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José Calhorda d 

a Centro de Química Estrutural, Institute of Molecular Sciencies, Associação do Instituto Superior Técnico para a Investigação e Desenvolvimento, Universidade de Lisboa, 
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A B S T R A C T   

The deoxygenation of sulfoxides is a rather important reaction from both synthetic and biological points of view, 
due to the potential of sulfides as intermediates in a variety of processes. Homogenous Mo-based catalysts 
successfully perform the reduction of diphenyl sulfoxide to diphenyl sulfide with high yields but present the well- 
known limitations regarding recovery and recycling. Thus, in the present work, two new supported catalysts 
were prepared through the immobilization of molybdenum precursor species (dichlorodioxodi(aquo)molybde
num(VI) and sodium molybdate), onto a sisal-derived acid-char (S13.5), obtained from rope industry wastes by 
acid-mediated carbonization. The heterogeneous Mo-based materials were characterized by IR spectroscopy, 
elemental analysis, ICP, solid state NMR, XPS, and SEM, and were evaluated as catalysts for the reduction of 
sulfoxides to sulfides in the presence of phenylsilane as reducing agent under different reaction conditions. The 
influence of various experimental parameters, including reducing agent type and amount, solvent type, and acid 
promoter were investigated. Catalytic studies revealed that both catalysts deoxygenate sulfoxides at 120 ◦C in 
toluene solution with high yields (up to 97%). The MoO2Cl2 derived catalyst shown to be highly efficient in the 
reduction of diaryl, alkylaryl, dibenzyl, and dialkyl sulfoxides to the corresponding sulfoxides using phenylsilane 
as reductant and no need of acid promoter.   

1. Introduction 

The development of effective ways to recover and recycle homoge
nous catalysts is essential from an economic, environmental, and long- 
term perspective, since most of these catalysts are expensive and, in 
many cases, harmful to the environment. A well-known technique to 
overcome the drawbacks of homogeneous catalysts is their immobili
zation on a solid support, allowing a simple isolation from the reaction 
medium and consequently their re-use for consecutive cycles [1–4]. This 
strategy allows lower investment and improved resource saving. The 

support for the catalyst should be wisely chosen, and the use of 
by-products, or even wastes, from other industries leads to an overall 
more sustainable process aligned with the principles of circular econ
omy. On the other hand, the use of renewable raw materials as feed
stocks fulfills the goals of green chemistry. Among other solids, a great 
number of carbon materials, such as activated carbons, carbon nano
tubes, and structured mesoporous carbons, share these characteristics as 
they can be produced from renewable precursors and/or wastes and 
have been successfully tested as supports for homogeneous catalysts 
[5–11]. Activated carbons have a relevant nanoporous network, but 
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their surface chemical composition inhibits direct catalyst immobiliza
tion, requiring thus, in most cases, multi-step preparation processes. 
Conversely, chars (also known as biochars when prepared from biomass) 
obtained by conventional or innovative carbonization routes usually 
present an incipient nanopore structure associated with a high content 
of heteroatoms on surface functional groups [12]. The conventional 
carbonization (also referred as pyrolysis) of residues with high carbon 
content, given their complex heteropolysaccharides containing gal
acturonic acid, arabinose, galactose, etc., as is the case of agro-industrial 
wastes, yield electron donor functional groups, namely oxygen func
tional groups, such as carboxyl, phenolic, and lactones, which effec
tively bind transition metals [13,14]. Hydrothermal carbonization has 
attracted great attention since it provides carbon materials - hydrochars 
- with high oxygen content and slightly acid surface chemistry [12,15] 
via a more sustainable process (i.e. water as a solvent, low temperatures, 
and autogenous pressure). Acid-chars obtained by acid-mediated 
carbonization (AMC) are promising carbon materials which so far 
have been tested mainly for adsorption processes [12,16–22], and 
scarcely employed for catalytic applications [20,23]. It must be noted 
that AMC allows to control the density of the acid-char, which may 
attain very high values, along with a very rich acidic surface chemistry 
[16,17]. The possibility of using a high-density support to immobilize a 
homogeneous catalyst is quite important since the higher the density, 
the easier the separation of the solid after the reaction. Also, the variety 
of precursors used to prepare acid-chars includes liquid and solid feed
stocks with a high moisture content that inhibits their valorization 
through conventional routes [12,21]. Another important property of 
acid-chars is their acidic surface chemistry that makes them particularly 
interesting to be used as support for complexes via direct immobilization 
[23]. In fact, for most carbon materials, the acid surface groups needed 
to interact with the complex are commonly introduced through 
post-synthesis methods, which are not needed in the case of AMC. 
Recently the acid-chars obtained by H3PO4-mediated carbonization of 
cauliflower leaves were considered as promising materials for the 
removal of Cu(II) and Pb(II) from aqueous medium due to the presence 
of hydroxyl and carboxyl functionalities that favor their coordination to 
the metals [22]. 

Due to the high amount of polysaccharides, sisal proved to be a 
suitable resource to prepare acid-chars [16,17] and so it was the starting 
material chosen to prepare the supports of the present study. Sisal is the 
strongest vegetal fiber that has been used for centuries for rope manu
facture and is still primarily used in our days as a natural raw material 
for the rope industry [24]. Being derived from the leaves of Agave sisa
lana, an autochthone plant from Mexico that also grows in tropical 
countries in Africa, West Indies, and Far East [24], sisal belongs to the 
group of hard fibers that includes flax, abaca, jute, coir, among others 
[25]. In 2014, global production of sisal fiber reached 261,235 tons, 
Brazil being the largest producing country according to the 2018 FAO
STAT data (2020 report) [26]. The residues generated during the rope 
manufacturing process are commonly recycled to produce low-quality 
ropes or used as fuel [27]. 

Considering all that was mentioned above, in this study we have 
followed a three steps approach to synthesize the molybdenum hetero
geneous catalysts using sisal rope residues as the starting material of the 
support (Fig. 1). 

Since the goal was to prepare catalysts for reduction of sulfoxides to 
sulfides, choosing a molybdenum-based catalyst was an obvious option. 
In fact, in nature, there are several molybdenum-based enzymes that can 

perform sulfoxides deoxygenation, such as methionine sulfoxide, or 
biotin sulfoxide reductases [28,29]. The deoxygenation of sulfoxides is a 
rather important reaction from both synthetical and biological points of 
view, due to the potential use of sulfides as intermediates in a variety of 
transformations. This reaction is crucial in biology to prevent cells 
damage, while it can also produce chiral auxiliaries for the synthesis of 
biologically active compounds [30]. High valent dioxomolybdenum(VI) 
complexes are known for their ability to catalyze oxygen-transfer re
actions of sulfides, phosphines, and olefins. The MoO2Cl2/silane system 
is very efficient towards the hydrosilylation of aldehydes and ketones, to 
the corresponding silyl ethers, for the reduction of imines, amides, es
ters, sulfoxides, and pyridine N-oxides to the corresponding amines, 
alcohols, sulfides, and pyridines [31]. Other Mo-based catalytic systems 
can act as efficient homogeneous catalysts for the reduction of diphenyl 
sulfoxide to diphenyl sulfide and could be extended to diaryl, alkylaryl, 
dibenzyl, and dialkyl sulfoxides with excellent product yields [32]. 

