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3-(Sulfamic acid)-propyltriethoxysilane on biochar
nanoparticles as a practical, biocompatible,
recyclable and chemoselective nanocatalyst in
organic reactionsy

Norolhoda Emad-Abbas,? Jalil Naji,*® Parisa Moradi {2 ** and Tavan Kikhavani®

Recyclable and inexpensive catalysts, waste regeneration, use of available and safe solvents are important
principles of green chemistry. Therefore, in this project, biochar nanoparticles (BNPs) were synthesized by
the pyrolysis method from chicken manure. Then, 3-(sulfamic acid)-propyltriethoxysilane (SAPES) was
immobilized on the surface of BNPs (SAPES@BNPs). The prepared catalyst (SAPES@BNPs) was used as
a commercial, practical, biocompatible and reusable catalyst in the selective oxidation of sulfides to
sulfoxides. Further, the catalytic application of SAPES@BNPs was explored in the multicomponent
synthesis of tetrahydrobenzolblpyrans under mild and green conditions. BNPs were characterized using
SEM, TGA and XRD techniques. SAPES@BNPs were characterized using SEM, FT-IR spectroscopy, WDX,
EDS, TGA, and XRD techniques. Particle size distribution was obtained by histogram graph. SAPES@BNPs
can be recovered and reused several times. The purity of the products was studied using NMR

rsc.li/rsc-advances spectroscopy.

1. Introduction

The interaction between starting materials and catalyst species
is quick and easy in a homogeneous system because the catalyst
particles and the reactants are in one phase, which leads to
increases in the catalytic activity of the homogeneous catalysts.
However, catalyst recovery and recycling at the end of the
reaction is time-consuming and very difficult, and the isolation
of the pure products is very difficult."” Therefore, the applica-
tion of homogeneous catalysts is limited despite their high
catalytic activity. Whereas, heterogeneous catalysts have
different physical phases than reaction media and as they are
not soluble in the reaction mixture, they can be easily recovered
and reused.*™ Therefore, heterogeneous catalysts have great
and important advantages such as easy separation, recyclability,
environmental compatibility, and excellent purity of the final
product free of catalyst contaminants.’** In addition, homo-
geneous acid catalysts lead to equipment corrosion, whereas
heterogeneous or immobilized acid catalysts are safe. However,
heterogeneous catalysts are less efficient and selective than
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many homogeneous catalysts.'® Nanocatalyst is a collection of
catalyst knowledge and nanotechnology. As the particle size
decreases to the nanoscale, the available surface area increases.
Therefore, nanocatalysts are the bridge between homogeneous
and heterogeneous catalysts. On the one hand, nanocatalysts
have high selectivity and efficiency similar to homogeneous
catalysts. On the other hand, the heterogeneous nature of
nanocatalysts makes them recyclable and reusable similar to
heterogeneous catalysts.””* In this context, several nano-
structure materials such as mesoporous materials,***® carbon
nanostructures,”?® modified polymers,*** modified gra-
phene oxide,*® MOF structures,*** modified boehmite nano-
particles,**** biochar,* magnetic nanoparticles®”*® have been
employed as catalyst supports. Among them, biochar has
unique features, which can be formed by the pyrolysis of
organic waste, plant residues, tree bark, and animal manure.***
Biochar, in addition to being biocompatible, is very inexpensive
and has no toxicity. Also, the surface of BNPs can be modified
because its surface is covered with carbonyl, carboxylic acid,
and hydroxyl groups, in which BNPs are suitable for the stabi-
lization of various catalyst species.*** Due to this property of
biochar, they can be used as a catalyst or support catalyst.
Therefore, —we  are  reporting  3-(sulfamic  acid)-
propyltriethoxysilane on biochar nanoparticles (SAPES@BNPs)
as a practical, biocompatible and recyclable catalyst for the
selective oxidation of sulfides to sulfoxides using H,0, under
solvent-free conditions as a green media. Because sulfoxides are
important intermediates in the synthesis of organic and
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biologically active molecules and important reactants for
oxygen transport. For example, the insecticides modafinil and
omeprazole are two practical examples of the intermediates of
these compounds in the chemical and pharmaceutical indus-
tries.*»** Many sulfoxide compounds also have medicinal
properties, such as penicillin as an antibiotic, nelfinavir as
a potent HIV inhibitor, and kynureninase inhibitors.**™*” Also,
the catalytic application of SAPES@BNPs was investigated in the
multicomponent condensation of aldehydes, malononitrile and
dimedone toward the synthesizing of tetrahydrobenzo[b]pyrans
in water under mild and green conditions. Tetrahydrobenzo[b]
pyrans are interesting organic compounds, which have many
applications, such as antianaphylactic, antifungal, anticancer,
antibacterial, anticoagulant, antioxidant, antiviral, anti-
leishmanial, spasmolytic, and antiallergenic.**~>*

