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Abstract

Functionalization of halloysite nanotubes surface by using organosilanes is sensitive
to the reaction conditions. Halloysite nanotubes (HNTs) were modified using (3-
Mercaptopropyl) trimethoxy silane (MPTMS). The experiments were performed
under different reaction conditions including, various solvents [Toluene,
Tetrahydrofuran (THF), Ethanol, n-Hexane, 1,4 Dioxane and Acetonitrile], water
content in the reaction media, volume of solvent, number of moles of silane and
catalysts (triethyl amine, ammonia solution and tetra-ethoxy titanium). The
elemental analysis, FT-IR analysis were used to identify the samples, which attained
the highest percent of functionalization. SEM image and thermogravimetric analysis
were provided for the pristine halloysite nanotubes and the modified halloysite
nanotubes samples. This work provides a systematic investigation of the reaction
conditions highlighting the best protocol to perform such a modification that
represents a relevant strategy to control the surface properties of halloysite
nanotubes as well as the optimization of the first step toward further modifications

of this nano clay.

Keywords: ~ Halloysite, nanoclay,  Organosilanes,  grafting,  thermogravimetric

analysis, FT-IR, SEM.



1. Introduction

Kaolin is a type of the clay materials that have been used in a wide range for a
variety of applications, such as in ceramics, paper coating, paper filling, paint
extender, rubber or plastic filler and cracking catalysts because they are naturally
available, in-expensive and environment-friendly silicate resources. Halloysite is
one of the minerals in kaolin clays, and it represents a small percentage of the
content [1-3]. It is found in nature as aluminosilicate mineral with the formula
(Al,Si1,05(OH)4-2H,O [4-6]. It has interesting mechanical and thermal properties,
which are the result of its formation by hydrothermal alteration of aluminosilicate
minerals [7]. It has been described as a dioctahedral 1:1 clay mineral of the kaolin
group which includes octahedral gibbsite Al (OH); and tetrahedral SiO4 sheets and
comprises of hollow cylinders formed by multiple rolled layers (i.e., halloysite
nanotubes, HNTs) [8-11]. The characteristic sizes are strongly dependent on the
geological deposit [12,13]. The outer surface of Halloysite nanotubes has chemical
properties which are like that of silica (SiO;), and bears a negative charge in a wide
pH range (4 to 10) while the inner core constitutes of alumina (Al,O3) and provides
a positive charge under acidic conditions[14,15]. The oppositely charged outer
surface and lumen of the halloysite nanotube enables it to be further modified in
order to change its properties and to increase its loading capacity[16—18]. The great
importance of halloysite nanotubes is due to their ability to be used in numerous
applications as nanocontainers with controlled release properties that make them
attractive for smart formulations with encapsulated active molecules[19-22]. It can
also be used as a filler for polymer or hydrogel matrices, drug carrier and delivery,
biomedical implants, corrosion protection of metals, biosensors, organic synthesis,
flame retardant coatings, specific ion adsorbents, materials for sustained release of
herbicides and anti-microbials, and energy storage devices [23—29].

The surface modification involves the modification of nanotube’s inner lumen and
the outer surface with different functional agents. Several chemical agents have
been used for modification process because of being HNTs as silicate-based
material containing aluminium and silica groups on the inner and outer surface of
HNTs. The modification of the inner lumen and the outer surface of HNTs can be
performed using alkalis, organosilanes, polymers, surfactants and

nanomaterials[30-32]. Taking this into consideration, organosilanes were proved to



be effective agents for surface modification of HNTs, rendering the surface less
hydrophilic by decreasing the number of Si—-OH groups at halloysite nanotubes
surface[33]. Organosilanes can be grafted on the outer surface of halloysite
nanotubes by the condensation reaction between hydrolysed silanes and the
hydroxyl groups of halloysite nanotubes external surface defects or that located on
the edges [34-36]. The halloysite lumen contains the AI-OH groups that are very
reactive towards organosilanes. On the other hand, the external halloysite surface
possess siloxane (Si-O-Si) groups and few silanols (Si-OH). The hydroxyl groups
that result from the presence of some defects on halloysite surface, are confirmed to
be the potential reactive sites for the external surface modification of halloysite
nanotubes [37-39].

Covalent modification of the outer surface improves the halloysite dispersibility into
the polymer matrix, reinforcing the performances of the hybrid materials in terms of
thermal stability and tensile properties [40]. This work aims to optimize the
conditions of grafting (3-Mercaptopropyl) trimethoxy silane (MPTMS) on the
surface of halloysite nanotubes. The modified nanotubes not only can be further
functionalized via the reactivity of the newly introduced functionalities but also,

they are attractive because of promising properties as adsorbent for metal ions.

2. Experimental
2.1. Materials

The Halloysite nanotubes (HNT) were provided by Sigma-Aldrich. The organo-
silane used for the modification of the HNTs is (3-Mercaptopropyl) trimethoxy
silane (MPTMS) and was supplied by Alfa Aesar. Triethyl amine (Et;N),
Tetraethoxy titanium (Ti (OEt);) were Sigma-Aldrich products. All the solvents that

were used in this work were of reagent grade and were used as received.