The present study reports the catalytic reduction of various sulfox
ides to sulfides in the presence of two Mo-catalysts immobilized onto 
sisal-derived acid-char, in line with the increasing interest to develop 
new methods of deoxygenation [33–36] through more sustainable cat
alytic processes. 

2. Experimental 

Sodium molybdate, diphenyl, methyl phenyl, dibenzyl, dibuthyl and 
methyl sulphoxides, phenylsilane and ethylsilane were obtained from 
Sigma-Aldrich, with purities > 99%, and were used as received. A 
diethyl ether solution of [MoO2Cl2(H2O)2] was synthesized from an 
aqueous solution of sodium molybdate in concentrated HCl, as described 
in the literature (see detailed description in SI) [37]. The solvents and all 
commercial products were used without further purification. Residues of 
sisal were provided by a rope industry (Cordex, Portugal) and used as 
starting material. The synthesis of the acid-chars required H2SO4 (Sig
ma-Aldrich, 95–98%). 

2.1. Acid-char synthesis 

The acid-char was obtained by acid digestion and carbonization of 
sisal residues [16,17,23]. Briefly, 40 mL of a 13.5 M solution of H2SO4 
and 4.0 mg of sisal, previously cut into pieces smaller than 0.4 cm, were 
mixed. The mixture was heated at 55 ◦C and kept stirring for 15 min. A 
dark liquor obtained after filtration was heated for 6 h at 90 ◦C using a 
thermostatic water bath (VWR Scientific Model 1201). The acid-char 
was collected by filtration, washed with distilled water until neutral 
pH, dried overnight at 100 ◦C (Heraeus Instruments). After drying, a 
black and hard solid was obtained with 38% yield. Finally, the solid was 
crushed in an agata mortar to recover a fine powder (particles with di
mensions < 0.297 mm) that is designated as S13.5. Elemental analysis 
(%): found C 60.5, H 4.2, S 0.5, N 0.2. FTIR (KBr/cm− 1): 3448 (br), 2922 
(w), 2852 (w), 1708 (vs), 1614 (vs), 1171 (m), 1023 (m), 799 (w). 

2.2. Catalysts immobilization 

Two different molybdenum functionalized acid-chars were synthe
sized. MoCl@S13.5 was obtained using dichlorodioxodi(aquo)molyb
denum(VI), [MoO2Cl2(H2O)2], as molybdenum source, and MoO@S13.5 
using sodium molybdate (Na2MoO4⋅2H2O). 

To prepare the MoCl@S13.5 catalyst, 250 mg of S13.5, 75 mg 

Fig. 1. Summary of steps for catalyst manufacturing: from sisal rope production waste to immobilized Mo complexes catalyst.  
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(0.32 mmol, 9.4 wt% (Mo)) of [MoO2Cl2(H2O)2] and 20 mL of dry 
CH2Cl2 were mixed and allowed to react at 40 ◦C under vigorous stirring 
and nitrogen atmosphere for 18 h. The obtained supported catalyst was 
washed with CH2Cl2 (3 × 15 mL) and dried to dryness on a vacuum line 
at room temperature. A dark blue powder - heterogeneous catalyst 
MoCl@S13.5 - was obtained with 98% yield. Elemental analysis (%): 
found C 48.7, H 3.2, S 0.5. ICP-OES Analysis for Mo: 8.0%. FTIR (KBr/ 
cm− 1): 3428 (br), 1713 (vs), 1614 (s), 1029 (w), 953 (m), 914 (m). 

MoO@S13.5 was synthesized following the same experimental 
conditions but using Na2MoO4⋅2 H2O (92 mg, 0.45 mmol, 13.1 wt% 
(Mo)) as molybdenum source. At the end a dark brown powder was 
obtained with 94% yield. Elemental analysis (%): found C 51.2, H 3.5, S 
0.5. ICP-OES Analysis for Mo: 3.3%. FTIR (KBr/cm− 1): 3447 (br), 1708 
(vs), 1614 (vs), 943 (w), 881 (m), 817 (m). 

2.3. Catalytic assays 

The catalytic reactions of diphenyl sulfoxide reduction were carried 
out in a Radleys Carousel 12 Plus Reaction Station, a thermostated glass 
parallel reaction station, operating at ambient atmosphere and under 
vigorous stirring at 120 ◦C and using 3 mL of toluene as solvent (up to 
5 mL total volume). In a typical experiment, substrate (0.25 mmol) and 
catalyst (20 mg) were introduced in the toluene acidified solution 
(0.005 mM HCl), followed by the addition of phenylsilane (0.25 mmol). 
Some parameters were changed to investigate the effects of catalyst 
loading, temperature, solvent, reductant, acid promoter, and substrate 
(for the exact reaction conditions see captions of figures and tables). 

For the reuse/regeneration assays, the catalyst was initially tested 
using 5 mmol of diphenyl sulfoxide, 30 mg of catalyst, 3 mL of toluene, 
and 1 eq. of phenylsilane. After that, the recovered material was either 
reused as it was or after washing with dichloromethane, followed by 
filtration, and drying at 120 ◦C for 1 h. Reuse tests were conducted in the 
same experimental conditions. 

2.4. Characterization and instrumentation 

Elemental analysis (EA) was carried out by the Microanalytical 
Service Microanalyses of the University of Vigo. CHN analyses were 
performed on a Fisons EA 1108; Mo quantification was performed by 
ICP-OES on a Perkin Elmer Optima 4300DV using Yttrium as internal 
standard (fresh catalysts) and on a Perkin Elmer Optical Emission 
Spectrometer Optima 2000 DV LAIST, Laboratory of Analyses, IST 
(recovered catalyst). Infrared spectra (FTIR, 4000–400 cm− 1) were 
recorded on a Nicolet 6700 instrument in KBr pellets using 2 cm− 1 

resolution (abbreviations: vs − very strong, s − strong, m – medium, w – 
weak, br – broad, sh − shoulder). 

