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ABSTRACT: Inorganic—organic nanosponge hybrids based on halloysite clay and organic cyclodextrin derivatives (HNT-CDs)
were developed by means of microwave irradiations in solvent-free conditions. The HNT-CDs nanomaterials characterized by
FT-IR, TGA, BET, TEM, SEM, DLS, and {-potential have showed a hyper-reticulated network which possesses both HNT and
cyclodextrin peculiarities. The new HNT-CDs nanosponge hybrids were employed as nanoadsorbents, first choosing Rhodamine
B as the dye model, and furthermore for the removal of some cationic and anionic dyes, under different pH values (1.0, 4.54, and
7.4). The collected results showed that the pH solution as well as the electrostatic interactions affect the adsorption process.
Factors controlling the adsorption process were discussed. The experimental adsorption equilibrium and kinetic data were best
described by the Freundlich isotherm model. Excellent adsorption efficiency for cationic dyes were observed with respect to
anionic ones. The results suggest that HNT-CDs nanosponge hybrids are a good nanoadsorbent for selective adsorption of

cationic dyes with respect to the anionic ones from aqueous solutions.
KEYWORDS: Halloysite, Nanosponges, Cyclodextrin, Bioremediation

Bl INTRODUCTION

In the last years, mesoporous materials have become attractive
due to their peculiar chemical characteristics, such as moderate
pore size (within 2—50 nm diameter) and large specific surface
area, that increase their applications in several fields such as
adsorption, catalysis, and so on.! The interest for these kinds
materials is mainly due to the fact that they generally are low
cost, environmentally friendly, and available in large scale since
they are recovered from natural sources. In this context,
nanoporous minerals such as zeolite, bentonite, and montmor-
illonite™ have shown good promise to replace the commonly
used mesoporous materials.

Halloysite nanotubes (HNTs) are alumino-silicate clay with a
predominantly hollow tubular structure in the submicron range.
Compared to other nanoparticles such as organic carbon
nanotubes, this kind of inorganic tube is naturally occurring,
cheap, abundantly available, and bio-** and eco-compatible.’
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Chemically, HNTs are constituted by siloxane groups on the
external surface, while the aluminol groups are located in the
inner lumen.” Because of this peculiar chemical composition,
the external surface of halloysite is easily functionalized by
covalent grafting of silane groups which increases HNT
application fields; moreover, the positively charged inner
lumen allows for encapsulating negative- or electron-rich
molecules.” HNTs have been used as filler for polymer’ or
hydrogel matrices,'® drug carrier'"'* and delivery,"”'* and
catalyst support,'*'® as well as absorbents.'””'®

Recently, composite materials constituted by inorganic—
organic hybrids have attracted considerable attention since they
combine the organic and inorganic characteristics within a
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single molecular-scale composite.'” Generally, the organic
moieties of the hybrids possess toughness, good elasticity,
low density, and formability, whereas the inorganic components
are stiff, hard, and thermally stable. Therefore, based on the
combination of organic and inorganic properties, the hybrid
nanomaterials are employed in a wide range of applications,
such as removal of environmental pollutants.”’

Presently, several materials are employed as adsorbent for
organic dyes, such as bentonite, kaolin, and titania, as well as
cyclodextrin nanosponges.”' ~**

Herein, we report a new class of inorganic—organic
nanosponge hybrids obtained by the combination of the
inorganic halloysite clay and organic cyclodextrin derivatives
(HNT-CDs) with potentially complementary binding ability
and additional nanochannels formed by the cross-link between
CDs and HNT (Figure 1). The new nanosponge hybrids were
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Figure 1. Cartoon representation of HNT-CDs nanosponge hybrids.

extensively characterized by FT-IR spectroscopy, thermogravi-
metric and BET analyses, TEM and SEM investigations, and
dynamic light scattering and {-potential measurements. Because
of these techniques, we deduce the formation of a hyper-
reticulated network which possesses both HNT peculiarities
and cyclodextrin characteristics. Finally, the performance of
HNT-CDs nanosponges applied in organic dyes adsorption
from an aqueous medium was evaluated choosing Rhodamine
B (RB) as the dye model. Furthermore, the scope and
feasibility of the hybrid with a wide range of organic dyes was
also investigated. The method put forward the application of
halloysite composite materials in the development of future
efficient absorbents.

