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Abstract

Halloysite nanotube supported Ag nanoparticles (Ag/HNT) as catalyst for reduction of Rhodamine 6G (Rh6G) and
Methyl orange (MO) have been synthesized and tested. 3-glycidyloxyproyltrimethoxysilane and Triethylene tetramine
were successfully utilized to modify the HNTs surface, then Ag* ions were reduced to AgNPs on this functionalized
HNT surface. The structure of AgNPs-impregnated HNT wall was characterized by FTIR, XRD, TEM, FE-SEM and
EDX showing the AgNPs to be 10-15 nm in size. The catalytic activity of Ag/HNTs for Rh6G and MO reduction was
investigated by UV-vis spectroscopy so as catalyzed and uncatalyzed reaction rate constants could be compared. The rate
constant (k) of Rh6G and MO reduction was calculated for catalyzed reactions as 0.224 min~! and 0.222 min™!, and for
un-catalyzed reactions as 0.049 min~! and 0.014 min!, respectively. The Ag/HNT catalyzer was effectively recycled six
times without appreciable loss of activity. Results indicate that supporting AgNPs on HNT surface functionalized with
other compounds with superior performance in reducing Rh6G and MO dyes exist.
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1. Introduction

In recent years, great strides have been taken in use
of metal nanomaterials as heterogeneous catalysts.!~> Na-
nomaterials have special properties such as the surface and
interface effect which arise from the alteration of bounda-
ry between material and its surrounding, small size effect
due to decrease in atom density of amorphous nanoparti-
cles near the surface layer, quantum size effect arising from
confinement of electrons to small regions of space in one,
two, or three dimensions and also macroscopic quantum
tunneling effect, leading to some new and potential appli-
cations such as catalysis, bio-engineering, medicine.*-® In-
dustrial dye production and use apart from forming toxic
by-products and non-biodegradable wastes that affect
plants, animals and fish, are suspect as potential carcino-
gens.”8 Therefore, depending on the local laws and bylaws,
to prevent environmental pollution, industrial wastewa-
ters retaining organic dyes need treatment to remove the
residual compounds. Various techniques for removal of
dye molecules exist such as membrane filtration, ion ex-
change, biological treatment, coagulation-flocculation,
ozone flashing, Fentons reagent.” 3 The coagulation—floc-

culation process is widely used, due to its simplicity and
cost-effectiveness,” however, it just transfers the dye mole-
cules from liquid to solid form.!* Catalysis as an efficient
method to treat wastewater bearing colorants has attracted
much interest.'®

Among different type of metal nanoparticles, noble
metal nanoparticles have attracted extensive attention as
chemical catalyst.!®1® Among these, Ag is particularly
striking due to its remarkable catalytic activity and low
cost. A significant number of studies on the catalytic re-
actions of Ag nanoparticles (AgNPs) have been report-
ed, such as alcohol dehydrogenation,'® oxidation of phe-
nylsilanes,?® reduction of aromatic compounds,?! and
Diels-Alder cycloadditions.?? Since during a chemical
reaction, the active surface atoms dislodge the Ag-
NPs,?2-27 various supports such as polymeric?®?° and in-
organic materials, including silica,3*3! zeolite,3>% alu-
mina,?*35 ceria,?® titania,?”*8 zirconia,?® activated car-
bon,**! carbon nanotubes (CNTs),*>** and halloysite
nanotubes (HNTs),%4-46 have been used to immobilize
AgNPs. Halloysite silicate nanotubes of about 15 nm lu-
men, 50 nm external diameter and1000-2000 nm length
are abundant in nature. Furthermore, HNTs are biocom-
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patibile,?”*8 chemically stabale,*® with high absorption