2. Experimental

2.1. Preparation of the catalyst

The modified biochar nanoparticles with (3-aminopropyl)trie-
thoxysilane (APES@BNPs) were obtained based on authentic re-
ported procedure.***> Then, in a 50 mL vacuum balloon, 0.5 g of
APES@BNPs were dispersed in 3 mL of dry dichloromethane.
Then, 0.8 mL of concentrated chlorosulfonic acid was added
dropwise under a magnetic stirrer at room temperature. The
resulting mixture was stirred under the same conditions for
120 min. The SAPES@BNPs catalyst was isolated by simple
filtration. It was then washed twice with dichloromethane, twice
with ethanol, and finally twice with dichloromethane. The
resulting nanocatalyst was dried at room temperature (Scheme 1).

2.2. General method for the oxidation of sulfides to
sulfoxides in the presence of SAPES@BNPs

15 mg of SAPES@BNPs nanocatalyst was added to a mixture of
sulfide (1 mmol) and hydrogen peroxide (0.5 mL). The reaction
mixture was stirred under a solvent-free condition at room
temperature for the periods listed in Table 2 with a magnetic
stirrer. The reaction progress was followed by TLC paper using
n-hexane/acetone solvent in a ratio of 8:2. Separation of the
catalyst from the product was performed by simple filtration.
The products were extracted with ethyl acetate and then the
organic phase was dried over sodium sulfate. After evaporation
of the solvent, the pure products were obtained with high yields
(Scheme 2).
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Scheme 2 Oxidation of sulfides to sulfoxides in the presence of
SAPES@BNPs nanocatalyst.

2.3. General method for the synthesis of tetrahydrobenzo[b]
pyrans in the presence of SAPES@BNPs

A multicomponent condensation of dimedone, malononitrile,
and aldehyde derivatives was selected to prepare tetrahy-
drobenzo[b]pyrans (Scheme 3). Tetrahydrobenzo[b]pyrans were
synthesized by stirring a mixture containing malononitrile (1
mmol), dimedone (1 mmol), and aldehyde derivatives (1 mmol)
at 80 °C in H,0 in the attendance of SAPES@BNPs (20 mg). The
reaction proceed was supervised by TLC. Then, SAPES@BNPs
were filtered, and the products were obtained in ethyl acetate.
The obtained tetrahydrobenzo[b]pyrans were recrystallized in n-
hexane.

2.4. Spectral data

2.4.1 2-Amino-7,7-dimethyl-4-(2-nitrophenyl)-5-oxo-5,6,7,8-
tetrahydro-4H-chromene-3-carbonitrile. 'H NMR (250 MHz,
DMSO): 6y = 7.81-7.78 (d, J = 7.5 Hz, 1H), 7.67-7.61 (t, J =
7.5 Hz, 1H), 7.43-7.40 (d, J = 7.5 Hz, 1H), 7.37-7.32 (d,J = 5 Hz,
1H), 7.18 (br, 2H), 4.91 (s, 1H), 2.48 (s, 2H), 2.21-2.15 (d, ] =
15 Hz, 1H), 2.02-1.96 (d, J = 15 Hz, 1H), 0.99 (s, 3H), 0.86 (s,
3H) ppm.

2.4.2 2-Amino-7,7-dimethyl-4-(3-nitrophenyl)-5-oxo-5,6,7,8-
tetrahydro-4H-chromene-3-carbonitrile. 'H NMR (250 MHz,
DMSO): 6y; = 8.07-8.04 (d,J = 7.5 Hz, 1H), 7.95 (s, 1H), 7.66-7.59
(t,] = 10 Hz, 2H), 7.16 (br, 2H), 4.39 (s, 1H), 2.52 (s, 2H), 2.28-
2.22 (d, J = 15 Hz, 1H), 2.12-2.05 (d, J = 17.5 Hz, 1H), 1.02 (s,
3H), 0.93 (s, 3H) ppm.

2.4.3 2-Amino-4-(3-hydroxyphenyl)-7,7-dimethyl-5-oxo-
5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile. 'H NMR (250
MHz, DMSO): 6; = 9.30 (br, 1H), 7.06-6.95 (m, 3H), 6.54-6.52
(m, 3H), 4.03 (s, 1H), 2.48 (s, 2H), 2.27-2.20 (d, J = 17.5 Hz, 1H),
2.11-2.04 (d, J = 17.5 Hz, 1H), 1.01 (s, 3H), 0.94 (s, 3H) ppm.

