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A multi-functionalized montmorillonite for co-
operative catalysis in one-pot Henry reaction and
water pollution remediation

G. Bishwa Bidita Varadwaj,ab Surjyakanta Rana,a Kulamani Parida*ab

and Binod Bihari Nayakc

The present work provides a simple approach for the surface modification of an acid activated

montmorillonite clay with both acid and base (–SO3H and –NH2) functional groups. FTIR,
29Si and 13C

CP MAS NMR spectroscopy studies confirm the grafting of the organic functional moieties. These

materials were also extensively characterized by various other characterization techniques like XRD, N2

adsorption–desorption analysis, XPS, FE-SEM, TEM, etc. This multi-functionalized material was

investigated as a heterogeneous catalyst for one-pot deacetalization–nitroaldol (Henry) reaction giving a

99.2% product yield in just 2 h. This material also showed outstanding adsorption capacity for the heavy

metal cations and can be utilized as a potential candidate for the remediation of contaminated water.

This material is potent enough to carry out the Henry reaction as well as adsorption for many runs

without any significant loss of its activity.
1. Introduction

Clays are perfectly ideal support materials in heterogeneous
catalysis, since they are naturally abundant, cheap, non-
hazardous, chemically versatile, and recyclable.1 Apart from
their role in heterogeneous catalysis, clays are also excellent
adsorbents for the removal of heavy metals which are harmful
to the ora and fauna, and showed their efficacy in water
pollution abatement.2 Among wide varieties of clay, montmo-
rillonite has been highlighted prominently in the literature for
organic syntheses as well as adsorption.

Montmorillonite is a 2 : 1 layered silicate, where one
alumina octahedral layer is sandwiched between two tetrahe-
dral silica layers. The structural defects in the Si–O tetrahedral
sheet and the layer edges with “broken” bonds in montmoril-
lonite are similar to the Si atom environment in silica, and
combine with organic moieties to form organo–inorganic
hybrid materials.3–5 Commercially available K10 is an acid
activated montmorillonite. During its preparation, the Al3+ ions
from the octahedral layers get leached out because of acid
treatment on natural clay, creating mesopores, thereby result-
ing in a high surface area material. At the same time the
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interlayer cations get replaced with the protons. The protons
substituting the interlayer cations and the leached hydrated
alumina occupying the cation exchange sites result in an
improved acidity in K10 montmorillonite (K10-MMT).6,7 During
acid treatment, de-alumination causes formation of additional
hydroxyl groups in the clay skeleton, which can easily gra the
organic moieties to form organo–inorganic hybrid materials.

In our previous studies, we have reported many organically
functionalized supports in heterogeneous catalysis for organic
reactions.3–5,8–11 However, in heterogeneous catalysis, multi-
functionalization of a given solid support with both acidic and
basic groups is of extreme interest for co-operative catalysis in
one-pot reactions, which saves energy, time and the amount of
solvents used. For instance, the combination of weak and
strong acids with various organic bases on solid supports was
investigated and synergistic catalytic enhancements were
observed by various groups in the past.12–15

As a part of our on-going research on functionalization of
montmorillonite, in this work, we have reported a bifunctional
montmorillonite (SO3H-APTES@K10-MMT), where the surface
hydroxyl groups of montmorillonite are graed with binary
acid–base functionalities, such as sulfonic acid (–SO3H) and
amine (–NH2) groups. These acid–base functionalities on an
acidic clay support acted as bifunctional catalysts in one-pot
Henry reaction. The Henry reaction is one of the most useful
carbon–carbon bond forming reactions and can be catalyzed by
organic and inorganic bases. There are a few literature reports
on functionalized mesoporous materials toward the nitroaldol
reaction. But a one-pot deacetalization–nitroaldol reaction is
very rare.
This journal is © The Royal Society of Chemistry 2014
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Apart from the one-pot reaction sequences, the functional-
ized supports also help in the remediation of global and envi-
ronmental problems such as water pollution. Heavy metals are
the chief pollutants released from chemical manufacturing,
mining, extractive metallurgy, painting and coating, nuclear
and other industries, etc. These metals create a harmful effect
on the ora and fauna of streams and lakes and also weaken the
mental and neurological functions. Therefore, a great deal of
attention has been given by several research groups for the
removal of heavy metals from natural and industrial waste-
water. Out of a variety of methods, till now adsorption is the
especially popular and frequently used technique due to its
cleanliness, low cost as well as superior efficiency.