capability” and potential to settle down quickly. HNTs
(AL,S1,05(OH), nH,0) have two-layered (1:1) alumino-
silicate with aluminol (Al-OH) group in the internal
and Si-OH group on the external surfaces. Presence of
hydroxyl groups allows easy surface functionaliza-
tion.”%-53 Existence of halloysite signicantly improves the
size control of Ag nanoparticles as Ag nanoparticles
without halloysite get to larger size and also aggregate
heavily.>* Nanotube supported Ag nanoparticles (Ag/
HNT), are used with various precursors and for different
applications such as biosensor,>>->¢ polymerization cata-
lyst,** photocatalyst,**® enzyme immobilization,” die-
lectric material®” and antibacterial usage.®* In addi-
tion, the Ag/HNTs show high catalytic activity even at
minute amounts towards reduction and degradation of
some industrial dyes, 4-nitrophenol®®-%? or methylene
blue.5?

The purpose of this paper is to enhance the catalytic
effect of Ag nanoparticles as a heterogeneous catalyst to
reduce 6G Rh6G and MO dyes by supporting them on the
walls of halloysite nanotubes modified with new com-
pounds. Such modification of the external surface of HNTs
was achieved, and then in situ reduction of Ag* to Ag nan-
oparticles on the functionalized HNTs surface resulted in
synthetized Ag/HNTs which was then utilized as a hetero-
geneous catalyst in the degradation of Methyl orange and
Rhodamine 6G in aqueous solution (Fig. 1). The recycla-
bility of the Ag/HNTS catalyst was tested by carrying out
repeated runs of the same reaction system.

H H
AN AN
PhCOOC,Hs PhCOOC,Hs
(0) | (o) |
+HN|\' + NaBH4 N|ﬁ

K

Fig 1. Reduction of Rh6G and MO by NaBH, catalyzed by the Ag/
HNT.

2. Methods
2. 1. Materials

The halloysite nanotube powder was provided by
New Zealand China Clays Ltd., Auckland, New Zealand.
The Sodium borohydride (NaBH, > 99.99%), Sodium hy-
droxide (NaOH = 97.00%) and hydrochloric acid (HCI =
37.00%) were acquired from the Sigma Aldrich. The silver
nitrate (AgNO; > 99%), 3-glycidyloxyproyltrimethoxysi-
lane (GPTMS = 98%), Triethylene tetramine (TETA), Eth-
anol, MO and Rh6G were purchased from Merck.

2. 2. Instruments

UV-vis spectra were recorded on a spectrophotome-
ter (Varian, Cary50), with a quartz cuvette (1.0 cm path
length, and 4 mL volume). Scanning electron microscope
images were obtained with a field-emission scanning elec-
tron microscope (FE-SEM) KYKT, EM-3200. Transmis-
sion Electron Microscope (TEM) images were recorded
from JEOL 2100F TEM. XRD patterns were obtained in
reflection mode using a powder X-ray diffractometer
(X'Pert Pro MPD Philips X-ray diffractometer (Ni-fil-
tered Cu-Ka radiation, A = 0.154 nm). FT-IR spectra of
samples as KBr discs were recorded on a FT-IR 8400-Shi-
madzu in the range 400-4000 cm™!. The pH measurements
were performed using a pH-meter (METROHM, Model
713).

2. 3. Functionalization of HNTs

As shown in Fig 2, for functionalization of HNTs by
grafting the GPTMS containing epoxy groups on the sur-
face of HNTs via silanization; 1 mL of GPTMS was added
to 0.5g of HNTs dispersed in 7 mL of ethanol and was
stirred at 65 °C for 24 h and then centrifuged to collect the
suspension. The precipitate (GPTMS/HNT) was washed
five times with pure ethanol and dried at 60 °C for 10 h.
Following that, TETA was grafted on tubes via ring open-
ing reaction of epoxy groups by adding 6mL of pure etha-
nol containing TETA (0.1 mg L™!) to 0.5 g of GPTMS/
HNTS, stirred and refluxed for 24 h at 70 °C. This mixture
was then centrifuged and the precipitate (TETA/HNT)
was again washed with ethanol five times, dried at 70 °C
for 10 h.