2.4.4 2-Amino-4-(4-hydroxyphenyl)-7,7-dimethyl-5-oxo-
5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile. 'H NMR (250
MHz, DMSO): 6 = 9.23 (br, 1H), 6.91-6.88 (m, 4H), 6.64-6.61
(d,J = 7.5 Hz, 2H), 4.03 (s, 1H), 2.46 (s, 2H), 2.24-2.18 (d, ] =

NHSO,H

Scheme 1 Schematic of the synthesis of SAPES@BNPs.
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Scheme 3 Preparation of tetrahydrobenzolb]pyrans in the presence of SAPES@BNPs.

15 Hz, 1H), 2.09-2.02 (d, J = 17.5 Hz, 1H), 1.00 (s, 3H), 0.91 (s,
3H) ppm.

2.4.5 (Sulfinylbis(methylene))dibenzene. 'H NMR (250
MHz, CDCl,): 6;; = 7.37-7.30 (m, 10H), 4.44 (s, 2H), 4.19-4.13 (d,
J = 15 Hz, 1H), 3.89-3.84 (d, J = 12.5 Hz, 1H) ppm.

2.4.6 1-(Butylsulfinyl)butane. "H NMR (250 MHz, CDC,):
oy = 2.97-2.90 (t, J = 10 Hz, 4H), 1.86-1.74 (quin, J = 7.5 Hz,
4H), 1.53-1.39 (six, J = 7.5 Hz, 4H), 0.97-0.92 (t, J = 7.5 Hz,
6H) ppm.

2.4.7 Tetrahydrothiophene 1-oxide. 'H NMR (250 MHz,
CDCl;): 6y = 3.04-2.99 (t,J = 5 Hz, 4H), 2.24-2.15 (m, 4H) ppm.

3. Result and discussion

In this work, the characterization of SAPES@BNPs nanocatalyst
was investigated using various techniques such as TGA, WDX,
EDS, FTIR, SEM and XRD techniques.

Fig. 1 shows the SEM images of biochar nanoparticles. Also,
Fig. 2a shows the SEM image of SAPES@BNPs. As can be seen,
the SEM images well demonstrated the quasi-spherical nature
of SAPES@BNPs. The SEM technique was also used to deter-
mine the dimensions of the biochar nanoparticles and
SAPES@BNPs. Therefore, there is no significant difference in
the shape and size of biochar and SAPES@BNPs particles. The
size of the particles is in the range of 30-100 nanometers (nm).
Particle size distribution was obtained from the histogram
graph from the SEM image (Fig. 2b). The histogram graph
showed a large variation in the particle size of SAPES@BNPs.

SEM HV: 25.0 kV WD: 10.14 mm
View field: 3.22 pm Det: SE
SEM MAG: 64.4 kx  Date(m/dly): 06/19/24

MIRA3 TESCAN|

1um

Fig. 1 SEM images of biochar nanoparticles.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The particle size of SAPES@BNPs nanocatalyst was observed in
the range of 30-100 nm with an average diameter size of about
60 nm.

X-ray energy diffraction technique (EDS) is a method to
determine the elemental composition of a sample. In this work,
EDS analysis was used to determine the quality of the elemental
composition in SAPES@BNPs. EDS analysis of SAPES@BNPs is
shown in Fig. 3 and all C, N, O, Si and S elements were observed
in the catalyst structure.

Also, WDX (wavelength dispersive X-ray spectroscopy) was
used to determine the distribution of elements in
SAPES@BNPs. The WDX data on SAPES@BNPs nanocatalyst are
shown in Fig. 4.

TGA analysis uses a specific heating program under
a controlled atmosphere, in which weight changes of the
samples are investigated. Based on the results of thermal
gravimetric analysis (TGA), it is possible to estimate the amount
of combustible or vaporizable materials, including water, other
solvents and organic compounds in the sample. In this work,
the TGA technique was used to determine the amount of
organic materials that were stabilized on biochar nanoparticles
(Fig. 5). The TGA diagrams of biochar nanoparticles and
SAPES@BNPs nanocatalyst are shown in Fig. 5. The weight loss
difference observed between biochar nanoparticles and
SAPES@BNPs nanocatalyst was 16%, which meant that 16% of
propyl sulfamic acid was immobilized on the surface of biochar
nanoparticles. The weight loss of nearly 15%, which was

