2 50.4 1.46 28 76 24

@ Lt.p. = low-temperature peak (<433 K), m.t.p. = middle-temperature peak (433-723 K), h.t.p. = high-temperature peak (723 K). Reaction conditions: diphenyl
sulfide (0.5 mmol), 30% H,0, (8 equiv.), catalyst (0.042%mol), eight stainless steel balls (310 nm), 350 rpm, 25 min.
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Fig. 2. N, adsorption-desorption isotherms obtained at 77 K.

1.93 for the 64-MCM, 67-MCM and 70-MCM samples. Previous work has
shown only 66% impregnation of the P atoms on silica [18]. Here, the
number of sites initially available for impregnation in pure MCM-41
could be estimated from the density of acid and basic sites (Table 1).
For a 5 wt% impregnation, the number of available sites in MCM-41 is
ca. 4.5 x 10%°. Thus, the sites available for impregnation were occupied
after two impregnations of Ca and one impregnation of P. Therefore,
some of the P used in the fourth impregnation could be lost, thus
resulting in higher similar Ca/P ratios (deviations less than 1.5%). In
addition, the mean value of P loss in all samples is 12.0%, indicating a
good reproducibility of results and preparation.

The nitrogen adsorption-desorption isotherms of all solids are type
IV isotherms that changed their shape with Ca/P impregnation. All the
impregnated solids had an H3-type hysteresis loop, typically interpreted
as slit-like pores, low degree of pore curvature and the non-rigidity of
the adsorbent structure [19,20]. The considerable decrease in the sur-
face area after Ca/P impregnation indicates a partial pore blocking due
to the collapsing of the MCM-41 structure upon impregnation and pore
opening (crystal sintering) upon generation of Ca and P oxide particles
(Fig. 2).

The impregnation with Ca and P increased the density of acid and
basic sites on the MCM-41 surface (Fig. 3). The effect of the Ca/P ratio on
the distribution of surface solids sites is more pronounced for acid sites
than for basic sites. A small variation in the Ca/P ratio results in a large
change in acidity of the solids (Table 1). As the Ca/P ratio increases, the
amount of strong acid sites also increases. Impregnation causes an in-
crease of more than 600% in the surface acidity of MCM-41 suggesting
that Ca®" adsorbed on the surface of MCM-41 creates Lewis-type acid
sites [21]. The sample 64-MCM had the highest density of acid sites
while 67-MCM had the lowest. The density of strong acid sites (mmol
g 1) was the only parameter that had a linear relationship with the in-
crease of Ca/P ratio.

Oxidation of diphenyl sulfide to the corresponding sulfoxide under
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Fig. 3. Desorption profiles of CO, and NH3.

mechanochemical conditions was selected as a model reaction to
investigate the selectivity and affectivity of the prepared materials in the
presence of HyO; (Table 1). The catalytic tests were performed at room
temperature under solventless conditions by using hydrogen peroxide as
oxidant [22]. Low conversion was observed in the absence of catalyst
(blank run) as well as in the presence of MCM-P. The three synthesized
catalysts exhibited a moderate conversion (ca. 30%) even at very low
catalyst loadings, with a generally good selectivity for diphenyl sulf-
oxide production (62-76%). The ratio of strong acid sites to strong base
sites follows the same trend as the conversion values, with a maximum
value for the 67-MCM catalyst. In addition, the conversion follows an
inverse trend towards the number of basic sites. Regarding selectivity,
no direct correlation was observed. However, we speculate that the ratio
of weak acid sites to weak basic sites may be an influential parameter for
sulfoxide selectivity. As previously stated, the Lewis acid sites and the
interaction of metal and support are important features for the catalytic
activity of oxides in oxidation reactions [23].
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Notably, the results indicated that the over-oxidation to diphenyl
sulfone could easily take place (see blank run and for MCM-41) but was
minimized for the synthesized catalysts, particularly for 70-MCM (76%
selectivity to the sulfoxide). These results clearly pointed out that
selectivity in the systems could be maximized under mechanochemical
conditions (reactions taking place on the external surface) rather than in
the pores of the materials.

4. Conclusion

The impregnation of calcium and phosphorus in the MCM-41
rendered amorphous silica-based materials of high surface acidity and
basicity. The impregnated Ca/P ratio was higher than the nominal
values and the number of atoms corresponding to a 5 wt% impregnation
was higher than the available sites in MCM-41. The density of acid sites,
unlike the basic sites, is sensitive to variations in the Ca/P ratio. Pre-
pared mesoporous Ca/P MCM-41-based materials can be used as
transition-metal-free and efficient catalysts for the mechanochemical
selective oxidation of diphenyl sulfide to sulfoxide using 30% Hy05 at
room temperature, with conversions of ca. 30% and selectivities up to
76% to the corresponding sulfoxide.
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