2. 4. Synthesis of Ag/HNTs Nanocomposite

The Ag/HNT composite was prepared using AgNO;
as silver precursor, so that silver ions get reduced to silver
nanoparticles on TETA/HNT’s surface amine functional
groups. In a typical synthesis process, 0.5 g of TETA/HNTSs
was added to 10 mL of deionized water under stirring for
1 h and then, 1 mL of 0.2 M AgNO; solution was added
dropwise to the mixture and left stirring for 30 min. The
solution was reduced by addition of 2 mL of freshly pre-
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Fig 2. Schematic Illustration of the role of GPTMS and TETA in the
formation of the TETA/HNTs.

pared 0.1 M aqueous NaBH, solution. The color of the re-
action mixture turns from white to dark green, indicating
formation of Ag NPs on the surface of HNTs (Ag/HNTs).
The final product was washed several times with de-ion-
ized distilled water to remove unreacted Ag* ions and any
byproducts. All experiments were performed at room tem-
perature.

2. 5. Catalytic Reduction of Dyes by Ag/HNTs
Nanocomposite

Catalytic activity of Ag/HNTs nanocomposite, on
decomposing Rh6G and MO dyes was investigated by
comparing the rate they reacted with NaBH, in the pres-
ence and absence of nanocomposite. The reduction of dyes
was carried out in the quartz cell by admixing 1.0 mL of
ImM NaBH, as reducing agent to a mixture of 2 mL of
aqueous dye solution and 1 mg of Ag/HNTs nanocompos-

ite. The process was continuously monitored by a UV-vis
spectroscopy at room temperature. In order to deter-
mine its reusability after the reaction was over, the Ag/
HNT catalyst was centrifuged and washed with deionized
water for two times, and dried in vacuum for 24 h at 50 °C,
to be used again in dye decomposition processes.

The reduction of Rh6G and MO with an excess
amount of NaBH, has been used as a model reaction to
examine the catalytic performance of the Ag/HNTs.

The reaction kinetics can be described as Eq. (1):40

In(C/C.) = - kt (1)

where C° is the initial concentration of dye, C is the con-
centration of dye at time t, k is the apparent first-order rate
constant (min~'), and t is the time. Since the concentration
of a solution is proportional to its adsorption, Eq. (1) can
be written as follow:

In(A/A.) = -kt (2)

A. and A are respectively, the initial and time t dye
adsorption.

Degradation efficiency (%D) of Ag/HNT is calculat-
ed according to the following Eq. (3):

Ag —-A
Ao

%D = X 100 ©)

Rh6G and MO reduction was investigated under
various solution pH values of 3, 5, 7, 9 and 11 using sodi-
um hydroxide and hydrochloric acid were also performed.

3. Results and Discussion
3. 1. FTIR Spectra

The FTIR spectra were used to determine the chem-
ical structure of the HNTs during the functionalization
process. As shown in Fig 3, the characteristic peaks of
HNTSs occurs at 3698 cm™ and 3623 cm™; attributable to
O-H stretching of hydroxyl groups.5® Peaks observed at
1109 cm™! and 1034 cm™! are ascribed to in-plane stretch-
ing of Si-O bond.%® FTIR of the modified halloysite with
GPTMS (GPTMS/HNT) shows new peaks at 2925 and
2854 cm!, which is assigned to the asymmetric and sym-
metric stretching vibration of aliphatic —-CH, groups. This
can also confirm the existence of GPTMS grafted on the
HNTs.** For GPTM/halloysite grafted by TETA (TETA/
HNT), in addition to the presence of CH, bands at 2946
cm™! and 2871 cm™, there are also two new peaks at 1200
and 1600 cm™, belonging to the C-N and NH, groups, re-
spectively.®> These results can also show the interaction
between TETA and epoxide ring of GPTMS grafted on the
HNTs indicating tghat nanotubes have been successfully
functionalized with amine groups. In comparing these re-
sults with the FTIR spectra of pure HNTSs, the positions of
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Fig 3. FT-IR spectra of HNTs, GPTMS/HNTs and TETA/HNTs.

most HNT peaks do not show any change, demonstrating
preservation of main structure of HNT following GPTMS
and TETA grafting.