2.2. Silane functionalization of HNT's
The method followed for grafting (3-Mercaptopropyl) trimethoxy silane (MPTMS)

on the surface of halloysite nanotubes is illustrated in Fig. 1.
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Fig. 1. Synthetic route that was used during the modification process. Details are

provided below.

2.2.1 Grafting of (3-Mercaptopropyl) trimethoxy silane:

HNTs powder (1.3 g) was mixed in 20 ml of different solvents for 10 min. then
different amounts of (3-Mercaptopropyl) trimethoxy silane was added as shown in
Table 1. The mixture was dispersed ultrasonically for 60 min. then refluxed at time
reaction mentioned at Table 1 under constant stirring and using temperature that
corresponds to the boiling point of each solvent used in the experiment. The
modified halloysite nanotubes were separated by centrifugation and extensively
washed three times with 30 ml of the used solvent to remove the unreacted
organosilanes. The separated product (HNTs-MPTMS) was finally dried at 60 °C
for 12 hours. Some experiments were done in the presence of water and others were
done in the presence of triethyl amine, tetraethoxy titanium and ammonia solution

as mentioned at Table 1.

Table 1. Reaction conditions of grafting (3-Mercaptopropyl) trimethoxy silane on
HNTs surface, the data of elemental analysis and the calculated value of the degree

of functionalization for the samples treated with MPTMS.

Sample HNTs/MPTMS/water/catalyst Solvent Temperature Refluxing Content, % Degree of
(molar ratio) (°C) Time (hour) functionalization
C H %

HNT -A1 1/1.33/0/0 40 ml 110 4 558 1.97 51.63
Toluene

HNT -B2 1/1.33/0/0 40 ml THF 66 4 0.95 1.80 8.79

HNT-C3 1/1.33/3/0 40 ml 110 4 430 0.20 39.78
Toluene




HNT -D4 1/2.64/0/0 40 ml Ethanol 79 4 8.07
1.31 1.87
HNT -E5 1/1.33/0/0 40 ml 82 4 0.93 1.80 8.6
Acetonitrile
HNT -Fé6 1/1.33/0/0 10 ml 82 4 1.96 0.42 18.13
Acetonitrile
HNT-G7 1/1.33/0/0 40 ml 110 48 3.04 216 28.12
Toluene
HNT-HS8 1/2/0/0 40 ml 110 48 351 1.98 25.13
Toluene
HNT-I19 1/1.33 /0/0 10 ml 110 4 329 2.02 30.44
Toluene
HNT-J10 1/1.33/0/0 75 ml 110 4 377 212 34.88
Toluene
HNT-K11 4.64/6.034/0/0 40 ml n- 69 4 344 2.255 32.19
Hexane
HNT-L12 1/1.3/0/0 40 ml 1,4- 100 4 3.46 1.923 32.37
Dioxane
HNT-M13 1/1/8.26 /0 20 ml 110 4 298 2.26 33.49
Toluene
HNT-N14 1/1/0/3.09 (C,Hs);N 20 ml 110 4 4.76 2.39 53.53
Toluene
HNT-O15 1/ 1/0/1.027 Ti (OC,Hs)4 20 ml 110 4 2.70 2.03 30.39
Toluene
HNT-P16 1/1/0/5.59 NH,OH 20 ml 110 4 8.9 3.155 99.8
Toluene

2.3. Characterization of HNTs-MPTMS:

Elemental analysis of carbon, hydrogen and nitrogen (EA) of the modified HNT
samples which were grafted using (3-Mercaptopropyl) trimethoxy silane was carried
out wusing an elemental analyzer Perkin Elmer PE 2400. The degree of
functionalization (DF) of (HNTs-MPTMS) samples was computed using Eq.l and
2:

% of carbon obtained from EA

DF = (1)

theoretical % of carbon content

Where theoretical % of carbon content calculated using the following equation:

Theoretical % of carbon content =

No.of carbon atoms in silanexNo.of moles of silanex12
No.of gof HNTs+No.of g of silane—No.of g of alcohol eliminated

)



Fourier transform infrared (FTIR) spectra were used to confirm the presence of
bands for (CH;) group that indicate the condensation reaction between silane and
hydroxyl groups on the surface of halloysite nanotubes. FT-IR diffuse reflectance
spectra  obtained with a  Spectrum-One spectrometer, Perkin Elmer. The

measurements were performed in the wave number range (4500-500) cm™.

Thermogravimetric  analysis (TGA) was performed wusing a Metler Tolledo
instrument for the pristine halloysite nanotubes and the best sample of grafted
(HNTs-MPTMS). The mass of the sample was measured over time as the
temperature changes from 30°C to 1000°C under a nitrogen flow of 60 ml/min.

Calibration was performed following literature procedure[41,42].