SEM HV: 25.0 kV
View field: 2.33 ym
SEM MAG: 89.0 kx Date(m/dly): 06/19/24

WD: 10.14 mm
Det: SE

MIRA3 TESCAN
500 nm
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Fig. 2 (a) SEM image of SAPES@BNPs and (b) particle size distribution histogram graphs of SAPES@BNPs particles, which was determined
by SEM.

observed in the first stage in the temperature range of less than  biochar surface.®® In the second stage, a weight loss of about
150 °C, is related to the evaporation of physically absorbed 45%, which was observed in the temperature range of 300 °C to
solvents and the removal of hydroxy groups attached to the 600 °C, is related to the removal of organic layers stabilized on

22150 | RSC Adv, 2024, 14, 22147-22158 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The EDS diagram of SAPES@BNPs.

Fig. 4 The WDX diagram of SAPES@BNPs.

the biochar.” In the third stage, the weight loss of about 5%,
which was observed in the temperature range above 600 °C, may
be related to the continuation of pyrolysis of the biochar.*®
XRD technique was used to investigate the structural order
and determine the structural patterns of biochar nanoparticles

© 2024 The Author(s). Published by the Royal Society of Chemistry

and SAPES@BNPs. The obtained XRD patterns of biochar
nanoparticles and SAPES@BNPs are shown in Fig. 6. A strong
peak was observed in the region of 26 = 30° for SAPES@BNPs,
which is consistent with the structural pattern of biochar.*
Also, some weak peaks in the 26 region for SAPES@BNPs can be

RSC Adv, 2024, 14, 22147-22158 | 22151
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Fig.5 TGA diagrams of (a) biochar nanoparticles and (b) SAPES@BNPs
nanocatalyst.
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Fig. 6 XRD patterns of (a) biochar nanoparticles and (b) SAPES@BNPs
nanocatalyst.

seen at 40.7°, 43.7°, 48.7°, and 66.7°. As can be seen, the peaks
of SAPES@BNPs are completely consistent with the structural
pattern of biochar nanoparticles and this indicates the stability
of the biochar after modification and immobilization of sulfa-
mic acid.
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Table1l The results of methyl phenyl sulfide oxidation in the presence
of SAPES@BNPs using 0.5 mL of H,O, at room temperature

Amount of the

Entry catalyst (mg) Solvent Time (min) Yield (%)
1 — Solvent-free 150 Trace

2 10 Solvent-free 120 65

3 20 Solvent-free 60 97

4 30 Solvent-free 45 97

5 20 CH,Cl, 60 46

6 20 n-Hexane 60 38

7 20 CH;COOEt 60 61

8 20 H,0 60 70

The FT-IR spectrum of SAPES@BNPs is shown in Fig. 7. The
strong bands at 1098, 781 and 471 cm ' correspond to the
vibrations of Si-O-Si bonds,** indicating successful surface
modification of biochar with (3-aminopropyl)triethoxysilane. A
broad peak observed in the region of 2700-3700 cm ™" is related
to the stretching vibration of sulfamic acid on biochar nano-
particles, which overlapped with the stretching vibrations of
hydroxyl groups at 3421 em™" and C-H bonds at 2933 ecm™".
Also, the stretching vibration of S-O was characterized by
a band at 654 cm ™. A broad band at 1130-1250 cm '
sponds to the vibrations of S=O of sulfamic acid.

corre-

3.1. Catalytic study of SAPES@BNPs

At first, the catalytic application of SAPES@BN was investigated
in the chemoselective oxidation of sulfides to sulfoxides.

The oxidation reaction of methyl phenyl sulfide was selected
as an initial reaction for optimization of the reaction condi-
tions, and the effect of the catalyst amount and solvent was
investigated. This reaction did not progress in the absence of
SAPES@BNPs catalyst, while, the best results were indicated
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90
S
o 80+
e
©
=]
E
w
& 70
=
60 -
L L roi s 8 3 ’;‘\5‘% <‘\4 ‘_ Ql q’r <
5 T T T — I‘_ — T 1§
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Fig. 7 The FT-IR spectrum of SAPES@BNPs nanocatalyst.
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Table 2 The sulfoxidation of sulfides in the presence of SAPES@BNPs catalyst