For solid-state nuclear magnetic resonance (ss-NMR) analysis, sam
ples S13.5, MoCl@S13.5 and MoO@S13.5 (~200 mg) were packed into 
7 mm O.D. rotors equipped with Kel-F caps. 13C Cross Polarization/ 
Magic Angle Spinning (CP/MAS) spectra were obtained at 75.49 MHz on 
a Bruker/Tecmag Wide Bore NMR, with spinning rates of circa 3 kHz 
and at least 900 scans. The Hartmann–Hahn condition was optimized 
using glycine, also the external reference to set the chemical shift scale 
(13CO at 176.1 ppm). Whenever necessary, 13C CP/MAS spectra were 
obtained with suppression of the spinning side bands, achieved by using 
the TOSS (Total suppression of Spinning Sidebands) sequence [38]. In 
these experiments, contact times of 3 ms, 90◦ RF pulses of 4 μs and 
relaxation delays of 5 s were used. 

X-ray photoelectron spectroscopy (XPS) analyses were performed 
using a Kratos XSAM800. Samples were irradiated with the Al Kα radi
ation (hν=1486.6 eV). Experimental conditions and details about data 
treatment were the same as described elsewhere [39]. Charge accumu
lation effects were corrected setting the binding energy (BE) position of 
the first peak fitted to C 1 s regions (assigned to graphitic carbon) to 
284.6 eV. Sensitivity factors here used were: C 1 s:0.278; O 1 s:0.78; N 
1 s:0.42; Mo 3d:3.21; Cl 2p:0.891. 

Scanning electron microscopy coupled with energy dispersive X-ray 
spectroscopy (SEM-EDS) analysis was carried out with a microscopy 
Hitachi, S-2400 instrument with an accelerating voltage set to 15 kV and 
various amplifications. All the samples were coated with palladium 
previously to measurements. 

The determination of the acid-char pH at the point of zero charge 
(pHPZC) was obtained using a Symphony SP70P pH meter. The pHPZC 
was performed by a reverse mass titration method according with 
literature [40,41] (see page 3 of SI for experimental details). The surface 
chemistry characterization of the materials was complemented by 
evaluating the amount of the total surface acidic groups according to the 
methodology described in ref. 42. Briefly, 20 mL of 0.1 M NaCl solution 
was added to 150 mg of carbon material and stirred for 72 h, the 
resulting suspension was filtered, and the final solution were titrated to 
an endpoint of pH 7 with 0.01 M NaOH. The total number of acid sites 
corresponds to the amount of NaOH consumed in the acid-base titration. 

The apparent density and moisture of the acid-char were determined 
according with the procedure previously described in the literature for 
powdered materials [17] (see description of the methodology in page 3, 
SI). 

The reaction progress was monitored by withdrawing small aliquots 
of the reaction mixture after different periods of contact time. The 
samples were analyzed by GC using cyclooctane as internal standard. In 
the case of diphenyl sulfoxide reduction, the analyses were made in a 
Shimadzu QP2100-Plus GC/MS system and a capillary column 
(Teknokroma TRB-5MS/TRB-1MS) operating in the linear velocity mode 
(Fig. S1). The analyses of the reaction media corresponding to the 
reduction of other substrates (methyl phenyl sulfoxide, dibenzyl sulf
oxide, dibutyl sulfoxide and dimethyl sulfoxide) were performed in an 
Agilent Technologies 7820 A series gas chromatograph (He as carrier 
gas) equipped with the FID detector and the BP5/SGE (30 m × 0.22 mm 
× 0.25 µm). In any case, GC peak assignment was made by comparison 
with chromatograms of standard samples. 

3. Results and discussion 

3.1. Acid-char functionalized materials 

The acid-char derived from sisal, S13.5, was selected as support for 
molybdenum catalysts immobilization due to its functionalized acidic 
surface, as demonstrated by the pHPZC value of 1.8. In line with this 
value, the total amount of acid surface groups was estimated as 
4.23 mmol H+/gcarbon. The acid-char presented a moisture content of 
8.7% and its apparent density (tapped), after dried, was 688 kg/m3. 

The S13.5 acid-char was used as support matrix for two oxomo
lybdenum compounds, [MoO2Cl2(H2O)2] and Na2MoO4⋅2H2O. The 
immobilized catalysts were fully characterized by FTIR, SEM, ss-NMR, 
EA, ICP-OES, and XPS. 

Fig. 2 shows the FTIR spectra of the acid-char, the homogenous Mo 
catalysts ([MoO2Cl2(H2O)2] and Na2MoO4⋅2H2O), and the functional
ized materials (MoCl@S13.5 and MoO@S13.5). 

The FTIR spectrum corresponding to the S13.5 acid-char presents the 
same profile as those reported in literature for this material [16,17,23]. 
Besides the vibrations corresponding to oxygen surface functionalities (i. 
e., -OH, C––O, C− O, C− O− C) it is important to highlight the vibrations 
attributed to the sulfonic acid group (-SO3H) which appear as a strong 
broad band centered around 1143 cm− 1 and a smaller one at around 
1022 cm− 1 [17,43,44]. 

The free complex, [MoO2Cl2(H2O)2], exhibits one strong band at 
1614 cm− 1 which is assigned to the bending vibration of δ(HOH). The 
bands at 960 and 920 cm− 1 are assigned, respectively, to the antisym
metric and symmetric stretching vibrations of ν(Mo––O). The band at 
766 cm− 1 could arise from the vibrational mode ν(Mo− O− Mo) indi
cating the presence of bridging or polymeric species in the molybdenum 
precursor,[45], and the band at 569 cm− 1 can be assigned to 
ν(Mo− OH2) [46]. The bridging units may be formed when isolating the 
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solid by drying up the ether solution. 
MoCl@S13.5 exhibits the characteristic bands from the Mo complex, 

namely the strong band at 1605 cm− 1, assigned to the bending vibration 
of δ(HOH). The narrow bands at 953 and 914 cm− 1, slightly shifted to 
smaller wavenumbers, can still be assigned to the stretching vibration of 
ν(Mo––O). The bands assigned to vibration of ν(Mo− O− Mo) and 
ν(Mo− OH2), are shifted towards 731 cm− 1 and 557 cm− 1, respectively. 

The major peaks for free molybdate (Na2MoO4⋅2H2O) are assigned to 
the Mo––O group, and appear at 904, 860, and 827 cm− 1. The two 
strong bands at 1697 and 1678 cm− 1 are assigned to the bending vi
bration of δ(HOH) and the band at 557 cm− 1 to ν(Mo− OH2). 

In the spectrum of MoO@S13.5 the bending vibrations of δ(HOH) are 
hidden by bands characteristic of the acid-char. The observed strong 
bands at 901, 885, and 822 cm− 1 are assigned to the ν(Mo––O) vibration 
which confirms that the Mo atom is tetrahedrally coordinated to oxygen 
atoms. 