Scanning electron microscope (SEM) images obtained by using a Carl instrument
Zeiss EVO LS 10. It was used to study the morphology of the pristine halloysite
nanotubes and the sample with largest grafted efficacy (HNTs-MPTMS).

3. Results and discussion

3.1. Effect of polarity of solvent

Owing to the role played by solvent in wetting the surface of halloysite nanotubes,
the solvent has a great influence on the silanization process which occurs by the
reaction between silicate-based material and the alkoxysilanes[43]. In the present
work, Toluene, Tetrahydrofuran, Ethanol, n-Hexane, 1,4 Dioxane and Acetonitrile
have been used as solvent for the grafting process. These solvents have different
polarity and dielectric constant. The FT-IR spectra for HNTs modified with
MPTMS, in the present of these solvents, have been shown in Fig. Sl (ESI)". The
bands that appear at 1258 cm” for HNT-Al indicate the presence of Si-CH»-R
deformation vibration and the intensity tends to decrease as the length of the
aliphatic chain increases[44]. Table 1. summarizes the data for the elemental
analysis and the degree of functionalization of HNTs samples which grafted by
MPTMS in the presence of variety of solvents. The highest degree of
functionalization was given by HNT-Al. The sample HNT-Al was the best
functionalized by MPTMS and this indicates that toluene is the best solvent for



grafting MPTMS on HNTs surface. The lowest degree of functionalization obtained
by the polar solvents like tetrahydrofuran and ecthanol, indicating that these solvents
are not favourable for grafting process because of the competition reaction between
alkyl siloxane and hydroxyl groups of the solvents through H-bonding rather than
hydroxyl groups of the surface [45, 46]. Increasing the number of moles of water in
the reaction mixture from 13.92 mmol to 38.33 mmol, generated a decrease in the degree
of functionalization from 39.78% to 33.49% as mentioned at Table 1. This confirms the

hypothesis raised in case of solvents with increased polarities.
3.2. Effect of number of moles of MPTMS

Though that increasing the number of moles of silanes in the reaction media
allowed more active silanol groups to interact with hydroxyl groups attached to
halloysite nanotubes surface, the data obtained by elemental analysis showed that as
the number of moles of silane increases, the functionalization degree decreases.
Although the influence of the amount of silane on the grafting process has been
discussed by many articles. There is no complete clarification why the
functionalization degree reduces when the silane amount increases [47-51]. Fig. S3
(ESI)" shows new bands for HNT-N14 at 2927 cm™, 2857 cm™’ which represent
symmetric stretching of CH, group[44]. This indicates the condensation reaction
between alkoxy silane and hydroxyl groups on HNTs surface. According to the data
obtained from elemental analysis and FT-IR spectra (Table 1. and Fig. S3 (ESD)),
the amount which is equal 4.633 mmol of MPTMS has been chosen to be the best

amount of silane for the grafting process.
3.3. Influence of the volume of solvent

Fig. S4 (ESI)" shows the FT-IR spectra for the samples which is treated by using
different volumes of toluene. The calculated values of the functionalization degree
for these samples have been shown in Table 1. The volume which is equal to 40 ml
of toluene has been chosen as the best volume of solvent for grafting of MPTMS on
HNTs surface. Fig. S4 (ESI)" shows bands at 1252 cm™, 1303 cm’ for HNT-M13,
HNT-A1 which represents the deformation vibration of Si-CH,-R which occurs at
-1

1250-1175 cem” and CH, wagging vibration which occurs near 1305 cm

respectively and the other band that appears at 2884 cm™ for HNT-F6 represents the



C-H stretching vibrations which occurs in the region 2975-2840cm™ [44]. This
indicates the condensation reaction formation between hydroxyl groups on HNTSs

surface and methoxy groups of silanes.

3.4. Effect of catalyst on the grafting process

In the investigated chemical reaction, the catalyst provides an alternate pathway
by the reduction of the activation energy between reactants and products. Namely,
triethyl amine (Et;N), ammonia solution (NH4OH) and tetra ethoxy titanium (Ti
(OEt);) have been used as a catalyst for the grafting of MPTMS on halloysite
nanotubes surface because they act as proton acceptor and this will facilitate
condensation reaction between hydroxyl groups on HNTs surface and methoxy
groups of silanes. The FT-IR spectra and elemental analysis data for the samples
which were treated by using these catalysts for grafting MPTMS on HNTs surface
have been shown in Fig. S5 (ESI)" and Table 1. Fig. S5 (ESI)" shows bands at 1239
cm’, 2849 cm™ and 2916 cm” for HNT-P16 and at 2925 cm”, 2832 em™ and 1233
cm™ for HNT-N14. The peaks with medium intensity that appear at 2849 cm™, 2832
em™”, 2916 cm” and 2925 cm’ represent the C-H stretching vibrations which occurs
in the region 2975-2840 cm™. The peaks that appear at 1239 cm™ and 1233 cm™ are
very weak and represents the CH, wagging, rocking and twisting vibrations which
occur in the region 1430-715 cm ' and these bands are usually of weak intensity in
infrared spectra and of medium intensity in Raman[44]. These peaks indicate that
the condensation reaction formation between hydroxyl groups on HNTs surface and
methoxy groups of silanes. These data give an indication about the positive effect of

the catalyst on the progressing of the reaction.