In this paper, we described a simple and efficient method of
synthesizing a multi-functionalized material possessing amine
and sulfonic acid groups on a K10-MMT clay surface. This
system has been investigated for one-pot Henry reaction as well
as removal of heavy metal ions by adsorption.
2. Experimental
2.1 Synthesis of the catalyst

1 g K10-MMT in 30 ml water was stirred for 30 minutes at room
temperature, and then 0.37 ml mercaptopropyl trimethox-
ysilane (MPTMS) was added into it. Finally, the mixture was
stirred at 80 �C for two hours to give thiol functionalized K10-
MMT (SH@K10-MMT). Aer solvent extraction, the thiol group
was oxidized to sulfonic acid by using H2O2 in the presence of
methanol at 50 �C for 24 h (2.38 ml of 30% H2O2 in 7.14 ml
methanol for 1 g of SH@K10-MMT). The oxidized material was
suspended in 25 ml of 1 wt% H2SO4 for 4 h, washed with water,
and then dried in a vacuum (120 �C, 3 h). The sample was
designated as SO3H@K10-MMT. Aer the sample was dried
overnight at 150 �C to remove the physisorbed water, 1 g
Scheme 1 Preparation of SO3H-APTES@K10-MMT.

This journal is © The Royal Society of Chemistry 2014
SO3H@K10-MMT was stirred vigorously in 80 ml dry toluene
containing 0.84 mmol 3-aminopropyltriethoxysilane (APTES) at
80 �C for 10 h. The solution was ltered and the resultant solid
was washed with dichloromethane, followed by ethanol. The
solid material was allowed to dry under ambient conditions,
resulting in SO3H-APTES@K10-MMT. Preparation of the multi-
functionalized catalyst SO3H-APTES@K10-MMT is shown in
Scheme 1.
2.2 Characterization techniques

PXRD patterns of the powdered samples were taken in the 2q
range of 10 to 80� at a rate of 2� min�1 in steps of 0.01� (Rigaku
Miniex set at 30 kV and 15 mA) using Cu Ka radiation. The
FTIR spectra of the samples were recorded using a Varian 800-
FTIR in a KBr matrix in the range of 4000–400 cm�1. Solid state
13C and 29Si CP MAS NMR spectra were recorded on an AV300
NMR spectrometer. The BET surface area and total pore volume
of all the samples were determined by the multipoint N2

adsorption–desorption method at liquid N2 temperature (�196
�C) using an ASAP 2020 (Micromeritics). Prior to analyses, all
the samples were degassed at 300 �C and 10�6 Torr pressure for
5 h to evacuate the physi-sorbed moisture. The electronic
structure aspects of the samples were investigated by X-ray
photoelectron spectroscopy using KRATOS apparatus with Mg,
Al and Cu Ka as X-ray sources. FE-SEM was performed with a
ZEISS 55microscope. The transmission electronmicrographs of
the samples were recorded using a microscope (FEI, TECNAI G2

20, TWIN) operating at 200 kV. The atomic absorption spec-
trometric analysis was carried out with a Perkin-Elmer Analysis
300 instrument using an acetylene (C2H2) ame. The back
titration method was used to measure the amount of acidic and
basic centers of the SO3H-APTES@K10-MMT.16 About 0.1 g of
the sample was added to a conical ask, and then 10 ml 0.01 M
HCl (NaOH) solution was added. The mixture was stirred at
J. Mater. Chem. A, 2014, 2, 7526–7534 | 7527
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room temperature for half an hour; then, the mixture was
ltered and rinsed repeatedly for four times with 25 ml distilled
water. The resulting ltrate was titrated with 0.01MNaOH (HCl)
solution using phenolphthalein as an indicator.
2.3 One-pot Henry reaction