3. 2. UV-vis Spectra

Fig 4 shows the UV-vis optical absorption spectra of
the HNTs and Ag/HNTS in the 200-800 nm spectral range.
The UV-vis spectra of HNTs dispersed in water revealed
no absorption band, while the Ag/HNTSs sample revealed
an absorption band in 427 nm, corresponding to the sur-
face plasmon resonance (SPR) of Ag nanoparticles.
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Fig 4. UV-vis spectra of HNTs and Ag/HNTs.

3. 3. FE-SEM and EDX Analysis

The FE-SEM image of HNTs and Ag/HNTs are
shown in Figs 5(a) and 5(b). The diameter of the HNTs
particles are about 123 nm with random length. Fig 5
shows the halloysite nanotubes along with some non-
tubolar structures. The particles of halloysite can adopt a
multifariousness of morphologies, the most common of
which is the elongated tube. However, short tubular, sphe-

roidal and plate shapes have all been widely reported.6-68
The Ag nanoparticles are almost unobservable in Fig 5(b)
but EDX analysis confirms the existence of Ag element on
the surface of halloysites.
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Fig 5. EDX spectra and FE-SEM images of (a) HNTs and (b) Ag/
HNTs.

3. 4. TEM Analysis

TEM image of structure and morphology of Ag/
HNTs is shown in Fig 6. This reveals the hollow open end-
ed tubular morphology of HNTs with the inner and outer

Fig 6. TEM image of Ag/HNTs.
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diameters of about 15-40 nm and 50-140 nm, respective-
ly. It also shows spherical single nanoparticles with aver-
age size of 10 nm dispersed evenly, indicating that amine
terminated groups had adsorbed Ag* ions from solution.

3. 5. X-ray Diffraction Analysis

The X-ray diffraction (XRD) pattern of HNTs and
Ag/HNTs are shown in Fig 7. The XRD patterns of the
functionalized HNT reveal well defined diftraction peaks
all corresponding to the HNT, confirming that modifica-
tion with GPTMS and TETA does not affect the structure
of the HNT. However, in the XRD pattern of the Ag/HNTs
nanocomposite, four new peaks at 20 value of 37.7°, 43.5°,
64.2° and 77.4° emerge which are ascribed to (11 1), (20
0), (22 0) and (3 1 1) reflections of FCC structure of sil-
ver;*%% 5o this further affirming successful attachment of
AgNPs to the surface of the nanotubes.

—HNT
—— AgNP/HNT

(111)

(200)

(220) (311

2Teta(Dgree)

Fig 7. XRD pattern of HNTs and Ag/HNTs.

3. 6. Catalytic Reduction of Rh6G and MO

The results of catalytic activity of synthesize Ag/
HNTs in reduction of Rhodamine 6G and methyl orange
studied by UV-visible spectrophotometry are shown in
Figs 8 and 9. Time dependent reduction of Rh6G and MO
with NaBH, in presence and absence of Ag/HNTs was ob-
served by the successive decrease in the absorbance val-
ue at 516 and 467 nm, respectively. Results indicate that
the reduction of Rh6G and MO in absence of catalyst at
room temperature occurs which is greatly enhanced by ad-
dition of Ag/HNTs. Fig 8, exhibits a rapid Rh6G concen-
tration decay in presence of Ag/HNTs in 12 min (AOD;,
min = 0.4), compared to sluggish 30 min un-catalyzed reac-
tion (AOD3g 1, = 0.4). Similarly, Fig 9, demonstrates rapid
decay of MO in presence of Ag/HNTs in just 12 min
(AODy; pmin = 0.8), compared to its slow degradation need-
ing 30 min when relying on un-catalyzed reaction (AODj3,

min = 0.34). It is observed that degradation of methyl or-
ange is classically enhanced in presence of silver nanopar-
ticles due to electron relay effect.?> 26

As presented in Table 1, the rate constant (k) of
Rh6G and MO degradation has been calculated for cata-
lyzed reactions as 0.224 min~' and 0.222 min~!, and for
un-catalyzed reactions as 0.049 min~! and 0.014 min~}, re-
spectively.
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Fig 8. Time-dependent UV-vis absorption spectra for the reduction
of Rh6G with NaBH, (a) in the presence and (b) absence of Ag/
HNTs at room temperature.