3.5. Characterization of the modified sample with higher efficiency

The best modified sample has been characterized by using thermogravimetric
analysis (TGA), scanning electron microscope (SEM), FT-IR analysis and
elemental analysis as shown in Figs. 2, 3 and 4 and mentioned at Table 1.
respectively. Fig. 2 shows that the main mass loss for pristine HNT occurred in the

temperature range of (400-550 °C) and this may be attributed to the dehydroxylation



of structural hydroxyl groups of HNT[52] while the main mass loss for HNT-P16
occurred in the temperature range of (250-500 °C). This may be attributed to the
condensation reaction between hydroxyl groups on HNTs surface and methoxy
groups of silane and formation of covalent bond. Fig.4 shows bands at 1241 cm™,
2849 cm™ and 2921 cm™ for HNT-P16 which are not present in pristine HNTs. The
peaks with medium intensity that appear at 2849 cm™ and 2921 cm’ represent the
C-H stretching vibrations which occurs in the region 2975-2840 cm™. The peak that
appears at 1241 cm’ is very weak and represents the CH, wagging, rocking and

twisting vibrations which occur in the region 1430-715 cm™".
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Fig. 2. TGA and DTG curves of pristine HNTs and the HNT-P16 sample.



Fig. 3. SEM image of pristine HNTs (a) and the HNT-P16 sample (b).
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Fig. 4. FT-IR spectra of pristine HNTs and the best modified HNTs sample.

3.6. Sorption experiments:

The sorption capacity of both HNTs and the best modified HNTs sample were tested by
contacting of a small mass (0.1 g) of (HNTs) and (HNT-P16) with a fixed volume (8 ml) of
aqueous solution which containing a mixture of metal ions with concentrations ca. 1500 mg/1
and pH = 6.5 in a conical flask. The flasks were agitated for 24 hours. (rotation speed, v =
700 rpm) at 25 °C. After equilibration and phase separation, the residual metal ions
concentration in the aqueous phase (C.q, mg/l) was measured by using Inductively coupled
plasma Optical Emission Spectrometer (relative error 0.08 %). The capacity of the sorbent
was determined by using the mass balance equation (Qeq = ((C, —Ceq) V/m), while C,, C¢q are
the initial and equilibrium concentration of metal ions in the solution (mg/l), (V) is the
volume of the solution (L) and (m) is the mass of pristine HNT or HNT-P16 (g).The

obtained results showed that the maximum sorption capacity for Cu ions was changed from 1



mg/g to 28 mg/g by using pristine HNTs and HNT-P16 respectively (Table 2). These data
provide an indication on the effect of modification of HNTs on the sorption capacity of

Copper ions and its selectivity for Copper ions.

Table 2. Data of the sorption capacity of both pristine HNTs and HNT-P16 using a solution of metal

acetate, at 25°C, pH= 6.5 and agitation time 24 hours.

Sorption capacity, mg/g

Sample
Co Cu Ni Zn
HNTs 0 1 0 0
HNT-P16 0 28 0 2

Error is 5% on sorption capacity.

4. Conclusions

Halloysite nanotubes has been functionalized by using (3-Mercaptopropyl)
trimethoxy silane (MPTMS). The work has been done by using different reaction
conditions. The obtained data showed that the best solvent for the grafting process is
toluene, decreasing the amount of water in the reaction media gave a significant
increase in the degree of functionalization. As the volume of solvent in the reaction
media decreased, the degree of functionalization increased. Increasing the number
of moles of silane has a negative influence on the degree of functionalization. The
use of catalyst has a positive effect on the proceeding of the reaction. The
modification of HNTs causes a selective increase of its sorption capacity for Copper

ions.

List of abbreviations

HNTS Halloysite nanotubes

MPTMS (3-Mercaptopropyl) trimethoxy silane

(Et3N) Triethyl amine



(Ti (OEt)s) Tetraethoxy titanium

(ESD)’ Electronic supplementary information

Conflicts of interest

There are no conflicts to declare.

Acknowledgements
This research was supported by the Program 211 of the Government of the Russian

Federation Ne 02.A03.21.0006, RFBR grants 17-03-00641 and 18-29- 12129mk, the State

Task from the Ministry of the Education and Science of the Russian Federation Ne

4.9514.2017/8.9.

Reference

[1]

2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

A K. Panda, B.G. Mishra, D.K. Mishra, R.K. Singh, Effect of sulphuric acid treatment
on the physico-chemical characteristics of kaolin clay, Colloids and Surfaces A:
Physicochemical and Engineering Aspects. 363 (2010) 98—104.
https://doi.org/10.1016/j.colsurfa.2010.04.022.

G. Tian, W. Wang, B. Mu, Q. Wang, A. Wang, crossmark, Ceramics International. 43
(2017) 1862—-1869. https://doi.org/10.1016/j.ceramint.2016.10.145.