Entry Sulfide Sulfoxide product Time (min) Yield (%)
S 0
h S
1 ~ 60 97
2 :S: S 30 94
I
O
Q
3 S Q\/S\/Q 180 95
S O
4 NN l 30 96
s 2
5 NI 45 95
o s o
Il 0320 solvent-free conditions - the best result was indicated when the
S _Hy0,/Cat, _S< =sZ . ..
R R ———= R R + R R reaction was tested under solvent-free conditions (Table 1).
94-97% 0% To expand the catalytic application of SAPES@BNPs, various
sulfides - aliphatic sulfides and aromatic sulfides - were
0 o investigated under optimized conditions in the presence of the
Sy 0 /Cay NS oy + NSy SAPES@BNPs catalyst. All sulfoxides were isolated in short

96% 0%

Scheme 4 Chemoselectivity of SAPES@BNPs catalyst in the oxidation
of sulfide.

when 20 mg of SAPES@BNPs catalyst was used. Then, the effect
of the solvent was investigated. Among different solvents - e.g.
water, ethyl acetate, n-hexane, dichloromethane, as well as the

Mechanism a

Hy0,

reaction times with excellent yields (Table 2).

One of the notable advantages and most important features
of this work is the chemoselectivity of this system. The sulfox-
idation of sulfides in the presence of SAPES@BNPs demon-
strated good chemoselectivity (Scheme 4).

Based on past reports on the oxidation were sulfides,*>° the
following two mechanisms are suggested for the oxidation of
sulfide in the presence of SAPES@BNPs catalyst (Scheme 5).

Mechanism b

HzOz + RIIS\RZ

Scheme 5 Suggested mechanism for the sulfoxidation of sulfides in the presence of SAPES@BNPs catalyst.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Optimization conditions for the synthesis of tetrahydrobenzo[b]pyran using the SAPES@BNPs
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Entry Amount of the catalyst (mg) Solvent Temp (°C) Time (min) Yield (%)
1 15 H,0 80 17 90

2 20 H,O 80 10 96

3 25 H,0 80 5 97

4 20 H,0:PEG-400 80 10 31

5 20 H,0:EtOH 80 10 23

6 20 EtOH 80 10 15

7 20 H,0 60 45 91

8 25 H,O r.t. 40 Trace

Table 4 Preparation of tetrahydrobenzolb]pyran derivatives in the presence of SAPES@BNPs

Entry Aldehyde Product Time (min) Yield (%)
Cl
Cl
1 0 10 96
CN
CHO | |
OH
2 © 35 91
CHO
OH
3 ; 50 93
CHO
OCH;
OCH;4
4 60 96
CHO

22154 | RSC Adv, 2024, 14, 22147-22158
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Table 4 (Contd.)
Entry Aldehyde Product Time (min) Yield (%)
CHO
CHO
5 © 20 89
CHO
6 ; NO, 160 90
CHO
7 ; 140 94
CHO
NO,
8 © 120 97
CHO

In the second part, the catalytic performance of SAPES@BNPs
was investigated in the synthesis of tetrahydrobenzo[b]pyrans
using condensation of aldehydes, malononitrile, and dimedone.
In this regard, at first, the reaction conditions were optimized for
the condensation of 4-chlorobenzaldehyde, malononitrile, and
dimedone in terms of the nature solvent, amount of catalyst and
the reaction temperature (Table 3). As it is clear in Table 3, the
best result was obtained in the presence of 20 mg of
SAPES@BNPs in water as solvent at 80 °C.

In continuation, we investigated different aldehydes to
expand the scope catalytic activity of SAPES@BNPs for the
synthesis of tetrahydrobenzo[b]pyran (Table 4). Substituted
aldehydes with electron-donating or electron-withdrawing
functional groups in ortho, meta, and para positions were
investigated, and good results were obtained in all cases.

Based on the literature,®* a catalytic mechanism for the
synthesis of tetrahydrobenzo[b]pyrans in the presence of

© 2024 The Author(s). Published by the Royal Society of Chemistry

SAPES@BNPs is shown in Scheme 6. At first, the carbonyl
aldehyde group activated by SAPES@BNPs catalyst condenses
with malononitrile through Knoevenagel-type condensation,
which produces intermediate I. Dimedone also converts to
enolic form in the presence of SAPES@BNPs, which is
condensed with intermediate I to provide intermediate II. In the
end, intermediate II is turned into the final product.

3.2. Recyclability of the catalyst

Recyclability of the catalyst is the main advantage and impor-
tant factor in heterogeneous systems. Therefore, the recycla-
bility of SAPES@BNPs was investigated in the oxidation of
methyl phenyl sulfide under defined conditions. In this inves-
tigation, the catalyst was isolated and then it was reused in the
next run. As displayed in Fig. 8, the SAPES@BNPs catalyst can
recycled up to 5 times at least.