For all the samples, the broad absorption bands centered around 
3400 cm− 1 and 1600 cm− 1 are assigned, respectively, to the stretching 
and deformation modes of hydroxyl groups of adsorbed water. The 
bands at ~2920 cm− 1 and ~2850 cm− 1 are due to ν(C-H) modes, and 
evidence the presence of aliphatic moieties from the acid-char matrix. 
The strong band at 1709 cm− 1 observed in the char and in both immo
bilized catalysts spectra is assigned to ν(C––O) stretching vibrations, 
indicating the presence of ketones, esters, or aldehyde functional 
groups. The band at ~1616 cm− 1 and the shoulder at ~1500 cm− 1 are 
attributed to ν(C––C) stretching modes from aromatic moieties of the 
acid-char [17]. The broad peaks at ~1170 cm− 1 (acid-char), 1163 cm− 1 

(MoCl@S13.5), and 1133 cm− 1 (MoO@S13.5), besides the previous 
attribution to sulphonic groups, can also be due to the presence of the 
C− O stretching vibrations and O− H deformation vibrations of alcohols, 
phenols, ethers, or esters, usually observed between 1450 and 
1000 cm− 1 [18,47,48]. 

Summarizing, from the analysis of FTIR spectra it is possible to 
conclude that the functionalization of the surface of the acid-char with 
both Mo compounds was successfully achieved. Indeed, several func
tional groups with variable acidities and coordination sites on the acid- 
chars surface can interact with molybdenum species in diverse ways, 
resulting in a variety of Mo environments. 

The morphology of the acid-char S13.5, and catalysts MoCl@S13.5 
and MoO@S13.5 was characterized by SEM–EDS. The microphoto
graphs of S13.5 (Fig. 3a and b) reveal the smooth and uniform surface 
characteristic of this acid-char [16,17]. The immobilization of both 
molybdenum compounds results in a significative change of the surface 
topology that becomes rougher, as can be observed in the images 
reproduced in Fig. 3c-f. The SEM-EDS of MoCl@S13.5 and MoO@S13.5 
and the corresponding Mo and O distribution (Fig. 4) suggest a homo
geneous dispersion of molybdenum species over the surface of the 
acid-char. The EDS analysis made for MoCl@S13.5 (Figs. 3g and h, 4b) 
confirms that, as expected, the main components of the motifs covering 
the surface of the acid-char are molybdenum and chlorine. The SEM-EDS 
studies on MoO@S13.5 also identifies the main elements of the Mo 
catalyst (molybdenum, oxygen, and sodium) covering the acid-char 
surface (Fig. S2). 

The support and the immobilized catalysts were analyzed by solid- 
state NMR (Figs. 5, S3 and S4). The 13C CP/MAS NMR spectrum of the 
acid-char S13.5 shows the presence of carbonyl groups (180–200 ppm), 
aromatic carbons (100–150 ppm), carbons that are linked to electro
negative atoms such as O, N or S (60–80 ppm), as well as carbons present 
in alkyl chains (0–50 ppm), in line with the NMR spectrum recently 
published by the authors for this type of carbon material [16]. The 
comparison of the NMR spectrum of the acid-char S13.5, produced by 
H2SO4-mediated carbonization of sisal, with those of biochars obtained 
by slow or fast pyrolysis of biomass (i.e., corn stover or switchgrass heat 
treated at 500 ◦C under nitrogen flow) [49] clearly reveals the higher 
degree of heteroatom functionalization of the sisal derived acid-char 
with more intense peaks in the region of carbonyl groups, carboxyl or 
amide carbon, O/N/S-aryl carbon, and N-alkyl carbon. 

Since the amount of molybdenum species immobilized in the surface 
of the acid-char is, in any case, quite small (8.0% for MoCl@S13.5 and 
3.3% for MoO@S13.5), only small differences on the overall appearance 
of the 13C CP/MAS NMR spectra are observed. In, fact a detailed analysis 
of the spectra of the acid-char and both catalysts immobilized reveals 
that the major differences are found in the alkyl region of the spectrum, 
where, as highlighted in Fig. 5, more intense and defined peaks are 
observed. This change is especially evident in the case of sample 
MoCl@S13.5 for which higher and sharper signals in the region of 
60 ppm and around 10 ppm are observed. It is possible that oxygen and/ 
or nitrogen atoms in the support interact with the metal and that 
changes the environment of the carbon atoms attached directly to these 
atoms, which translates into different chemical shifts in that area [50]. 
The presence of the metal complex may also alter the mobility of the 
aliphatic chains. The signals around 10 ppm are sharper which is 
consistent with higher mobility of these groups. 

The two catalysts were studied by XPS to improve the chemical 
characterization. Detailed XPS regions for Mo 3d, Cl 2p, O 1 s and C 1 s 
(Fig. 6) and survey spectra (not shown) were acquired. 

The Mo 3d region of the MoCl@S13.5 sample was fitted with a single 
doublet with a spin-orbit split of 3.2 eV with the main component, Mo 
3d5/2 centred at 233.3 ± 0.1 eV assigned to Mo(VI) [51,52]. For the 
MoO@S13.5 sample 2 doublets were required. The lowest intensity one 
has its main component Mo 3d5/2 centred at 231.6 ± 0.1 eV and is 
assignable to Mo(V). The most intense doublet has its main component 
Mo 3d5/2 centred at 234.3 ± 0.1 eV which is higher than the usual 

Fig. 2. FTIR analysis of a) acid-char, [MoO2Cl2(H2O)2], and MoCl@S13.5; b) 
acid-char, Na2MoO4⋅2 H2O, and MoO@S13.5. 
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values in literature for Mo(VI). This result will be further discussed when 
analysing the O 1 s region. 

Cl 2p was detected in both immobilized catalysts with one doublet 
for MoO@S13.5 (where no chlorine was expected) and two doublets for 
MoCl@S13.5. Both samples present the doublet with a spin-orbit split of 
1.6 eV and the main component Cl 2p3/2 centred at 200.1 ± 0.1 eV, 
which is assigned to chlorine bonded to carbon [53] and is attributed to 
some retention of CH2Cl2. For MoCl@S13.5 a second doublet with Cl 
2p3/2 centred at 198.5 ± 0.1 eV was needed, being assignable to chlo
ride ion and attributed to unreacted precursor. Since the atomic ratio 
Cl− /Mo is 0.12, it means that the most part of the detected Mo was 
modified. The atomic ratio Cl (in CH2Cl2)/C in MoCl@S13.5 and in 
MoO@S13.5 is, respectively, 0.007 and 0.005. Vestigial amounts, 
therefore. 