C. Zhou, Y. Liang, Y. Gong, Q. Zhou, Y. Chen, X. Qiu, Modes of occurrence of Fe in
kaolin from Yunnan China, Ceramics International. 40 (2014) 14579—-14587.
https://doi.org/10.1016/j.ceramint.2014.06.042.

D. Rawtani, Y.K. Agrawal, Multifarious applications of halloysite nanotubes: A review,
Reviews on Advanced Materials Science. 30 (2012) 282-295.

A.B. Zhang, L. Pan, H.Y. Zhang, S.T. Liu, Y. Ye, M.S. Xia, X.G. Chen, Effects of acid
treatment on the physico-chemical and pore characteristics of halloysite, Colloids and
Surfaces A: Physicochemical and Engineering Aspects. 396 (2012) 182—188.
https://doi.org/10.1016/j.colsurfa.2011.12.067.

L. Lisuzzo, G. Cavallaro, F. Parisi, S. Milioto, G. Lazzara, Colloidal stability of
halloysite clay nanotubes, Ceramics International. 45 (2019) 2858-2865.
https://doi.org/10.1016/j.ceramint.2018.07.289.

P. Krishnaiah, C.T. Ratnam, S. Manickam, Development of silane grafted halloysite
nanotube reinforced polylactide nanocomposites for the enhancement of mechanical,
thermal and dynamic-mechanical properties, Applied Clay Science. 135 (2017) 583—
595. https://doi.org/10.1016/j.clay.2016.10.046.

Z. Karami, O. Moini Jazani, A.H. Navarchian, M. Karrabi, H. Vahabi, M.R. Saeb, Well-
cured silicone/halloysite nanotubes nanocomposite coatings, Progress in Organic
Coatings. 129 (2019) 357-365. https://doi.org/10.1016/j.porgcoat.2019.01.029.

K. Zhu, Y. Duan, F. Wang, P. Gao, H. Jia, C. Ma, C. Wang, Silane-modified
halloysite/Fe 3 O 4 nanocomposites: Simultaneous removal of Cr(VI) and Sb(V) and
positive effects of Cr(VI) on Sb(V) adsorption, Chemical Engineering Journal. 311
(2017) 236-246. https://doi.org/10.1016/j.cej.2016.11.101.



[10] Y. Zhang, A. Tang, H. Yang, J. Ouyang, Applications and interfaces of halloysite
nanocomposites, Applied Clay Science. 119 (2016) 8—17.
https://doi.org/10.1016/j.clay.2015.06.034.

[11] Y. Zhang, L. Fu, H. Yang, Insights into the physicochemical aspects from natural
halloysite to silica nanotubes, Colloids and Surfaces A: Physicochemical and
Engineering Aspects. 414 (2012) 115-119.
https://doi.org/10.1016/j.colsurfa.2012.08.003.

[12] G. Cavallaro, L. Chiappisi, P. Pasbakhsh, M. Gradzielski, G. Lazzara, A structural
comparison of halloysite nanotubes of different origin by Small-Angle Neutron
Scattering (SANS) and Electric Birefringence, Applied Clay Science. 160 (2018) 71-80.
https://doi.org/10.1016/j.clay.2017.12.044.

[13] P. Pasbakhsh, G.J. Churchman, J.L. Keeling, Characterisation of properties of various
halloysites relevant to their use as nanotubes and microfibre fillers, Appl. Clay Sci. 74
(2013) 47-57. https://doi.org/10.1016/j.clay.2012.06.014.

[14] G. Pandey, D.M. Munguambe, M. Tharmavaram, D. Rawtani, Y.K. Agrawal,
Manuscript title: Halloysite nanotubes - An efficient ‘nano-support’ for the
immobilization of a-amylase, Applied Clay Science. 136 (2017) 184-191.
https://doi.org/10.1016/j.clay.2016.11.034.

[15] Y.M. Lvov, D.G. Shchukin, H. Mohwald, R.R. Price, Halloysite Clay Nanotubes for
Controlled Release of Protective Agents, ACS Nano. 2 (2008) 814-820.
https://doi.org/doi: 10.1021/nn800259q.

[16] E. Rozhina, S. Batasheva, M. Gomzikova, E. Naumenko, R. Fakhrullin, Multicellular
spheroids formation: The synergistic effects of halloysite nanoclay and cationic
magnetic nanoparticles, Colloids and Surfaces A: Physicochemical and Engineering
Aspects. 565 (2019) 16-24. https://doi.org/10.1016/j.colsurfa.2018.12.038.

[17] G. Cavallaro, G. Lazzara, L. Lisuzzo, S. Milioto, F. Parisi, Selective adsorption of
oppositely charged PNIPAAM on halloysite surfaces: a route to thermo-responsive
nanocarriers, Nanotechnology. 29 (2018) 325702.

[18] Y. Zhang, L. Bai, C. Cheng, Q. Zhou, Z. Zhang, Y. Wu, H. Zhang, A novel surface
modification method upon halloysite nanotubes: A desirable cross-linking agent to
construct hydrogels, Applied Clay Science. 182 (2019) 105259.
https://doi.org/10.1016/j.clay.2019.105259.