The one-pot Henry reaction was carried out using the prepared
samples. In a typical experiment, catalyst (0.05 g), benzaldehyde
dimethylacetal (1.0 mmol) and nitromethane (5 ml) were placed
in a 50 ml two necked round bottom ask, tted with a reux
condenser. The resulting mixture was vigorously stirred at 90 �C
under nitrogen for 2 h with a magnetic stirrer. The products
were analyzed with a gas chromatograph (GC).
2.4 Adsorption studies

Stock solutions of Hg, Cd, and Pb cations were prepared by
dissolving the corresponding metal salts in distilled water. For
the adsorption measurements of heavy metals, 0.02 g of the
sample was added into a 20 ml solution of known concentration
(ppb) of the analyzing ions such as Hg2+, Cd2+ and Pb2+. Then
this solution was allowed to stir for 3 h, followed by ltration.
The concentration of the cations in the initial solution and nal
ltrate was estimated by utilizing atomic absorption spectros-
copy (AAS), using standard solutions to calibrate the instru-
ment. The percentage removal of heavy metal cations was
calculated according to the following equation:

R ¼ C0 � Cf

C0

� 100% (1)

The adsorption amounts (Qe) were calculated according to the
following equation:

Qe ¼
V
�
C0 � Cf

�

M
(2)

The solid/water distribution ratios (Kd) of metals were calcu-
lated by the following equation:

Kd ¼ C0 � Cf

Cf

� V

M
(3)
Fig. 1 Broad angle XRD spectra of K10-MMT (a), SH@K10-MMT (b),
SO3H@K10-MMT (c), and the reused catalyst SO3H-APTES@K10-MMT
(d) of the Henry reaction.

7528 | J. Mater. Chem. A, 2014, 2, 7526–7534
where C0 and Cf are the initial and nal (equilibrium) concen-
trations of the metal ions in solution (mg l�1), V is the solution
volume in ml, and M is the mass of sorbent in g.

2.4.1 Desorption and reuse of the adsorbents. The reus-
ability of the adsorbents for metal ion adsorption was deter-
mined. Measurements were repeated for many consecutive
adsorption–desorption cycles using the same adsorbent.
Desorption of metal ions was measured in a 10 mM HCl–HNO3

solution. The adsorbed metal ions on the adsorbents were
placed in the desorption medium and stirred for 1 h at room
temperature. The nal metal ion concentration in the aqueous
phase was determined by using AAS. The desorption ratio was
calculated from the amount of metal ion adsorbed by the
adsorbents and the nal metal ion concentration in the
desorption medium by the following equation

Desorption ratio (%) ¼ (amount of metal ions desorbed

to the elution medium) � 100/(amount

of metal ions adsorbed onto adsorbents).
Fig. 2 (A) FT-IR spectra of SH@K10-MMT (a), SO3H@K10-MMT (b),
SO3H-APTES@K10-MMT (c) and the reused catalyst SO3H-
APTES@K10-MMT (d) of the Henry reaction. (B) FT-IR spectra of
SH@K10-MMT (a), SO3H@K10-MMT (b), SO3H-APTES@K10-MMT (c)
and the reused catalyst SO3H-APTES@K10-MMT (d) of the Henry

reaction.
This journal is © The Royal Society of Chemistry 2014
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3. Results and discussion
3.1 XRD

The diffraction patterns of K10-MMT are indicative of a main
contribution of the mineral family corresponding to a typical
smectite “montmorillonite” (Fig. 1). Along with hkl and two
dimensional hk reections, a number of peaks can also be seen
due to many impurities like quartz, cristobalite and feldspar.
The similar nature in the spectrum of all the samples suggests
no structural change in the clay matrix upon graing of the
organic functional moieties.

3.2 FTIR spectra

The FTIR spectra of various samples are shown in Fig. 2A. The
FTIR spectra of all samples show a broad band in the region of
3410 cm�1, due to asymmetric stretching of the –OH group and
two bands at 1621 and 1386 cm�1, which are due to bending
vibrations of –(H–O–H)– and –(O–H–O)– bonds. The peak at
1032 cm�1 is assignable to the asymmetric stretching vibration
of S]O bands and 1125 cm�1 to the symmetric vibration of S]
Fig. 3 29Si CP-MAS NMR spectra of SO3H-APTES@K10-MMT.