The O 1 s region for both samples was fitted with 3 peaks centered at 
531.5 ± 0.1 eV, 532.6 ± 0.1 eV, and 533.9 ± 0.1 eV. The first compo
nent may contain some contribution from a MoOx oxygen [54], from 
inorganic hydroxyl groups but also (and mainly) from the oxygen doubly 
bonded to carbon in aromatic carbonyl and/or carboxylic groups. The 
second one is assignable to the same functional groups (carbonyl and 
carboxylic) but not bound to aromatic systems. The third one is assigned 
to oxygen singly bonded to carbon both in alcohols, ethers, carboxylic 
but especially typical of anhydrides (O––C− O− C––O) and organic car
bonates [55]. However, for the sample MoO@S13.5, three extra com
ponents were needed to complete the fitting at 535.2 ± 0.1 eV, 537.3 
± 0.1 eV and 539.1 ± 0.1 eV. These binding energies are typical of ox
ygen in water molecules, respectively, isolated, moderately aggregated 

and strongly aggregated [55]. The presence of water molecules solvating 
the Mo(VI) ion could explain the high BE value found in the MoO@S13.5 
sample. However, the existence of differential charge effects cannot be 
discarded [56,57]. 

Finally, for the C 1 s region, the binding energies and atomic per
centages extracted from the fitted peaks presented in Fig. 6 are gathered 
in Table 1. 

These results are consistent with the complex nature of the acid-char 
already demonstrated by ss-NMR and FTIR data. 

3.2. Catalysis 

Deoxygenation of sulfoxides catalyzed by molybdenum compounds 
usually proceeds in the presence of a small amount of acid promoter, 
which is needed to activate the catalyst and accelerate the reaction thus 
affecting both the total product yield and the initial reaction rate (W0) 
[31], and a reducing agent to bind the oxygen released by the substrate. 
Therefore, the activity of the immobilized catalysts, MoCl@S13.5 and 
MoO@S13.5, was evaluated in the reduction of diphenyl sulfoxide to the 
corresponding sulfide, starting with the commonly used phenylsilane as 
reducing agent and a toluene acidified with 0.005 mM, HCl solution as 
solvent (Scheme 1). Further assays were then planned to optimize re
action conditions, such as, catalyst loading, others reducing agents, and 
solvents. The results obtained are collected in Table 2. 

Blank tests demonstrated that in the absence of catalyst or phenyl
silane no reaction occurred (Table 2, entries 1 and 2, respectively). The 
acid-char was also tested as catalyst leading to a yield of 6.1 % or less of 

Fig. 3. SEM images of: a) and b) acid-char (S13.5); c) and d) MoCl@S13.5; e) and f) MoO@S13.5; g) selected area for EDS analysis of MoCl@S13.5; h) EDS spectrum 
of selected area. Images a), c), and e) were obtained at 500 × magnification; b), d), and f) at 3000 × magnification, and g) at 150 × magnification. 
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diphenyl sulfide (Table 2, entries 11 and 12). The homogeneous catalyst 
was also tested under equivalent conditions, i.e., 5 mg of 
[MoO2Cl2(H2O)2] (0.02 mmol Mo) attaining 100% yield after 2 h of 
reaction (Table 2, entry 13). 

To select the most suitable solvent for the reaction using the immo
bilized catalysts, different solvents were tested, and product yield was 
determined after 22 h of reaction time. The results quoted in Table S1 
show that, for a load of 20 mg of catalyst, higher sulfoxide yields were 
achieved in THF (90.5%) than in toluene (only 71.5%, see entries 4 and 
6). However, it must be noted that the reflux temperature of toluene was 
crucial to avoid the formation of diphenyl sulfone as a by-product. In 
fact, for THF at 70 ◦C the 90.5% yield of diphenyl sulfide is associated 

with 6.4% of the by-product diphenyl sulfone (Table S1, entry 6) [58, 
59]. Aiming at a potential application of more environmentally friendly 
solvents than toluene or tetrahydrofuran [60], the reduction of diphenyl 
sulfoxide in ethanol or isopropanol was also carried out (Table S1, en
tries 8 and 9, respectively). Most likely due to the low reflux temperature 
of these solvents the maximum yield achieved was 4.0%. 

Once toluene was selected as the preferred solvent, the catalytic 
activities of the two Mo-based materials were studied under the same 
experimental conditions, demonstrating that MoCl@S13.5 stands out as 
the best performing catalyst (see for instance, Table 2, entries 5 and 8 or 
entries 6 and 9) in line with its higher Mo content (8.0 versus 3.3% for 
MoO@S13.5). Moreover, comparing, for example, the data of Table 2, 
entries 9 and 12, it is plausible to assume that part of the yield reached 
by MoO@S13.5 (12.4%) is partly due to the surface groups of the acid- 
char which by itself has a yield of 6.1%. For MoCl@S13.5 the same 
assumption can be made but, in this case, having less relevance for the 
global yield. Nevertheless, in an attempt to improve the yield of 
diphenyl sulfide, an additional assay with 20 mg of MoO@S13.5 was 
made and the amount of PhSiH3 increased to 2 eq. The increase of the 
reaction yield was indeed observed (Table 2, entries 8 and 10) but the 
value was still lower than that obtained using MoCl@S13.5 and only 
1 eq. of PhSiH3 (30.9% versus 71.5%) was reached. 

Considering the more favorable yields obtained with MoCl@S13.5 in 
the previously analyzed results, further experiments were performed 
using only this material. In the first set of assays, the effect of the 
MoCl@S13.5 loading (5, 10, 20, and 30 mg) was studied, as shown in  
Fig. 7, revealing that the higher catalyst loading leads to the higher 
conversion of diphenyl sulfoxide into diphenyl sulfide, and also initial 
reaction rate (W0). 

The effect of the reducing agent amount was evaluated for both 
MoCl@S13.5 (Schemes 2) and S13.5 support. As expected, higher con
version of diphenyl sulfoxide into diphenyl sulfide is observed when 
more equivalents of PhSiH3 are added. As reported on Fig. 8, with a 
loading of 20 mg of MoCl@S13.5, not only higher yield but also a faster 
reaction (71.5% and 3.5 ×10− 4 M s− 1, respectively) were observed with 
the addition of 1 eq. of phenylsilane (Fig. 8, violet line and Table 2, entry 

Fig. 4. Morphology characterization using SEM-EDS: SEM images of a) MoCl@S13.5 with an EDS analysis of Mo and O distribution (b and c). SEM images of d) 
MoO@S13.5 with an EDS analysis of Mo and O distribution (e and f). 

Fig. 5. Solid State 13C CP/MAS TOSS (Total Suppression of Spinning Side
bands) spectra of the indicated samples. 
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5), than with 0.5 eq. (59.2%, and 2.0 ×10− 4 M s− 1, respectively, 
Table S2, entry 4). The initial reaction rate dropped down at the same 
time (Fig. 8b). 

These data demonstrate the important role of the PhSiH3 amount to 
potentiate the intrinsic catalytic properties of the acid char that reaches 
38.6% yield when using 30 mg and 2 eq. of reductant. This is not 

surprising since PhSiH3 is consumed in the reaction (PhSiH3 + Ph2SO → 
PhSi(OH)H2 + Ph2S). 