[19] G. Cavallaro, G. Lazzara, V. Taormina, D. Cascio, Sedimentation of halloysite
nanotubes from different deposits in aqueous media at variable ionic strengths, Colloids
and Surfaces A: Physicochemical and Engineering Aspects. 576 (2019) 22-28.
https://doi.org/10.1016/j.colsurfa.2019.05.038.

[20] Y.M. Lvov, M.M. DeVilliers, R.F. Fakhrullin, The application of halloysite tubule
nanoclay in drug delivery, Expert Opinion on Drug Delivery. 13 (2016) 977-986.
https://doi.org/10.1517/17425247.2016.1169271.

[21] T. Yu, L.T. Swientoniewski, M. Omarova, M.-C. Li, L.I. Negulescu, N. Jiang, O.A.
Darvish, A. Panchal, D.A. Blake, Q. Wu, Y.M. Lvov, V.T. John, D. Zhang,
Investigation of Amphiphilic Polypeptoid-Functionalized Halloysite Nanotubes as
Emulsion Stabilizer for Oil Spill Remediation, ACS Appl. Mater. Interfaces. 11 (2019)
27944-27953. https://doi.org/10.1021/acsami.9b08623.

[22] L. Lisuzzo, G. Cavallaro, P. Pasbakhsh, S. Milioto, G. Lazzara, Why does vacuum drive
to the loading of halloysite nanotubes? The key role of water confinement, Journal of
Colloid and Interface Science. 547 (2019) 361-369.
https://doi.org/10.1016/].jc1s.2019.04.012.

[23] L. Deen, X. Pang, 1. Zhitomirsky, Electrophoretic deposition of composite chitosan-
halloysite nanotube-hydroxyapatite films, Colloids and Surfaces A: Physicochemical



and Engineering Aspects. 410 (2012) 38—44.
https://doi.org/10.1016/j.colsurfa.2012.06.011.

[24] M.R. Dzamukova, E.A. Naumenko, Y.M. Lvov, R.F. Fakhrullin, Enzyme-activated
intracellular drug delivery with tubule clay nanoformulation, Scientific Reports. 5
(2015) 10560.

[25] G. Cavallaro, G. Lazzara, S. Milioto, F. Parisi, V. Evtugyn, E. Rozhina, R. Fakhrullin,
Nanohydrogel Formation within the Halloysite Lumen for Triggered and Sustained
Release, ACS Appl. Mater. Interfaces. 10 (2018) 8265-8273.
https://doi.org/10.1021/acsami.7b19361.

[26] A. Glotov, A. Stavitskaya, Y. Chudakov, E. Ivanov, W. Huang, V. Vinokurov, A.
Zolotukhina, A. Maximov, E. Karakhanov, Y. Lvov, Mesoporous Metal Catalysts
Templated on Clay Nanotubes, Bulletin of the Chemical Society of Japan. 92 (2019)
61-69. https://doi.org/10.1246/bcsj.20180207.

[27] L. Lisuzzo, G. Cavallaro, S. Milioto, G. Lazzara, Effects of halloysite content on the
thermo-mechanical performances of composite bioplastics, Applied Clay Science. 185
(2020) 105416. https://doi.org/10.1016/j.clay.2019.105416.

[28] D. Papoulis, Halloysite based nanocomposites and photocatalysis: A Review, Applied
Clay Science. 168 (2019) 164—174. https://doi.org/10.1016/j.clay.2018.11.009.

[29] M. Massaro, R. Amorati, G. Cavallaro, S. Guernelli, G. Lazzara, S. Milioto, R. Noto, P.
Poma, S. Riela, Direct chemical grafted curcumin on halloysite nanotubes as dual-
responsive prodrug for pharmacological applications, Colloids and Surfaces B:
Biointerfaces. 140 (2016) 505-513. https://doi.org/10.1016/j.colsurfb.2016.01.025.

[30] M. Tharmavaram, G. Pandey, D. Rawtani, Surface modified halloysite nanotubes: A
flexible interface for biological, environmental and catalytic applications, Advances in
Colloid and Interface Science. 261 (2018) 82—101.
https://doi.org/10.1016/j.cis.2018.09.001.

[31] M. Massaro, G. Lazzara, S. Milioto, R. Noto, S. Riela, Covalently modified halloysite
clay nanotubes: synthesis, properties, biological and medical applications, J. Mater.
Chem. B. 5 (2017) 2867-2882. https://doi.org/10.1039/C7TB003 16A.

[32] P. Yuan, D. Tan, F. Annabi-Bergaya, Properties and applications of halloysite
nanotubes: recent research advances and future prospects, Applied Clay Science. 112—
113 (2015) 75-93. https://doi.org/10.1016/j.clay.2015.05.001.