B RESULTS AND DISCUSSION

The starting scaffolds HNT-SH and SCDs can be prepared by
means procedures reported elsewhere.”” As previously
reported,”® halloysite nanotubes were reacted with an excess
of 3-mercaptopropyltrimethoxysilane in solvent-free conditions
under microwave irradiation, affording HNT-SH, which
represents a versatile starting point for subsequent functional-
ization. After workup, the amount of organic moiety grafted on
the HNT external surface was estimated by TGA to be ca. 1 +
0.1 wt %. The synthesis of HNT-CDs was carried out by AIBN-
catalyzed polymerization of heptakis-6-(tert-butyldimethylsilyl)-
2-allyloxy-f-cyclodextrin to HNT-SH by means of a thiolene
reaction (Scheme 1).

For this synthesis, the reactants were mixed in different
proportions (Table 1), and the different percentage of CDs in

3347

the obtained composite materials was determined by TGA from
the residual mass upon degradation (Table 1).” Since the
cyclodextrin is added in excess relative to the moles of —SH
groups, the double bonds that do not react in the thiolene
reaction can undergo a self-addition reaction, leading to the
formation of a cyclodextrin cross-linked network. Therefore,
due to the peculiar reticulated structure of the hybrid materials
so obtained, constituted by a network of supramolecular host
units joined by means of suitable cross-linkers, the hybrid
polymer obtained could be considered a sort of nano-
sponge.”’ %

On the basis of the stoichiometric ratios, it should be
considered that an excess of unreacted allyloxy groups could be
present, and they could be able to undergo further
functionalizations. The polymerization was carried out in a
microwave oven for an irradiation time of 1 h at 100 °C in
solvent-free conditions. Then, the obtained nanomaterials were
isolated by subsequent washings with CH,Cl, and CH;OH in
order to remove the catalyst and some residual unreacted
reagents.

Hereafter, the two different HNT-CD nanosponge hybrids
are indicated as HNT-CD (20%) or HNT-CD (40%).

Compared to pristine HNT,” the HNT-CDs (40%)
nanosponge hybrid exhibits the vibration bands for C—H
stretching of methylene groups around 2980 cm™ and a broad
and wide band around 3000 cm™ due to the —OH groups of
cyclodextrin (see Figure S1). These findings provide evidence
for the presence of organic moieties in the new material.
Moreover, it is interesting to notice that little signals at ca. 1700
and 1418 cm™! are still present in the spectrum, indicating that
not all the reactive functional groups in the starting reactants
actually happened to react. This may be a consequence of the
hyper-reticulated nature of the hybrid polymers obtained. Steric
hindrances and strains, indeed, might prevent some of the
reacting groups to achieve the minimum arrangement require-
ments needed for the polymerization process to occur.

Thermogravimetric analysis evidenced a peculiar pyrolysis
process of CDs nanosponges in the presence of HNT. Namely,
the organic material degraded almost completely in a single
step at ca. 327 °C that is coincident with the degradation
temperature of 3-CD,” the presence of HNT generates a two-
step degradation pattern with maximum degradation rates at
265 and 360 °C, respectively. It should also be noted that the
degradation at lower temperature is enhanced in the presence
of larger HNT amounts (Figure 2). These findings can be
explained by involving a change in the degradation mechanism
of CDs nanosponges being split into two consecutive or parallel
reactions.”’ To clarify the effect of HNTs on the CDs
degradation mechanism, the heating rate was changed for the
HNT-CDs (40%) (SI) sample, and the obtained results
indicate that HNTs generate a two-step degradation mecha-
nism rather than a catalytic degradation alternative pattern.

SEM images of the HNT-CDs (40%) nanosponge are given
in Figure 3a. As known, pristine HNTs (p-HNTs) show a long
fibrous morphology with a length of 0.5—1 pm and outer
diameter of about 100 nm (SI).*> After functionalization, it
seems clear that the tubular shape of halloysite is preserved, and
the HNT-CDs hybrid presented a different morphology as
compared with p-HNTs. The HNT-CDs hybrid still shows a
long-range rod shape with the diameter increasing to about 170
nm. Moreover, the hybrid shows a rather compact structure
where the HNT seems glued together with a smooth surface
that indicated the presence of an organic layer.
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Scheme 1. Schematic Representation of Synthesis of HNT-CDs Nanosponge Hybrid
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Table 1. Reactant Ratios and Mass Yields for HNT-CDs
Nanosponge Hybrids

reactants HNT-CDs products

HNT (mg) 200 200

CD (mg) 300 150
HNT:CD ratio 1:1.5 1.5:1

% loading (CD on HNT)“ 40 20

“Estimated by TGA.