Fig. 4 13C CP-MAS NMR spectra of SO3H-APTES@K10-MMT.

This journal is © The Royal Society of Chemistry 2014
O bands. As an outcome of introducing the sulfonic groups into
the acidic clay, an absorption of 610 cm�1 was observed, which
is attributed to the bending vibration of –OH groups hydrogen
bonded to SO3H groups.17

The weak bands at 2941 cm�1 and 2879 cm�1 correspond to
the asymmetric and symmetric CH2 stretch as evidenced from
the literature (Fig. 2B).18,19 However, the presence of amine
moieties can be evidenced by the appearance of a relatively weak
amide band (1536 cm�1, N–H stretching). Since both the CH2

and NH2 groups are attached with the APTES skeleton, the
above observations suggest the presence of APTES on the
surface of K10-MMT. The spectra of the reused catalyst showed
low intensity but the proximity in all the peaks with the original
sample strongly supports the stability of the catalyst.

3.3 NMR

Solid state 29Si CP-MAS NMR spectra provide information on
the spectroscopic evidence on the presence of the desired
organic functional groups on the clay surface as well as provide
information on the coordination environments of silicon atoms
J. Mater. Chem. A, 2014, 2, 7526–7534 | 7529
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Fig. 5 N2 adsorption–desorption spectra of SH@K10-MMT (a),
SO3H@K10-MMT (b), SO3H APTES@K10-MMT (c) and the reused
catalyst SO3H-APTES@K10-MMT (d) of the Henry reaction.

Table 1 Surface properties of various samples prepared

Catalyst
Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

K10-MMT 241.41 0.41
SH@K10-MMT 201.34 0.36
SO3H@K10-MMT 200.98 0.36
SO3H-APTES@K10-MMT 154.54 0.32
SO3H-APTES@K10-MMTa 153.21 0.32

a Reused catalyst of the Henry reaction.
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in the multi-functionalized clay materials. The solid state NMR
spectrum of SO3H-APTES@K10-MMT (Fig. 3) shows peaks for
Q4(0Al) units of amorphous silica with a three-dimensional
Fig. 6 (a) XPS spectrum of SO3H-APTES@K10-MMT. (b) S 2p3/2 of SH@
APTES@K10-MMT.

7530 | J. Mater. Chem. A, 2014, 2, 7526–7534
cross-linked framework, Q3(0Al) due to poor-ordering of the
framework without the possibility of cross-linking, Q3(1Al) and
Q4(1Al) Si atoms with respective co-ordination Si(OSi)4,
Si(OSi)3(OH), Si(OSi)2(OAl)OH, and Si(OSi)3(OAl) in the clay
framework at�113 ppm,�103 ppm and�94 ppm, respectively.
Apart from those peaks, two downeld peaks at �69 ppm and
�61 ppm can be observed corresponding to T3 and T2 respec-
tively, where Tn ¼ [RSi(OEt)n(OSi)3�n]. This conrms a strong
covalent linkage of the functional groups on the clay surface.

The presence of organic acid–base functional groups was
further veried by solid-state 13C CP MAS NMR spectroscopy.
The solid-state 13C CP MAS NMR spectrum of the SO3H-
APTES@K10-MMT sample is shown in Fig. 4. As shown in the
13C CP MAS NMR spectra of SO3H-APTES@K10-MMT, three
peaks at 12.1, 18.72 and 54.21 ppm correspond to the carbons of
Si–CH2–CH2–CH2–SO3H from le to right, respectively20 indi-
cating the appearance of an acid functionality. On the other
hand, the three distinct peaks at 11.2, 21.55 and 42.58 ppm
represent the carbons of Si–CH2–CH2–CH2–NH2 from le to
right, respectively21 proving the existence of a base functionality.
3.4 N2 adsorption–desorption study

The nitrogen adsorption–desorption isotherms of various
materials are shown in Fig. 5. All the prepared samples were
examined by this technique and the main results are summa-
rized in Table 1. All the samples behave according to the same
trend. As can be seen from the curve, all of them belong to type
IV isotherm according to BDDT (Brunauer–Deming–Deming–
Teller) classication.22 They show a large hysteresis loop illus-
trative of a mesoporous structure, in accordance with our
K10-MMT. (c) S 2p3/2 of SO3H-APTES@K10-MMT. (d) N 1s of SO3H-

This journal is © The Royal Society of Chemistry 2014
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previous reports on acid activated montmorillonite based
materials.23 Aer the graing of organic functional groups, a
substantial decrease in nitrogen uptake is reected in a
decrease in surface area and pore volume of the sample (Table
1). Such a decrease in these parameters could be attributed to
the space occupied by the graing agents.