[33] M.T. Albdiry, H. Ku, B.F. Yousif, Impact fracture behaviour of silane-treated halloysite
nanotubes-reinforced unsaturated polyester, Engineering Failure Analysis. 35 (2013)
718-725. https://doi.org/10.1016/j.engfailanal.2013.06.027.

[34] S. Jia, M. Fan, Silanization of heat-treated halloysite nanotubes using y-
aminopropyltriethoxysilane, Applied Clay Science. 180 (2019) 105204.
https://doi.org/10.1016/j.clay.2019.105204.

[35] M.T. Albdiry, B.F. Yousif, Morphological structures and tribological performance of
unsaturated polyester based untreated/silane-treated halloysite nanotubes, Materials and
Design. 48 (2013) 68-76. https://doi.org/10.1016/j.matdes.2012.08.035.

[36] S. Cataldo, G. Lazzara, M. Massaro, N. Muratore, A. Pettignano, S. Riela,
Functionalized halloysite nanotubes for enhanced removal of lead(Il) ions from aqueous
solutions, Applied Clay Science. 156 (2018) 87-95.
https://doi.org/10.1016/j.clay.2018.01.028.

[37] P. Yuan, P.D. Southon, Z. Liu, M.E.R. Green, J.M. Hook, S.J. Antill, C.J. Kepert,
Functionalization of halloysite clay nanotubes by grafting with y-
aminopropyltriethoxysilane, Journal of Physical Chemistry C. 112 (2008) 15742-15751.
https://doi.org/10.1021/jp805657t.



[38] P. Yuan, P.D. Southon, Z. Liu, C.J. Kepert, Organosilane functionalization of halloysite
nanotubes for enhanced loading and controlled release, Nanotechnology. 23 (2012).
https://doi.org/10.1088/0957-4484/23/37/375705.

[39] P. Yuan, D. Tan, F. Annabi-Bergaya, Properties and applications of halloysite
nanotubes: Recent research advances and future prospects, Applied Clay Science. 112—
113 (2015) 75-93. https://doi.org/10.1016/j.clay.2015.05.001.

[40] G. Lazzara, G. Cavallaro, A. Panchal, R. Fakhrullin, A. Stavitskaya, V. Vinokurov, Y.
Lvov, An assembly of organic-inorganic composites using halloysite clay nanotubes,
Current Opinion in Colloid and Interface Science. 35 (2018) 42-50.
https://doi.org/10.1016/j.cocis.2018.01.002.

[41] L Blanco, G. Cicala, A. Latteri, G. Saccullo, A.M.M. El-Sabbagh, G. Ziegmann,
Thermal characterization of a series of lignin-based polypropylene blends, Journal of
Thermal Analysis and Calorimetry. 127 (2017) 147-153.
https://doi.org/10.1007/s10973-016-5596-2.

[42] 1. Blanco, L. Abate, F.A. Bottino, P. Bottino, Thermal behaviour of a series of novel
aliphatic bridged polyhedral oligomeric silsesquioxanes (POSSs)/polystyrene (PS)
nanocomposites: The influence of the bridge length on the resistance to thermal
degradation, Polymer Degradation and Stability. 102 (2014) 132-137.
https://doi.org/10.1016/j.polymdegradstab.2014.01.029.

[43] P. Wu, Y. Dai, H. Long, N. Zhu, P. Li, J. Wu, Z. Dang, Characterization of organo-
montmorillonites and comparison for Sr(II) removal: Equilibrium and kinetic studies,
Chemical Engineering Journal. 191 (2012) 288—-296.
https://doi.org/10.1016/j.cej.2012.03.017.

[44] George Socrates, Infrared and Raman Characteristic Group Frequencies Contents, 2001.

[45] M. Monasterio, J.J. Gaitero, E. Erkizia, A.M. Guerrero Bustos, L.A. Miccio, J.S.
Dolado, S. Cerveny, Effect of addition of silica- and amine functionalized silica-
nanoparticles on the microstructure of calcium silicate hydrate (C-S-H) gel, Journal of
Colloid and Interface Science. 450 (2015) 109-118.
https://doi.org/10.1016/j.jc1s.2015.02.066.

[46] W. Shen, H.P. He, J.X. Zhu, P. Yuan, Y.H. Ma, X.L. Liang, Preparation and
characterization of 3-aminopropyltriethoxysilane grafted montmorillonite and acid-
activated montmorillonite, Chinese Science Bulletin. 54 (2009) 265-271.
https://doi.org/10.1007/s11434-008-0361-y.

[47] A. Xue, S. Zhou, Y. Zhao, X. Lu, P. Han, Effective NH2-grafting on attapulgite surfaces
for adsorption of reactive dyes, Journal of Hazardous Materials. 194 (2011) 7-14.
https://doi.org/10.1016/j.jhazmat.2011.06.018.

[48] H. Javadian, B.B. Koutenaei, E. Shekarian, F.Z. Sorkhrodi, R. Khatti, M. Toosi,
Application of functionalized nano HMS type mesoporous silica with N-(2-aminoethyl)-
3-aminopropyl methyldimethoxysilane as a suitable adsorbent for removal of Pb (II)
from aqueous media and industrial wastewater, Journal of Saudi Chemical Society. 21
(2017) S219-S230. https://doi.org/10.1016/j.jscs.2014.01.007.