Ethylsilane was also tested as reducing agent, the results being pre
sented in Table S3. In the presence of 1 eq. of reducing agent and 20 mg 
of MoCl@S13.5 much higher yields are obtained with PhSiH3 (71.5% of 
diphenyl sulfide yield versus 6.9% for Et3SiH; Table S3, entries 4 and 6, 
respectively). Even doubling the amount of Et3SiH no relevant increase 
of the product yield is observed (6.9–11.1%, Table S3, entries 6 and 7, 
respectively). 

Fig. 6. XPS detailed regions a) Mo 3d, b) Cl 2p, c) O 1s, and d) C 1s obtained for MoCl@S13.5 (bottom) and MoO@S13.5 (top). Intensity values for MoO@S13.5 were 
added of a constant to set off spectra for clarity sake. 

Table 1 
XPS C 1 s region fitted with six components: binding energies, relative atomic 
percentage and assignments.   

MoCl@S13.5 MoO@S13.5 Assignments  

BE 
(± 0.1 eV) 

At. 
% 

BE 
(± 0.1 eV) 

At. 
% 

C 1s 
1  

284.6  21.9  284.6  14.9 Aromatic C− C, C− H 

C 1s 
2  

285.0  28.8  285.0  22.1 Aliphatic C− C, C− H 

C 1s 
3  

285.8  33.5  286.0  36.0 C− O 

C 1s 
4  

287.0  10.1  287.1  15.6 Aromatic C––O, epoxide 

C 1s 
5  

288.8  4.2  288.4  7.6 Carboxylate 

C 1s 
6  

289.9  1.4  289.9  3.8 Carboxylic, anhydride, 
organic carbonate  

Scheme 1. -Schematic representation of diphenyl sulfoxide reduction under 
the conditions reported in Table 2. 

Table 2 
Diphenyl sulfoxide reduction into the corresponding sulfide in the presence of 
MoCl@S13.5 or MoO@S13.5 using phenylsilane as reducing agent in toluene.a.  

Entry Cat. (loading mg) PhSiH3 (Substrate equivalents) Yieldb [%] 

1 - 1 <1 
2 MoCl@S13.5 (10) 0 <1 
3 MoCl@S13.5 (5) 1 9.8 
4 MoCl@S13.5 (10) 1 31.5 
5 MoCl@S13.5 (20) 1 71.5 
6 MoCl@S13.5 (30) 1 94.5 
7 MoO@S13.5 (10) 1 10.3 
8 MoO@S13.5 (20) 1 13.1 
9 MoO@S13.5 (30) 1 12.4 
10 MoO@S13.5 (20) 2 30.9 
11 S13.5 (20) 1 4.9 
12 S13.5 (30) 1 6.1 
13 [MoO2Cl2(H2O)2] (5) 1 100c  

a Reaction conditions: catalyst (5, 10, 20 or 30 mg; 0.8, 1.65, 3.3, 5.0 mol% 
Mo, respectively), diphenyl sulfoxide (0.25 mmol), phenylsilane (0.25 or 
0.50 mmol), acidified toluene solvent (0.005 mM, HCl, up to 3 mL of the total 
reaction volume), 120 ◦C, 22 h. 

b Yield of sulfide product [(moles of product/moles of substrate) × 100 %]. 
c Yield after 2 h of reaction. 
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To better understand the role of the acid additive several assays were 
run using equal volumes of HCl solution with different concentrations, i. 
e., 5.0 mM or 0.005 mM (Scheme 3, Table S3). The results of these ex
periments (yield of sulfoxide and initial reaction rate) along with the 
assay without any acidified toluene are presented in Fig. 9. The highest 
initial reaction rate is observed at greater concentration of HCl (7.0 ×

10− 4 M s− 1 for 5.0 mM - purple line - versus 3.5 × 10− 4 M s− 1 for 
0.005 mM – yellow line). However, after 22 h of reaction time the yield 
of diphenyl sulfide is the same (81%) with or without the use of an acid 
promoter. In fact, regardless of the amount of PhSiH3 used, higher HCl 

Fig. 7. The effect of MoCl@S13.5 loading on (a) the yield of diphenyl sulfide (%) with time and using PhSiH3 as reductant, (b) the initial reaction rate (W0 =Δ[s]/Δt, 
M s− 1, s-diphenyl sulfide; Δt=60 min). Typical reaction conditions: diphenyl sulfoxide (0.25 mmol), PhSiH3 (0.25 mmol), in 3 mL of acidified toluene (0.005 mM, 
HCl), 120 ◦C. 

Scheme 2. Schematic representation of diphenyl sulfoxide reduction under the 
conditions reported in Fig. 8. 

Fig. 8. Effect of the amount of reducing agent PhSiH3 on (a) the yield of diphenyl sulfide in the presence of MoCl@S13.5 and S13.5 (acid-char), and (b) initial 
reaction rate of diphenyl sulfoxide reduction catalysed by MoCl@S13.5 (W0 =Δ[s]/Δt, M s− 1, s-diphenyl sulfide; Δt=60 min). Reaction conditions: diphenyl sulf
oxide (0.25 mmol), catalyst (MoCl@S13.5: 5 or 20 mg, 8.0% Mo; S13.5: 30 mg), PhSiH3 (0.125 mmol - 0.5 eq.; 0.25 mmol - 1 eq.; 0.5 mmol- 2 eq.), at 120 ◦C in 
acidified (0.005 mM, HCl) toluene (3 mL). 
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concentration results in the faster sulfoxide reduction, as reflected in 
higher initial reaction rate. Indeed, in the redox reaction PhSiH3 
+ Ph2SO → PhSi(OH)H2 + Ph2S mentioned above, the reduction of the 
sulfoxide requires an acidic medium. This accelerating effect of HCl has 

also been explained by the ability of Cl− ions to act as ligands and sta
bilize MoCl or Mo-peroxo intermediates [43,60]. In fact, according to 
the literature, an increase of the concentration of HCl in a solution 
containing Mo(VI) complexes leads to the formation of chloro complexes 
in which the MoO2+

2 fragment is preserved throughout the acid con
centration range [61]. On the other hand, previous studies have also 
highlighted a clear need of a slightly acidic medium [62,63] to achieve 
high yield of diphenyl sulfide [43]. 

The results reported in Fig. 9 also show the benefit of using the 
amounts of reducing agent lead to high initial reaction rates. Indepen
dently of the HCl amount used, assays where 0.250 mmol phenylsilane 

Scheme 3. Schematic representation of diphenyl sulfoxide reduction under the 
conditions reported in Fig. 9. 

Fig. 9. The effect of HCl amount (a) on the yield of diphenyl sulfide in the reduction of diphenyl sulfoxide by PhSiH3 catalysed by MoCl@S13.5 and (b) on initial 
reaction rate (W0 =Δ[s]/Δt, M s− 1, s-diphenyl sulfide; Δt=60 min). Reaction conditions: Sulfoxide (0.25 mmol), catalyst (20 mg, 8.0% Mo), PhSiH3 (0.25 mmol or 
0.25 mmol), in 3 mL of acidified toluene (0.005 mM or 5.0 mM of HCl), 120 ◦C. 