3.5 XPS

The acid–base bi-functionalization on K10-MMT was also
established through the XPS study. The total survey scans of
SO3H-APTES@K10-MMT are shown in Fig. 6a. This reveals the
Fig. 7 FESEM spectra of SH@K10-MMT (a), SO3H@K10-MMT (b), SO3H-A
the Henry reaction (d).

Fig. 8 TEM image of SO3H-APTES@K10-MMT.

This journal is © The Royal Society of Chemistry 2014
existence of elements like S, N and C, along with the elements of
the neat clay.

The XPS spectrum of SH-APTES@K10-MMT exhibits a peak
with a binding energy of 166 eV for the S 2p electron of –SH
(Fig. 6b). A main peak with a binding energy of 168.8 eV was
detected in the XPS spectrum of SO3H-APTES@K10-MMT. The
binding energy of 168.8 eV is close to the expected values for
sulfonic acid (169 eV) and hence can be assigned to the binding
energy for the S 2p electron of the –SO3H species (Fig. 6c).24 The
above results conrm that the –SH group could be successfully
transformed to –SO3H by using H2O2 at 50 �C.
PTES@K10-MMT (c) and the reused catalyst SO3H-APTES@K10-MMT of

J. Mater. Chem. A, 2014, 2, 7526–7534 | 7531
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In N 1s spectra of SO3H-APTES@K10-MMT, two peaks can be
observed at 399.7 eV and 401.62 eV (Fig. 6d). The standard
binding energy for the free amine group (–NH2) falls in the
region of 399–401 eV, while the protonated amine (–NH3

+) has a
higher binding energy of 1.0 eV above the free amine. So, the
binding energy at 399.7 eV is assigned to the –NH2 while the
binding energy at 401.86 eV is attributed to –NH3

+ groups.

3.6 FESEM and TEM

Field emission scanning electron micrographs of various
materials are shown in Fig. 7. Generally K10-MMT is a multi-
layered material consisting of many parallel arrays of broken
plates, which upon functionalization shows no change. The
retention of montmorillonite sheets aer functionalization
could also be observed from the TEM micrographs (Fig. 8). The
TEM images of the SO3H-APTES@K10-MMT show randomly
oriented crumpled sheets.

3.7 Quantication of acidic and basic sites

Quantication of the acidic and basic centers on SO3H-
APTES@K10-MMT was performed using the back titration
method. Those results conrm the coexistence of both the
acidic and basic sites in the catalysts. The amount of base
centers in SO3H-APTES@K10-MMT is 0.52 mmol g�1, whereas
that of acid centers is 0.64 mmol g�1.

4. Catalytic applications
4.1 Liquid phase one-pot Henry reaction

In order to test the compatibility of these acid–base bi-functional
catalysts in catalyzing the one-pot cascade reactions, different
prepared samples were applied to the chemical transformation
of benzaldehyde dimethylacetal (compound 1) to benzaldehyde
Table 2 Effect of various catalysts on the one pot reactiona

Entries Catalyst Convers

1 Without catalyst 0
2 K10-MMT 5
3 SO3H-APTES@K10-MMT 99
4 SO3H-APTES@K10-MMTb 78
5 SO3H-APTES@K10-MMTc 99
6 APTES@K10-MMT 6
7 SO3H@K10-MMT 50
8 SH@K10-MMT 6

a Reaction conditions: catalyst (0.05 g), reaction time 2 h, benzaldehyde d
b Reaction time 1 h. c Reaction time 3 h.