P —

CDs I
——— HNT-CDs (40%) ||
HNT-CDs (20%) H

08 -

mass loss temperature derivative / % °C
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400

Temperature / °C
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Figure 2. Differential thermal analysis curves for HNT-CD hybrid and
CD polymers.

According to the TEM images (Figure 3b), the HNT-CDs
hybrid (40%) shows the typical nanorod-shaped structure of
HNTs. The hybrid exhibits the characteristic hollow tubular
structure of halloysite as a shell with a cyclodextrin core
(indicated by arrows in the Figure 3b).** The increased
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thickness of the hybrid with respect to pristine nanotubes takes
into account the formation of the network after the reaction.”*

To confirm the formation of the reticulated structure, the
diffusion dynamics in water of the HNT-CDs (40%) nano-
sponge hybrid was characterized by dynamic light scattering
(DLS). Measurements of the particle size using DLS reveal a
translational average diffusion coefficient of the HNT-CDs
nanosponges of 3.24 X 107'* m* s™' that is smaller than the
value for p-HNTs in water (9.4 X 107"* m? s7'); this result is
consistent with the formation of a polymer-like network where
HNT are incorporated after the reaction with cyclodextrin
units. Although the diffusion behavior is strongly altered, the
surface charge in the hybrid is not significantly altered as
expected for nonionic functionalization ({-potential = —25 + 1
mV).E'4

The morphological properties of the HNT-CDs (40%)
hybrid, in terms of specific surface area (BET), mean pore size
distribution (BJH), and cumulative pore volume, were
determined by N, adsorption/desorption measurements and
are listed in Table 2. The HNT-CDs nanosponge hybrid shows
a surface area of 19.9 m? g_l, slightly smaller than that of
starting pristine halloysite (22.1 m? g™).** The slight decrease
in the specific surface area, observed for the new polymeric
hybrid, takes into account the small degree of organosilane
loading on HNT surface. The pore size of the HNT-CDs
hybrid is greater than that of p-HNT as a result of the
formation of a reticulated structure that could form additional
channels in the hybrid polymer mesh.*® The porous structure
makes the hybrid polymer a promising material that could act
as a nanosponge for dye adsorption.

Swelling Properties of HNT-CD Nanosponge Hybrid.

Since swelling provides more specific surface area for
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Figure 3. (a) SEM and (b) TEM images of HNT-CDs (40%) nanosponge hybrid.

Table 2. Textural Parameters Determined by N,
Adsorption/Desorption Measurements for p-HNT and
HNT-CD Nanosponge Hybrid

surface area, Sgpr total pore volume  average pore size
20 1

(m* g (cm® g71) (nm)
p-HNT* 22.1 0.06 9.3
HNT-CDs 19.9 0.29 85.2

adsorption, wettability and swelling are presumed to facilitate
the adsorption of target molecules or ions. Therefore, it is
essential to measure swelling of a polymer in an aqueous
medium before its application as adsorbent. The swelling ratio
of the HNT-CDs (40%) nanosponge hybrid is 91.2 + 1.6%.
The reduction of the swelling ratio in comgarison with some
previously reported cyclodextrin polymers’® could be due to
the presence of HNT that increased cross-linking density
through formation of covalent bonding within the cyclodextrin;
as a consequence, HNTs could make the hybrid polymer
network denser, blocking the passage of water from entering in
the polymer.

Adsorption Measurements. The adsoption capacity of
the new hybrid nanomaterials were evaluated by adsorption
isotherm experiments using Rhodamine B (RB) as the dye
model. In Figure 4 is reported the equilibrium amount of dye
adsorbed into the clay (Q,, mol g™') as a function of the
equilibrium dye concentration in solution (C,, mol L™"). First
of all, it can be observed that the amount of adsorbed dye

1510°
*
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Figure 4. Adsorption isotherms of RB on HNT-CD nanosponge
hybrid in HCI 0.1 N, acetate buffer pH 4.54, and phosphate buffer pH
7.4.
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increases on increasing the equilibrium dye concentration, and
it is considerably lower at the higher pH (Figure 4). This could
be explained as follows: HNT presents a negative outer surface
in a wide pH range. Therefore, in acidic pH media an
electrostatic attraction between the negatively charged nano-
sponge hybrid and positively charged RB would take place. On
the contrary, for pH values up to 7.4, RB mainly exists in
zwitterion forms forming dimers®” which are unable to interact
with the HNT surfaces, and therefore, the dye can be
encapsulated mainly into CD cavities decreasing the adsorption
efficiency.