Fig. 10. The effect of catalyst amount (a) on the yield of diphenyl sulfide in the reduction of diphenyl sulfoxide by PhSiH3 catalysed by MoCl@S13.5 and (b) on 
initial reaction rate (W0 =Δ[s]/Δt, M s− 1, s-diphenyl sulfide; Δt=60 min). Reaction conditions: Sulfoxide (0.25 mmol), catalyst (20 mg, 8.0% Mo), PhSiH3 
(0.25 mmol), in 3 mL of toluene without any acidification, 120 ◦C. 
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was used always presented higher W0 values (e.g.: 7.0 × 10− 4 M s− 1 

versus 3.5 × 10− 4 M s− 1 in the case of assays made with HCl 5.0 mM), 
than those obtained with 0.125 mmol of reducing agent. It is interesting 
to note that with the larger amount of phenylsilane and in the absence of 
acid promoter, initial reaction rates (W0) reached the value of the assay 
in the presence of 0.005 M HCl. Considering this finding, a series of 
experiments was performed to evaluate the effect of different 
MoCl@S13.5 loadings in the absence of acid promoter (Table S4). The 
results (Fig. 10, Table S4) show that the diphenyl sulfide yield at 
different catalyst loading in the absence of HCl is comparable to that 
achieved in the presence of acid promoter (see Fig. 7). The initial rate 
values are also in the same order of magnitude with and without HCl, 
except when using 30 mg of MoCl@S13.5, when a faster reduction was 
observed in the absence of acid. It is important to emphasize that this set 
of data clearly shows the relevance of the acid-char support in the 
overall catalytic process, since it seems that the acidic surface groups of 
the acid-char support can perform the role of HCl. Due to these unex
pected results we decided to also test the MoO@S13.5 for the deoxy
genation of diphenyl sulfoxide into the equivalent sulfide in toluene 
without any acidification. The results obtained (see Table S5) show that 
when the quantity of PhSiH3 was increased to 2 eq., an improvement in 
the yield of diphenyl sulfide was observed (37.8%). 

The versatility of the MoCl@S13.5/PhSiH3 system was tested in the 
reduction of another substrate, methyl phenyl sulfoxide, under the 
previously optimized reaction conditions (Scheme 4). As previously 
observed for diphenyl sulfoxide, the reduction of methyl phenyl sulf
oxide does not occur in the absence of neither the MoCl@S13.5 catalyst 
nor the reducing agent (Table 3 entries 1 and 2). The blank assays with 
the acid-char show that, in the presence or in the absence of the HCl 
promoter, very low yields of methyl phenyl were obtained (6.1% and 
8.6%, Table 3 entries 5 and 6, respectively). In the catalytic assays, a 
good yield of 83.1% was obtained after 24 h (using 10 mg of 
MoCl@S13.5 and HCl promoter, Table 3 entry 3), but even higher 
conversion (97.4%) was observed in absence of any acid promoter 
(Table 3, entry 4). The establishment of an acid-free protocol is poten
tially an extremely useful tool for organic synthesis, providing advan
tages in terms of sustainability and industrial application on a wide 
scale. 

The successful deoxygenation of diphenyl and methyl phenyl sulf
oxides suggested that the system MoCl@S13.5/phenylsilane might be 
efficient for the deoxygenation of additional sulfoxides (i.e., dibenzyl 
sulfoxide, dibutyl sulfoxide, and dimethyl sulfoxide). Excellent yields of 
the corresponding sulfides were obtained for all the sulfoxides under the 
optimized experimental conditions, in the absence of HCl (Table 4). In 
fact, apart from the dibenzyl sulfoxide, the maximum obtained yields of 
sulfides lie within 80% (diphenyl sulfide, Table 4 entry 1) - 97.4% 
(methyl phenyl sulfide, Table 4 entry 2). These data reveal the scope of 
the current catalytic system towards reduction of suitable substrates, 
such as diaryl, alkylaryl, dibenzyl, and dialkyl sulfoxide with a different 
degree of bulkiness and electronic properties. As in the case of dimethyl 
sulfoxide reduction, high conversions of other substituted sulfoxides 
were achieved in the absence of any acid promoter (Table 4). 

3.3. Catalyst regeneration and reuse 

The catalytic activity of MoCl@S13.5 used for the diphenyl sulfoxide 
reduction was evaluated for multiple use of catalyst under the conditions 
reported in Table S3 (see entries 9, 14 and 15). Thus, as an initial 

approach the catalyst was recovered from the reaction mixture by 
filtration and reused without any additional treatment. The diphenyl 
sulfide yield decreases from 81% to 19% (Table S3 entries 9 and 14) at 
equivalent catalyst loading. Taking into account the low direct reuse 
efficiency, a second approach of the catalyst regeneration was explored 
to determine whether the catalytic activity could be restored. After 
washing the used catalyst with dichloromethane (3 × 15 mL) and drying 
at 120 ◦C (1 h) the yield of diphenyl sulfide became 62.4 % in the second 
cycle (Table S3 entry 15). 

To study the possible leaching effect, 30 mg of MoCl@S13.5 catalyst 
was mixed with toluene and left under vigorous stirring for 1 h at 
120 ◦C. After that, the catalyst was filtered out and diphenyl sulfoxide 
and phenylsilane were added to the remaining toluene solution and left 
to react for 24 h under standard reaction conditions. No conversion of 
diphenyl sulfoxide was observed, suggesting that there was no leaching 
of soluble active species, i.e., no release of molybdenum species from the 
solid support to the toluene solution. In fact, while after 2 h of reaction 
100% yield was achieved using homogenous catalyst (entries 13 of 
Table 2 and S1) or a mixture of the acid-char and the homogenous 
catalyst (Table S1, entry 14). So, it can be concluded that no release of 
[MoO2Cl2] into the reaction solution, from MoCl@S13.5, occurred. 

To further evaluate possible leaching, the Mo amount of the catalyst 
recovered after the catalytic assay was determined by ICP-OES. The 
result (Table S6) demonstrates that no significant leaching of soluble Mo 
active species occurred as the difference from the amount determined in 
the fresh catalyst lies in the error range of the technique. 

All the results previously discussed point out that some deactivation 
of the active centers of the immobilized catalyst may occur. This was 
demonstrated by the analysis of the FTIR spectrum of the material after 
the treatment with CH2Cl2 (see Fig. S5 and discussion in SI, page 9) that 
revealed the presence of organic compounds most liked adsorbed on the 
surface and/or interacting with the Mo centers. 