7532 | J. Mater. Chem. A, 2014, 2, 7526–7534
(compound 2), which was then converted to trans-b nitrostyrene
(compound 3). From Table 2, it can be observed that there is no
conversion and yield of products in the absence of catalyst. In
the presence of K10-MMT, the conversion of compound 1 is less
but there is no conversion of compound 2 to compound 3. SO3H-
APTES@K10-MMT converted benzaldehyde dimethylacetal to
the desired product in quantitative yield aer a reaction time of
2 h. In particular, during the reaction process, almost no inter-
mediate species were detected (Table 2, entries 3–5 with
different reaction times), showing high activity and excellent
selectivity of the bi-functional catalyst. In the presence of SO3H-
APTES@K10-MMT, the conversion and the yield% increase
because in the rst step both the –SO3H group and protonated
amine group (–NH3

+) activate the acid catalyzed reactions, then
the basic amine group (–NH2) activates the base catalyzed reac-
tion. In addition, the efficient acid/base active sites might
increase due to protection of amino groups from the interaction
between acid and base.25 In sharp contrast, monofunctional
catalysts, APTES@K10-MMT or SO3H@K10-MMT (Table 2,
entries 6 and 7), did not produce the desired target product,
although both of them were able to catalyze the rst step reac-
tion to a small extent. Difference in catalytic activity can also be
observed with the variation of reaction time. The conversion as
well as the nal product yield increased on changing the reac-
tion time from 1 h to 2 h. However aer 2 h, the conversion and
product yield remained fairly constant (Table 2, entries 3–5).

In a nal set of experiments, we investigated the stability of
the catalyst, because it is crucial to conrm that high-activity
catalysts can be reused. The catalyst was recovered by centri-
fugation and directly reused in the next run. Results showed
that the catalyst could be reused 3 times without a signicant
loss of catalytic activity. The nature and yield of the nal
products were compared with those of the original run. The
results are shown in Fig. 9.
ion of a (%) Yield of b (%) Yield of c (%)

0 0
5 0
0.8 99.2
0.3 82.5
0.9 99.4
4 2

50 0
5 0

imethylacetal (1.0 mmol) and nitromethane (5 ml), temperature: 90 �C.

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Results of recycling tests for the one-pot Henry reaction. Y ¼
yield%.
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FT-IR spectra of the fresh as well as the regenerated catalysts
are shown in Fig. 2(A and B). It can be seen that though there is a
decrease in intensity, the spectra of the reused catalysts are quite
similar to those of the fresh ones. This conrms the retention of
the catalyst structure. Also XRD and N2 adsorption–desorption
studies of the reused catalysts conrmed that there is no change
in the catalyst structure as compared to the fresh catalyst.

4.2 Adsorption studies towards heavy metals

The adsorption performances of K10-MMT and SO3H-
APTES@K10-MMTareshown inTable3.Themulti-functionalized
Table 3 Results of adsorption performances of various samples
towards different metal ions

Sample
Solution
(20 ml)

Cation content
(ppb)

Cation
removal
efficiency
R (%)