[49] L. Zhang, C. Yu, W. Zhao, Z. Hua, H. Chen, L. Li, J. Shi, Preparation of multi-amine-
grafted mesoporous silicas and their application to heavy metal ions adsorption, Journal
of Non-Crystalline Solids. 353 (2007) 4055—4061.
https://doi.org/10.1016/j.jnoncrysol.2007.06.018.

[50] M. Boroumand Jazi, M. Arshadi, M.J. Amiri, A. Gil, Kinetic and thermodynamic
investigations of Pb(II) and Cd(II) adsorption on nanoscale organo-functionalized
Si02A1203, Journal of Colloid and Interface Science. 422 (2014) 16-24.
https://doi.org/10.1016/].jcis.2014.01.032.



[51] V. Hernandez-Morales, R. Nava, Y.J. Acosta-Silva, S.A. Macfas-Sanchez, J.J. Pérez-
Bueno, B. Pawelec, Adsorption of lead (II) on SBA-15 mesoporous molecular sieve
functionalized with -NH 2 groups, Microporous and Mesoporous Materials. 160 (2012)
133-142. https://doi.org/10.1016/j.micromeso.2012.05.004.

[52] H. Fu, Y. Wang, X. Li, W. Chen, Synthesis of vegetable oil-based waterborne
polyurethane/silver-halloysite antibacterial nanocomposites, Composites Science and
Technology. 126 (2016) 86-93. https://doi.org/10.1016/j.compscitech.2016.02.018.



*Declaration of Interest Statement

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

OThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




Table(s)

List of Tables:

Table 1. Reaction conditions of grafting (3-Mercaptopropyl) trimethoxy silane on

HNTs surface, the data of elemental analysis and the calculated value of the degree

of functionalization for the samples treated with MPTMS.

Sample HNTs/MPTMS/water/catalyst Solvent Temperature Refluxing Content, % Degree of
(molar ratio) (°C) Time (hour) functionalization
%
C H
HNT -Al 1/1.33/0/0 40 ml 110 4 51.63
5.58 1.97
Toluene
HNT -B2 1/1.33/0/0 40 ml THF 66 4 0.95 1.80 8.79
HNT-C3 1/1.33/3/0 40 ml 110 4 39.78
4.30 0.20
Toluene
HNT -D4 1/ 2.64/0/0 40 ml Ethanol 79 4 8.07
1.31 1.87
HNT -E5 1/1.33/0/0 40 ml 82 4 8.6
Acetonitrile 0.93 1.80
HNT -Fé 1/1.33/0/0 10 ml 82 4 18.13
Acetonitrile 1.96 0.42
HNT-G7 1/1.33/0/0 40 ml 110 48 28.12
3.04 2.16
Toluene
HNT-H8 1/2/0/0 40 ml 110 48 25.13
3.51 1.98
Toluene
HNT-19 1/1.33 /0/0 10 ml 110 4 30.44
3.29 2.02
Toluene
HNT-J10 1/1.33/0/0 75 ml 110 4 34.88
3.77 2.12
Toluene
HNT-K11 4.64/6.034/0/0 40 ml n- 69 4 344 2.255 32.19
Hexane
HNT-L12 1/1.3/0/0 40 ml 1,4- 100 4 3.46 1.923 32.37
Dioxane
HNT-M13 1/1/8.26 /0 20 ml 110 4 2.98 2.26 33.49
Toluene
HNT-N14 1/1/0/3.09 (C,Hs);N 20 ml 110 4 4.76 2.39 53.53
Toluene
HNT-015 1/ 1/0/1.027 Ti (OC,Hs)4 20 ml 110 4 2.70 2.03 30.39
Toluene
HNT-P16 1/1/0/5.59 NH,OH 20 ml 110 4 8.9 3.155 99.8
Toluene




Table 2. Data of the sorption capacity of both HNTs and HNT-P16 using a solution of metal acetate,
at 25°C, pH= 6.5 and agitation time 24 hours.

Sorption capacity, mg/g
Sample
Co Cu Ni Zn

HNTs 0 1 0 0
HNT-P16 0 28 0 2
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Fig. 1. Synthetic route that was used during the modification process.
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Fig. 2. TGA and DTG curves of pristine HNTs and the best grafted HNTs sample.



Fig. 3. SEM image of pristine HNTs (a) and the best grafted HNTs sample (b).
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Fig. 4. FT-IR spectra of pristine HNTs and the modified HNTs sample.

Figure captions:

Fig. 1. Synthetic route that was used during the modification process.

Fig. 2. TGA and DTG curves of pristine HNTs and the best grafted HNTs sample.

Fig. 3. SEM image of pristine HNTs (a) and the best grafted HNTs sample (b).

Fig. 4. FT-IR spectra of pristine HNTs and the modified HNTs sample.
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