Both the Langmuir and the Freundlich models were used to
analyze the experimental data. The obtained results are
reported in Table 3. As shown, the adsorption data are better
fitted by the Freundlich model suggesting the heterogeneity of
the polymer and multimolecular layer adsorption. The value of
n is larger than 1 in acidic solution, which indicates the
favorable nature of adsorption and a physical process. While the
n value less than 1 obtained in a neutral medium indicates that
the adsorption bond becomes weak, unfavorable adsorption
takes place, as a result of the decrease in adsorption capacity.*®

For comparison, we studied the adsorption of RB on pristine
HNT (p-HNT). In all cases, we observed a decrease in the RB
adsorption efliciency with respect to the HNT-CD hybrids
(SI). In addition, the adsorption data are better fitted by the
Langmuir model at pH 7.4; furthermore, both models are not
applicable for data at pH 4.54.

To well understand the adsorption mechanisms, kinetics of
Rhodamine B adsorption onto HNT-CDs nanosponge hybrids,
in the best pH conditions, were investigated (SI). It was found
that the adsorption amount increases rapidly in the first 100
min and then slows until the sorption reached equilibrium. The
beginning rapid adsorption of RB is due to the existence of a
large number of sorption sites on the surface of HNT-CDs
nanosponge hybrids (HNT and CDs cavities, interstitial
channels). As the surface active sites are occupied, the
adsorption rates slow down and finally reach the adsorption
equilibrium.

The kinetic data were fitted by first-order, second-order,
intraparticle diffusion, and double exponential (DEM) models
(Table S1). It was found that the experimental data are better
fitted by the DEM model (Table 4). According to the literature,
the DEM mode describes a process where the adsorbent offers
two different types of adsorption sites.”” Therefore, it could be
possible that rapid adsorption equilibration occurs within a few
minutes onto the HNT external surface, whereas on the inner
cyclodextrin core, adsorption occurs more slowly.

DOI: 10.1021/acssuschemeng.6b03191
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Table 3. Parameters of Langmuir and Freundlich Isotherm Models for RB Adsorption on HNT-CDs Nanosponge Hybrids

Langmuir Freundlich
KQ C
SR ACR = K, Cl/"
L= Tk Q.= KC,
pH Q,, (mol g™) K, (L mol™) R? Kz (mol g™ (mol L™)"/") n R?
1.00 HNT-CDs (20%) (27 + 1.5) x 107° (7 + 6) x 10° 0.965 0.08 + 0.06 13+ 0.1 0.996
HNT-CDs (40%) (20 £0.1) x 107° (3 +2) x 10° 0.964 03 +0.1 1.01 + 0.03 0.977
4.54 HNT-CDs (20%) (2.5 + 04) x 107 (3 +1) X 10° 0.994 0.05 + 0.01 1.26 + 0.05 0.997
HNT-CDs (40%) (6 +4)x107° (8 + 6) x 10* 0.991 0.10 + 0.06 1.13 + 0.07 0.994
7.40 HNT-CDs (20%) na“ na na 86 + 40 0.65 + 0.02 0.999
HNT-CDs (40%) na na na 22+19 0.80 + 0.05 0.994
“na: Langmuir model is not successful.
Table 4. Adsorption Kinetic Parameters of RB onto HNT-CDs Nanosponge Hybrids
DEM
Q=Q1 -+ Q1 -¢"
Q. (107 M) k' (min~") Q."(107° M) k" (min™") R?
20% 391 + 0.02 0.083 + 0.003 1.61 + 0.02 (34 + 0.01) x 107 0.994
40% 3.73 + 0.02 0.8 + 0.1 1.61 + 0.02 (1.35 + 0.03) X 107 0.981
Finally, in order to determine the effect of temperature on = pH 1.0
RB adsorption, experiments were conducted at 277, 298, 310, = pH 4.54
and 331 K. The adsorption process was favorable at lower pH 7.4

temperature, and RB molecules were orderly adsorbed on the
surface of HNT-CDs nanosponge and into CD cavities. The
thermodynamic parameters were calculated by means of the
van’t Hoff equation and are listed in Table 5. The obtained data
further confirm that the material shows better adsorption
efficiency in an acidic medium with respect to the neutral one.

Table 5. Thermodynamic Parameters at Different
Temperatures

pH T(K) AG%* (] mol™) AH (k) mol™)  AS (J mol™)
4.54 277 —88.31 —100.71 —44.76
298 —87.37
310 —86.83
331 —85.89
7.40 277 1.87 —37.19 —141

“Obtained from the Langmuir model.