In recent studies, it was possible to identify a comparable conversion 
of sulfoxides into sulfides using heterogeneous catalysts, but through a 
hydrogenation process [64–66]. High pressures (c.a. 10 atm) and the 
most variable temperature ranges are used in these operations [58,64]. 
Yao et al. used nitrogen-doped carbon-supported cobalt-molybdenum 
bimetallic catalysts, and Fujita et al. reported a 
titanium-dioxide-supported nickel phosphide nanoalloy (nano-
Ni2P/TiO2) that exhibits high catalytic activity for the deoxygenation of 
various sulfoxides to sulfides under 1 bar of H2 [63,64]. Mitsudome et al. 
illustrated the use of a continuous flow reactor with Ru nanoparticles 
supported on TiO2 to enhance the selective hydrogenation of different 
functionalized sulfoxides at atmospheric H2 pressure [58]. Kuwahara et 
al. demonstrated a far more complex system with the resource of plas
monic hydrogen molybdenum bronze coupled with Pt nanoparticles 
(Pt/HxMoO3-y) showing a high catalytic performance in the deoxygen
ation of sulfoxides with 1 atm of H2 at room temperature, with activity 

Scheme 4. .Schematic representation of methyl phenyl sulfoxide reduction 
under the conditions reported in Table 3. 

Table 3 
Methyl phenyl sulfoxide reduction to methyl phenyl sulfide using the 
MoCl@S13.5/phenylsilane catalytic system in toluene.a.  

Entry Cat. (loading 
mg) 

PhSiH3 (equivalents to 
substrate) 

HCl 
(mM) 

Yieldb 

[%] 

1 − 1 0.005 <1 
2 MoCl@S13.5 

(10) 
− 0.005 <1 

3 MoCl@S13.5 
(20) 

1 0.005 83.1 

4 MoCl@S13.5 
(20) 

1 − 97.4 

5 S13.5 (30) 1 0.005 6.1 
6 S13.5 (30) 1 − 8.6  

a Reaction conditions: MoCl@S13.5 catalyst (20 mg), substrate (0.25 mmol), 
phenylsilane (0.25 mmol), toluene solvent (up to 3 mL total volume), 120 ◦C, 
24 h. 

b Yield of sulfide product [(moles of product/moles of substrate) × 100 %]. 
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enhancement under visible light irradiation relative to dark conditions 
[65]. Sulfoxide deoxygenation processes have also been shown using 
hydroxyapatite-supported ruthenium nanoparticles as well as gold 
nanoparticles [67–69]. Nonetheless, the methodology used in the pre
sent study has the potential to be a significant instrument for organic 
synthesis, providing advantages in terms of sustainability. This is 
accomplished by the use of an economically accessible transition metal, 
a matrix from the valorization of industry wastes, and milder reaction 
conditions, which eliminate the need for acid promoters. Furthermore, 
the uniqueness of this work is not to report the use of an acid-biochar 
support for the first time, but to proof that it allows the preparation of 
a catalyst that can perform in very favorable conditions for the deoxy
genation of sulfoxides. In fact, the capacity of the acid-char support to be 
the source of the acid required for the reduction was an added value for 
this particular reaction. 

4. Conclusions 

In this study we demonstrated the valorization of sisal rope industry 
wastes through the fabrication of an acid-char to be used as support for 
Mo-based catalysts, which were tested in the reduction of sulfoxides to 
sulfides. This carbon-based material prepared from biomass as a sup
port, besides being environmentally sustainable, provided a good 
strategy to develop new heterogeneous catalysts. Molybdenum centers 
were immobilized on the surface of acid-char and tested as immobilized 
catalysts for sulfoxide deoxygenation, establishing the path for future 
heterogeneous catalysts based on industry by-product sustainability. 
The MoCl@S13.5 material acts as efficient catalyst in the heterogeneous 
reduction of diaryl, alkylaryl, dibenzyl, and dialkyl sulfoxides to the 
corresponding sulfides in the presence of phenylsilane. 

The material MoCl@S13.5 manufactured from the acid-char as solid 
matrix has proved to be very useful, since the acidic character of its 
surface was an asset for sulfoxides reduction that usually requiresin the 
presence of an acid promoter or the addition of a catalyst in a solution 
with very low pH. The MoCl@S13.5 catalytic activity was promising 
since the heterogeneous catalyst could be reused following a simple 
regeneration process using dichloromethane. The same sulfoxide con
versions occur substantially faster when employing the well-explored 

homogeneous [MoO2Cl2] catalyst, making it a viable choice for our 
research purpose; nevertheless, in those reported circumstances, the 
catalyst cannot be easily isolated for equivalent Mo catalyst loadings. 
The effort required to reuse and separate transition metals is highly 
valued, not only for its economic worth but also for its availability. The 
approach herein described may also be applied to more precious metals 
that have affinity for the functional groups on the surface of acid-chars. 
This reuse enables the extension of Mo-based catalysts to new applica
tions, contributing to the development of more sustainable and 
economically viable industrial processes, lowering costs and environ
mental impact, and opening up new pathways for the development of 
sustainable products. 

Synopsis 

Valorization of wastes from the sisal rope industry by preparing and 
converting acid-chars into immobilized molybdenum catalysts: full 
characterization and use as heterogeneous catalysts for the reduction of 
sulfoxides to sulfides. 
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Substrate scope in the reduction of sulfoxides to sulfides by the MoCl@S13.5/phenylsilane system in acid free toluene.a.  

Entry Sulfoxide Substrate Sulfide Product Yield (%)b 

1 81.0 

2 97.4 

3 61.8c 

4 94.8 

5 94.7  

a Reaction conditions: MoCl@S13.5 catalyst (20 mg), substrate (0.25 mmol), phenylsilane (0.25 mmol), not acidified toluene (up to 3 mL total volume), 120 ◦C, 
24 h. 

b Yield of sulfide product [(moles of product/moles of substrate) × 100 %]. 
c Dibenzyl sulfone (34.7 %) is also formed as a by-product. 
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Appendix A. Supporting information 

Supporting Information is available and contains: Experimental 
procedures to determine the pHPZC, apparent density and moisture 
content of the acid-char, synthesis for the diethyl ether solution of 
[MoO2Cl2(H2O)2], GC chromatographic evolution of diphenyl sulfoxide 
reduction catalyzed by MoCl@S13.5 (Fig. S1), SEM-EDS analysis of 
MoO@S13.5 with spectrum of selected area (Fig. S2), solid state NMR – 
CP/MAS and continuous-wave (CW) decoupling of MoO@S13.5, 
MoCl@S13.5 and S13.5 (Figs. S3 and S4), additional catalytic results 
(Tables S1− S5), Mo content analysis performed by ICP-OES (Table S6), 
and FTIR analysis of MoCl@S13.5 before and after catalysis (Fig. S5). 
Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.cattod.2023.114388. 
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