Distribution
co-efficient
(Kd) (ml g�1)Before Aer

1. K10-MMT Hg2+ 200 15.2986 92.35 1.207 � 104

Cd2+ 200 44 78.0 3.545 � 103

Pb2+ 200 30 85.0 5.67 � 103

2. SH@
K10-MMT

Hg2+ 200 11 94.5 1.7 � 104

Cd2+ 200 31.1982 84.4 5.41 � 103

Pb2+ 200 21 89.5 8.52 � 103

3. SO3H@
K10-MMT

Hg2+ 200 10.3217 94.83 1.83 � 104

Cd2+ 200 29 85.5 5.89 � 103

Pb2+ 200 19 90.5 9.52 � 103

4. SO3H-
APTES@
K10-MMT

Hg2+ 200 6.1947 96.9 3.128 � 104

Cd2+ 200 18 91.0 1.011 � 104

Pb2+ 200 15 92.5 1.233 � 104

Table 4 A comparative study of adsorption of different heavy metal ion

Entry Sample Metal cation

1 Aluminosilicate Cd2+

2 LHMS-2 Hg2+ and Cd2+

3 Amine functionalized silica Pd2+

4 NH2-MCM-41 Cd2+

5 Thioether Hg2+ and Pb2+

6 SO3H-APTES@K10-MMT Hg2+, Cd2+ and Pb2+

This journal is © The Royal Society of Chemistry 2014
K10-MMT materials exhibited a higher adsorption capacity for
Hg2+, Cd2+ and Pb2+ than parent K10-MMT. The (–NH2) groups
and (–SO3H) groups in the adsorbent provided the effective
adsorption sites. Heavy metal ions have a preference for coordi-
nating with (–SO3H) groups and (–NH2) groups that have more or
less electronegative donor atoms and these have a strong coordi-
nation role with metal ions. Amines are known to be versatile
ligands and when attached to the acid activated clay surface, they
increased the ligand strength of the surface, thereby increasing
the affinity of the sorbent material for metal ions, whereas the
–SO3H group may function as an acid in combining with a metal
atom by the replacement of hydrogen ions. The results shown in
Table 3 prove that the (–SO3H) groups and (–NH2) groups in the
adsorbent are the effective adsorption sites.

A comparative study of the adsorption of heavy metal cations
by different classes of functionalized mesoporous materials is
shown in Table 4.26–30 From this comparison it is quite clear that
the multifunctional materials prepared by us reported good
adsorption ability for different heavy metal cations. Having
good adsorption efficiencies for heavy metals the mesoporous
SO3H-APTES@K10-MMT material can be employed as an
adsorbent for the remediation of the contaminated water,
which will have sustainable impact on controlling the envi-
ronmental pollution.

4.2.1 Desorption and reuse. The desorption efficiencies of
the adsorbed metal ions was found from 85–90%. The adsorp-
tion–desorption of metal ions were repeated for many times
using the same adsorbent, i.e., SO3H-APTES@K10-MMT. Aer 5
cycles, the cation removal efficiency for Hg2+, Cd2+ and Pb2+ was
found to be 94.1, 89.2 and 91.0% respectively, aer which it
decreased signicantly. One probable cause of decrease in the
adsorption capacity aer repetitive use of the adsorbent for ve
cycles could be the negative effects of the desorbing agents on
the functional moieties. The regeneration of the adsorbents
shows that the process of adsorption–desorption is a reversible
one and the adsorbents can be used repetitively for the removal
of metal ions from aqueous solution.
5. Conclusions

A multi-functionalized catalyst that possesses the ability to act
as a base and an acid has been synthesized by supporting APTES
and MPTMS on the surface of K10-MMT. The catalyst was
effective enough for the one pot Henry reaction, which involves
two main reactions: (1) benzaldehyde dimethylacetal-to-benz-
aldehyde and (2) benzaldehyde-to-trans-b-nitrostyrene, and
s by different types of mesoporous materials

Distribution co-efficient Kd (ml g�1) Ref.

7–1.2 � 103 26
8.03 � 103 and 6.47 � 103 27
1.49 � 102–3.31 � 104 28
7.2 � 102 29
8.35–9.19 � 102 and 7.5–34.48 30
3.128 � 104, 1.011 � 104 and 1.233 � 104 Present work
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each reaction needed an acid and a base catalyst respectively. As
a result of the synergistic effect of the acid–base co-operative
catalysis, all the two steps could be accomplished in a single pot
with excellent activity, which were better than the individually
graed acid and base functional moieties on the clay surface.
The investigation revealed that the one-pot Henry reaction
requires a synergistic co-operative effect of both an acid and a
base, which was provided by SO3H-APTES@K10-MMT. Most
importantly, the catalyst was reusable, which is an important
step towards simple systems with the potential for commercial
exploitation of heterogeneous catalysts in one-pot reactions.
Apart from its ability to act as an effective bi-functional catalyst
in the one-pot Henry reaction, it was also potent enough to
adsorb many heavy metal cations, due to the presence of S and
N atoms in the functional groups helping in water pollution
abatement. Studies on synthesis of such multi-functionalized
catalysts for employment in many other one-pot reaction
sequences as well as treating them as the effective adsorbents
for water pollution remediation are underway in our laboratory.
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