3. 7. Effect of Amount of Catalyst

The amount of catalysts is an important factor af-
fecting suitability of a catalyst for chemical reactions. Ta-
bles 2 and 3 present the optimization of degradation con-
ditions for Rh6G and MO in early times. The Ag/HNTs
catalyst amount was varied in 0.0002 g L™! to 0.0025 g L™
range at constant NaBH, concentration of 4 mg L~! and
dye concentration of 10 mg L!. According to the results,
the rate of catalytic degradation of both dyes increased
with increase in the amount of catalyst. This is due to the
increase in the number of surface active sites and in-
creased dye molecules adsorption on the catalyst sur-
face.?
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Fig 9. Time-dependent UV-vis absorption spectra for the reduc-
tion of MO with NaBH, (a) in presence and (b) absence of Ag/
HNTs at room temperature.

3. 8. Effect of Amount of NaBH,

In order to evaluate the effect of NaBH, concentra-
tion on degradation of dyes, this was varied the in the
range of 1.5 to 16 g L™}, while keeping dye concentration at
10 mg L~! and Ag/HNT concentration at 0.001 g L!. Ta-
bles 2 and 3 show that with one exception, the increase in
NaBH, concentration, increases degradation of both dyes,
due to higher number of electrons which promotes the si-
multaneous reduction of the Ag particles from its oxide
and the reduction of dyes.?> However, as mentioned, the
rate constant for the 8 g L™! concentration of NaBH, is ob-
served to decrease. This is caused by excessive production
of electrons from the ion leading to the saturation of elec-
trons”® leaving AgNPs incapable of relaying the electrons.

The catalytic reduction of dyes in the presence of
NaBH, on the surface of noble metal nanoparticles is con-
sidered to follow Langmuir-Hinshelwood mechanistic
pathway,%>7! as Fig 10 demonstrates, these dyes are elec-
trophilic with respect to Ag NPs and nucleophilic toward
BH,. Thus both dyes and BH" are adsorbed on the sur-
face of AgNPs attached to the surface of HNTs. The fast
nature of adsorption on the surface of nanoparticles and
its reversibility has been reported.®*7172 When NaBH, is
added to the reaction solution, the hydride from NaBH,
may be trapped by AgNPs and get adsorbed on the surface
transfering its electron to the AgNPs. Following this elec-
tron exchange, a hydrogen atom is formed from BH", that
subsequently attacks any nearby dye molecule, and a spon-
taneous electron transfer-induced hydrogenation of the
dye occurs. In fact, a negatively charged AgNP may be re-

garded as a nano-electrode at a negative potential which is
trying to release its extra electrons which are finally re-
leased to dye molecule as an electron acceptor producing
its reduced form.”"”> AgNPs on the surface of HNTs sig-
nificantly increases the rate of catalytic reduction due to
lower work function of Ag (4.26 eV) and its tendency to
release electron more easily even compared to the other
noble metals.®>7 Both nanoparticle’s surface area and het-
erogeneous organic-inorganic hybrid structure support-
ing for AgNPs may contribute to reduction rate by increas-
ing adsorption ability of reactant.®?

AgNP

—
B2H6[

@ RUL6G or MO dye NaBH4 Reduced dye

Fig 10. Proposed mechanism of reduction of dyes by catalytic sam-
ple.