RSC Adv, 2024, 14, 22147-22158 | 22155
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Scheme 6
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Fig. 8 The recyclability of SAPES@BNPs in the oxidation of methyl
phenyl sulfide.

Table 5 Comparison of SAPES@BNPs nanocatalyst with other cata-
lysts in the oxidation of methyl phenyl sulfide

Entry Catalyst Time (min) Yield (%) Ref.
1 V(0)-5NSA-MCM-41 300 97 43
2 Fe;0,@SiO,@t-arginine 120 96 45
3 Ni-DAMP-MOF 70 93 32
4 Ni-dithizone@boehmite 80 96 42
5 DSA@MNPs 360 98 56
6 Zrg-Irphen 360 98 57
7 Polyimide-P25 120 94 58
8 [VO(TPPABI)|CBr; 120 93 59
9 TsOH 240 88 60
10 Polymer-anchored Cu(u) 180 90 61
11 VO,F(dmpz), 300 95 62
12 SAPES@BNPs 60 97 This work
3.3. Comparison of the catalyst

The practicability of SAPES@BNPs nanocatalyst in comparison
with other reported catalysts in literature is illustrated in Table
5 in the oxidation of methyl phenyl sulfide. As displayed,
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Suggested mechanism for the synthesis of tetrahydrobenzo[blpyrans in the presence of SAPES@BNPs.

SAPES@BNPs nanocatalyst provided 97% of (methylsulfinyl)
benzene product within 1 h only, which is superior and better
than other catalysts in terms of isolated yield of the product and
the reaction time.

4. Conclusions

In this work, BNPs were first synthesized by pyrolysis progress of
animal manure, and then, 3-(sulfamic acid)-
propyltriethoxysilane stabilized on its  surface
(SAPES@BNPs) as a heterogeneous acidic nanocatalyst. Then,
the SAPES@BNPs catalyst was identified by various methods
including TGA, XRD, SEM, EDS and WDX. The catalytic appli-
cation of SAPES@BNPs was investigated in the chemoselective
oxidation of sulfide to sulfoxide and the multicomponent
synthesizing of tetrahydrobenzo[b]pyrans under mild and green
conditions. One of the main advantages of this acid nanocatalyst
is that it is affordable from an economic point of view because it
is prepared from cheap and readily available raw materials.

was

Data availability

All data are available in the “main manuscript” and “ESI”7 files.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors thank the research facilities of Ilam University,
Ilam, Iran, for financial support of this research project.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra02265c

Open Access Article. Published on 12 July 2024. Downloaded on 3/6/2026 7:55:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

References

1 D. Wang and D. Astruc, Chem. Rev., 2014, 114, 6949.

2 V. Polshettiwar, R. Luque, A. Fihri, H. Zhu, M. Bouhrara and
J. M. Basset, Chem. Rev., 2011, 111, 3036.

3'Y. Zhu, L. P. Stubbs, F. Ho, R. Liu, C. P. Ship, J. A. Maguire
and N. S. Hosmane, ChemCatChem, 2010, 2, 365.

4 M. Miceli, P. Frontera, A. Macario and A. Malara, Catalysts,
2021, 11, 591.

5 D. J. Cole-Hamilton, Science, 2003, 299, 1702.

6 V. S. Shende, V. B. Saptal and B. M. Bhanage, Chem. Rec.,
2019, 19, 1-23.

7 J. Zhu, H. Li, L. Zhong, P. Xiao, X. Xu, X. Yang, Z. Zhao and
J. Li, ACS Catal., 2014, 4, 2917.

8 C. Woo Lim and I. S. Lee, Nano Today, 2010, 5, 412.

9 A. Vojvodic and J. K. Ngrskov, Natl. Sci. Rev., 2015, 2, 140.

10 R. Schlogl, Angew. Chem., Int. Ed., 2015, 54, 3465.

11 A. Wang, J. Li and T. Zhang, Nat. Rev. Chem., 2018, 2, 65.

12 M. Darabi, M. Nikoorazm, B. Tahmasbi and A. Ghorbani-
Choghamarani, RSC Adv., 2023, 13, 12572-12588.

13 Y. Zhu, D. Zhu, Y. Chen, Q. Yan, C. Y. Liu, K. Ling, Y. Liu,
D. Lee, X. Wu, T. P. Senftle and R. Verduzco, Chem. Sci.,
2021, 12, 16092-16099.

14 A. Jabbari, P. Moradi and B. Tahmasbi, RSC Adv., 2023, 13,
8890-8900.

15 A. Ghorbani-Choghamarani, B. Tahmasbi, R. H. E. Hudson
and A. Heidari, Microporous Mesoporous Mater., 2019, 284,
366-377.