In order to evaluate the performance of the obtained HNT-
CD hybrid polymers, additional adsorption experiments were
performed to determine the adsorption capacity of the hybrid
for six cationic and anionic dyes (SI), under different pH values,
namely, 1.0, 4.54, and 7.4 (Figure 5). In general, the
synthesized materials show higher adsorption capacity than p-
HNT (Figure S8 and Table S2) as a consequence of the
introduction of CD moieties and the formation of a network.

It was found that HNT-CDs hybrids, in all pH values
investigated, showed high adsorption capacity for cationic dyes.
In particular, methylene blue (MB) and toluidine blue (TB) are
quantitatively adsorbed, while only 70% of RB is adsorbed at
the best pH value. These differences could be due to the small
steric hindrance of MB and TB with respect to RB.

Anionic dyes are poorly adsorbed from the polymer,
probably due to the presence of electrostatic repulsions
between the negatively charged halloysite external surface and
the dyes. The small amount of these dyes adsorbed could
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Figure 5. Adsorption capacities of HNT-CD hybrid polymer for the
different dyes at pH 1, 4.54, and 7.4.

selectively interact with positively charged HNT lumen.
However, in these cases, the best adsorption is obtained at
pH 4.54. The anionic dyes, indeed, turn from a neutral to a
largely delocalized anionic form at around pH 4; therefore, they
can interact with the nanomaterial in their partly cationic
form.*

Surprisingly, the nanomaterial showed good adsorption
capacity for the anionic dye congo Rubin (CR) at acidic pH
values. This could be explained by a difference in binding
mechanism of halloysite to the anionic dyes and a strong
interaction between CR and HNT.*" In addition, the formation
of inclusion complexes between CR and S-CD occurs.”* At
lower pH, the sulfonate ions of CR can be neutralized, and the
complexing effect between neutral CR and the cavity of $-CD is
strengthened, thereby promoting adsorption of CR.

The obtained results show that HNT-CDs nanosponge
hybrids could be used as a good nanoadsorbent for selective
adsorption of cationic dyes with respect to the anionic ones in a
wide pH range.

For comparison, in Table 6 are reported the adsorption
capacities of MB on the HNT-CD (40%) hybrid and those
obtained with other adsorbents.

DOI: 10.1021/acssuschemeng.6b03191
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Table 6. Adsorption Capacities of MB for Some Adsorbents

adsorption capacity

adsorbent mg g~ ref
p-HNT 84.32 43
titania 5.98 23
zeolite 16.37 24
NaOH-treated kaolin 20.49 22
titanate nanotubes 133.30 44
P-cyclodextrin cross-linked by citric 105.00 45
acid
HNT-CD (40%) hybrid 226 this work

The results demonstrated that the HNT-CD hybrid
nanosponges could be employed as promising adsorbents for
removal of organic dyes from wastewater.

B CONCLUSIONS

New hybrid organic—inorganic nanosponges based on
halloysite nanotubes and cyclodextrins were successful
synthesized by microwave irradiation in solvent-free conditions.
In particular, by combining the starting scaffolds in different
ratios, it was possible to obtain two nanosponges with different
amounts of organic moieties that possess some nonreacted allyl
groups that can be subjected to further functionalizations. The
structure and morphology of the hybrid materials were
extensively investigated by means of several techniques such
as thermogravimetric analysis, TEM and SEM investigations,
DLS and {-potential measurements, and FT-IR spectroscopy.
BET measurements and swelling investigations highlighted the
presence of a hyper-reticulated network and the possible
presence of an interstitial channel that could be useful for future
applications. The feasibility of the material as a decontaminant
of wastewater was investigated by studying its adsorption
capacity toward an organic dye, Rhodamine B. Adsorption
experiments evidenced that the adsorption capacity is strictly
influenced by the pH of the medium, and the presence of
cyclodextrin in the hybrid enhances the adsorption ability of
halloysite. The performance of the hybrid nanosponge was also
evaluated toward different cationic and anionic dyes, and the
obtained results showed that HNT-CDs nanosponge hybrids
are good nanoadsorbents for selective adsorption of cationic
dyes with respect to the anionic ones in a wide pH range. In
conclusion, we think that the nanomaterial prepared combines
the properties of both halloysite and cyclodextrin, and
therefore, it puts forward the use of halloysite in the
bioremediation field.
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