3. 9. Effect of pH

The solution pH has significant effect on degradation
of organic dyes. Fig 11 shows the reduction of MO and
Rh6G at pH 3, 5,7, 9, and 11 after 20 min. It was observed
that the percentage of degradation of both dyes increased
with decreasing pH from 7 to 3, and conversely, degradation
fall at pH 9 and 11. The results show decreasing Rh6G solu-
tion pH from 7 to 3, increases the degradation efficiency
from 78.0% to 79.7% while, pushing pH towards 11 decrease
it to 73.6%. Similarly, decomposition of MO goes up from
73.9% to 77.1 % by reducing pH from 7 to 3 and solution pH
of 11, cuts it to 70.6 %. In acidic media the MO molecules
(pK, = 3.4) undergo protonation’* 7> and the resulted proto-
nated molecules are adsorbed better on negatively charged
AgNPs, enhancing MO degradation. Similarly, the lower
degradation rate observed for Rh6G at higher pH may at-
tributed to the deprotonation of the Rh6G in alkaline solu-
tion since Rhodamine 6G (pK, = 7.5) is a weak base and can
easily lose proton under the effect of a strong base, which
leads to partial neutralization of its positive charge.”® As a
result, electrostatic interaction with negatively charged Ag/
HNT decreases decreasing the overall Rh6G degradation.

Table 4 summaries the dye reduction studies report-
ed in literature. The synthesized Ag/HNTs while perform-
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Fig 11. Time-dependent UV-vis absorption spectra for the reduc-
tion (a) Rh6G and (b) MO with NaBH, in presence of Ag/HNTSs at
different pH values.

ing on par with other Ag catalysts for the degradation of
MO and Rh6G.>>77-7 although, the K value in this work is
0.21 min~! which is slightly lower compared to the Ag sup-
ported on zeolite (0.30 min~!),”” it has the advantage of
using much smaller amounts of Ag. In the present work,
amount of used Ag/HNTS as catalyst is 2.4 times less than
the AgNPs/Zeolite X, hence, the Ag/HNT catalysis would
be more economical compared to the other catalysts re-
ported in Table 4.2>78 not only because of low concentra-
tions used but also due to the easy recovery and reusability.
The halloysite as a natural mineral with high stability as
support material for Ag nanoparticles, while Zeolite X" is
not natural and its preparation is costly. Also, although the
Ag/tannic acid membrane”® has inner shell as natural sub-
strate but this substrate is unstable.

3. 10. Reusability of the Synthesized Catalysts

The environment impact by catalysts such as heavy
metals which should include recovery and recycling is an
important factor in choosing a catalyst3’ Due to the
one-dimensional nature of Ag/HTNs its use as a recyclable
and reusable catalysts which is easily recovered from the
reaction mixture by simple filtration is very advantageous.
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Fig 12. Recyclability and reusability of the synthesized Ag/HNTSs for
the reduction of Rh6G and MO.

The recycling experiments involving synthesized Ag/
HNTs for reduction of MO and Rh6G are shown in Fig 12.
The data show that the Ag/HNT catalyst could be repeat-
edly used for at least six times and still maintained degra-
dation potency of over 85. Overall, Ag/HNT as a dye de-
composing catalyst has a high operational stability with no
appreciable loss in catalytic activity and good reusability.

4. Conclusion

Halloysite nanotube supported Ag nanoparticles
synthesized in situ by reduction of silver ions on the amine
functional groups on the surface of TETA/HNTs greatly
improves dispersion and stability of the Ag nanoparticles
on HNT surfaces. The Ag/HNTs exhibit good catalytic ac-
tivity in decomposition of MO and Rh6G by NaBH, as the
reducing agent. The catalytic efficiency was enhanced with
the increasing amount of Ag/HNTs. Notably, the Ag/HNTs
could be easily recycled due to the one-dimensional nano-
structural property. These results signify that Ag nanopar-
ticles strongly attached and immobilized on the surface of
halloysite modified with GPTMS and TETA increase silver
performance as Rh6G and MO dyes decomposer.
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