16 V. Polshettiwar and R. S. Varma, Green Chem., 2010, 12, 743.
17 A. Jabbari, P. Moradi and M. Nikoorazm, J. Porous Mater.,
2023, 30, 1395-1402, DOI: 10.1007/s10934-023-01427-1.

18 D. Astruc, F. Lu and J. R. Aranzaes, Angew. Chem., Int. Ed.,
2005, 44, 7852.

19 B. Tahmasbi, M. Darabi and M. Nikoorazm, Appl. Organomet.
Chem., 2024, 38, e7348, DOI: 10.1002/a0c.7348.

20 W. Huang, J. Jiang and A. Sanchez-Mendoza, Synth.
Commun., 2021, 51, 2088.

21 D. Astruc, Chem. Rev., 2020, 120, 461.

22 C. Testa, A. Zammataro, A. Pappalardo and G. T. Sfrazzetto,
RSC Adv., 2019, 9, 27659.

23 P. Moradi, RSC Adv., 2022, 12, 33459.

24 S. B. Somwanshi, S. B. Somvanshi and P. B. Kharat, J. Phys.:
Conf. Ser., 2020, 1644, 012046, DOIL: 10.1088/1742-6596/1644/
1/012046.

25 A. Ghorbani-Choghamarani, M. Nikoorazm,
H. Goudarziafshar and B. Tahmasbi, Bull. Korean Chem.
Soc., 2009, 30, 1388, DOI: 10.5012/bkes.2009.30.6.1388.

26 B. Tahmasbi, M. Nikoorazm, P. Moradi and Y. Abbasi Tyula,
RSC Adv., 2022, 12, 34303-34317.

27 A. L. Corcho-Valdés, C. Iriarte-Mesa, ]. Calzadilla-Maya,
Y. Matos-Peralta, L. F. Desdin-Garcia and M. Antuch,
Carbon Composite Catalysts, 2022, p. 223.

28 T.T. Li, Y. Mei, H. Li, J. Qian, M. Wu and Y. Q. Zheng, Inorg.
Chem., 2020, 59, 14184.

29 K. Biradha, A. Goswami and R. Moi, Chem. Commun., 2020,
56, 10824.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

30 W. Gan, H. Xu, X. Jin, X. Cao and H. Gao, ACS Appl. Polym.
Mater., 2020, 2(2), 677-684.

31 P. Moradi and M. Hajjami, RSC Adv., 2021, 11, 25867.

32 A. Rezaei, A. Ghorbani-Choghamarani and B. Tahmasbi,
Catal. Lett., 2023, 153, 2005-2017, DOI: 10.1007/s10562-
022-04135-8.

33 M. Koolivand, M. Nikoorazm, A. Ghorbani-Choghamarani
and B. Tahmasbi, Appl. Organomet. Chem., 2021, 35, e6434.

34 A.Jabbari, P. Moradi, M. Hajjami and B. Tahmasbi, Sci. Rep.,
2022, 12, 11660.

35 A. Ghorbani-Choghamarani, Z. Seydyosefi and B. Tahmasbi,
Appl. Organomet. Chem., 2018, 32, e4396.

36 B. Tahmasbi, P. Moradi and M. Darabi, Nanoscale Adv., 2024,
6, 1932-1944, DOI: 10.1039/d3na01087b.

37 P.Moradi, B. Zarei, Y. Abbasi Tyula and M. Nikoorazm, Appl.
Organomet. Chem., 2023, 37, €7020.

38 M. Nikoorazm, B. Tahmasbi, S. Gholami, M. Khanmoradi,
Y. Abbasi Tyula, M. Darabi and M. Koolivand, Polyhedron,
2023, 244, 116587.

39 X. Xiong, I. K. M. Yu, L. Cao, D. C. W. Tsang, S. Zhang and
Y. S. Ok, Bioresour. Technol., 2017, 246, 254.

40 A. Kumar, K. Saini and T. Bhaskar, Bioresour. Technol., 2020,
299, 122564.

41 P. Moradi, M. Hajjami and F. Valizadeh Kakhki, Appl
Organomet. Chem., 2019, 33, €5205.

42 A. Ghorbani-Choghamarani, P. Moradi and B. Tahmasbi, J.
Iran. Chem. Soc., 2019, 16, 511.

43 A. Jabbari, P. Moradi and M. Nikoorazm, Res. Chem.
Intermed., 2023, 49, 1485-1505, DOIL: 10.1007/s11164-023-
04977-w.

44 A. Ghorbani-Choghamarani, G. Azadi, B. Tahmasbi,
M. Hadizadeh-Hafshejani and Z. Abdi, Phosphorus, Sulfur
Silicon Relat. Elem., 2014, 189, 433.

45 M. Nikoorazm, P. Moradi, N. Noori and G. Azadi, J. Iran.
Chem. Soc., 2021, 18, 467.

46 A. Ghorbani-Choghamarani, Z. Seydyosefi and B. Tahmasbi,
C. R Chim., 2018, 21, 1011.

47 M. Nikoorazm, Z. Rezaei and B. Tahmasbi, J. Porous Mater.,
2020, 27, 671.

48 B. Maleki, N. Nasiri, R. Tayebee, A. Khojastehnezhad and
H. A. Akhlaghi, RSC Adv., 2016, 6, 79128.

49 B. Maleki, M. Baghayeri, S. Ayazi Jannat Abadi, R. Tayebee
and A. Khojastehnezhad, RSC Adv., 2016, 6, 96644.

50 A. Jamshidi, B. Maleki, F. Mohammadi Zonoz and
R. Tayebee, Mater. Chem. Phys., 2018, 209, 46.

51 M. Nikoorazm, B. Tahmasbi, M. Darabi, Y. Abbasi Tyula,
S. Gholami, M. Khanmoradi and M. Koolivand, J. Porous
Mater., 2023, 31, 511-526, DOI: 10.1007/s10934-023-01530-3.

52 M. Alekasir, S. Heydarian and B. Tahmasbi, Res. Chem.
Intermed., 2024, 50, 2031-2049, DOIL: 10.1007/s11164-024-
05252-2.

53 T. Kikhavani, P. Moradi, M. Mashari-Karir and J. Naji, Appl.
Organomet. Chem., 2022, 36, €6895.

54 B. Tahmasbi and A. Ghorbani-Choghamarani, New J. Chem.,
2019, 43, 14485-14501.

RSC Adv, 2024, 14, 22147-22158 | 22157


https://doi.org/10.1007/s10934-023-01427-1
https://doi.org/10.1002/aoc.7348
https://doi.org/10.1088/1742-6596/1644/1/012046
https://doi.org/10.1088/1742-6596/1644/1/012046
https://doi.org/10.5012/bkcs.2009.30.6.1388
https://doi.org/10.1007/s10562-022-04135-8
https://doi.org/10.1007/s10562-022-04135-8
https://doi.org/10.1039/d3na01087b
https://doi.org/10.1007/s11164-023-04977-w
https://doi.org/10.1007/s11164-023-04977-w
https://doi.org/10.1007/s10934-023-01530-3
https://doi.org/10.1007/s11164-024-05252-2
https://doi.org/10.1007/s11164-024-05252-2
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra02265c

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 July 2024. Downloaded on 3/6/2026 7:55:46 PM.

(cc)

RSC Advances

55 A. Rostami, A. Ghorbani-Choghamarani, B. Tahmasbi,
F. Sharifi, Y. Navasi and D. Moradi, J. Saudi Chem. Soc.,
2017, 21, 399.

56 A. Ghorbani-Choghamarani, H. Rabiei, B. Tahmasbi,
B. Ghasemi and F. Mardi, Res. Chem. Intermed., 2016, 42,
5723.

57 L. Q. Wei and B. H. Ye, ACS Appl. Mater. Interfaces, 2019, 11,
41448.

58 W. Sheng, J. L. Shi, H. Hao, X. Li and X. Lang, J. Colloid
Interface Sci., 2020, 565, 614.

22158 | RSC Adv,, 2024, 14, 22147-22158

View Article Online

Paper

59 M. Safaiee, M. Moeinimehr and M. A. Zolfigol, Polyhedron,
2019, 170, 138.

60 B. Yu, C. X. Guo, C. L. Zhong, Z. F. Diao and L. N. He,
Tetrahedron Lett., 2014, 55, 1818.

61 S. M. Islam, A. S. Roy, P. Mondal, K. Tuhina, M. Mobarak and
J. Mondal, Tetrahedron Lett., 2012, 53, 127.

62 S. Hussain, D. Talukdar, S. K. Bharadwaj and
M. K. Chaudhuri, Tetrahedron Lett., 2012, 53, 6512.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra02265c

	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c

	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c

	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c
	3-(Sulfamic acid)-propyltriethoxysilane on biochar nanoparticles as a practical, biocompatible, recyclable and chemoselective nanocatalyst in organic reactionsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02265c


