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Abstract

Colloidal stability of dextran (Dex) and Dex/poly ethylene glycol (PEG) coated TiO, nanoparticles (NPs) were investigated. The particles were
successfully synthesized by a hydrothermal assisted sol-gel technique. The results of Ultraviolet—visible (UV-vis) spectrophotometry showed
that Dex and PEG additions during hydrothermal process (HTP) led to the formation of long-term (more than 60 days) stable colloids, while the
addition of dispersants after HTP did not have a significant impact on the colloidal stability of NPs. X-ray diffraction (XRD) and selected area
electron diffraction (SAED) analyses proved that PEG and/or Dex coated NPs had less crystallinity than the plain TiO,. Fourier transform
infrared (FTIR) spectroscopy demonstrated the formation of primary bonds between NPs and polymeric dispersants. High-resolution transmission
electron microscopy (HRTEM) displayed stable particles with a core-shell structure resulting from coating of NPs by polymeric materials.

Thermo gravimetric analysis (TGA) was also utilized to calculate the proportion of NPs to polymeric dispersant.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Excellent biocompatibility [1,2], high chemical stability [3] and
unique photocatalytic properties [4] provided by TiO, NPs make
them a remarkable candidate for a vast number of applications in
the efficient delivery of therapeutic and diagnostic agents [5,6],
sonodynamic therapy [7] and photodynamic therapy [8—11].
Various techniques have been used to prepare TiO, based
components such as mesoporous [12], whisker [11], thin layer
[8,13] and nanocomposite powder [14] for different applications.
The usage of TiO, in the therapeutic and diagnostic fields may be
confined due to its poor dispersibility in water and biological
serums and subsequent agglomeration and sedimentation of NPs
through the tissues. As a result, biodistribution of NPs may be
suffered and healthy cell viability may be decreased. To improve
the disposition behavior of TiO, NPs in biological systems, it is
necessary to study surface properties and colloidal stability of
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TiO, NPs [5,15,16]. Some recent studies have focused on surface
covering of NPs with polymeric materials in order to prevent the
aggregation and sedimentation [7,17-20], reduce their toxicity [7]
and improve their biocompatibility [21].

Yamaguchi et al. constructed water-dispersed TiO, NPs by
chemical adsorption of PEG on the TiO, surface [7]. Luo et al.
modified TiO, NPs by a mixed template of PEG and cetytri-
methylammonium bromide (CTAB) at 60 °C using an autoclave.
They reported that PEG played a dispersant role in controlling the
structure of TiO, NPs [18]. Petryshyn et al. studied the effects of
benzethonium chloride, sodium dodecylbenzenesulfonate, and 4-
(1,1,3,3-(tetram ethylbutyl) phenyl PEG on the zeta potential and
stability of aqueous rutile in the pH range of 2—12. They showed
that the non-ionic surfactant did not significantly affect the zeta
potential and stability of the suspensions. The influence of ionic
surfactants on the stability of the suspensions considerably
depended on the pH of a medium [19]. Veronovski et al.
succeeded in obtaining stable dispersions without formation of
large agglomerates of TiO, P25 NPs by cationic Gemini
surfactant [20].

Other organic materials such as Dex have also been used to
increase the dispersion of Fe;0, NPs [14,21]. Dex has been used
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as the reducing agent of graphite to synthesize TiO,~Dex—reduced
graphene oxide (RGO) nanocomposite with remarkable photo-
catalytic activity and photovoltaic response [21].

The aim of this research is to modify the surface condition
of as-synthesized TiO, NPs via sol-gel, by PEG and/or Dex
during HTP, and the formation of chemical bonding among
NPs and dispersant agents (PEG and Dex).

2. Experimental procedure
2.1. Starting materials

Titanium tetra isopropoxide (TTIP, > 98%, Merck®, Frankfurt,
Germany), isopropyl alcohol (iPrOH, > 99.5%, Merck), hydro-
chloric acid (HCl, 37%, Merck), triethylamine (TEA, > 99%,
Merck), PEG (6000, Merck), Dex (7000, from Leuconostoc
mesenteroides, Sigma—Aldﬁch®, Saint Louis, USA) and distilled
water were used as starting materials.

2.2. Preparation and modification of NPs

TiO, NPs were prepared by using TTIP as a Ti source,
iPrOH as a solvent, HCI as a reagent to adjust pH and distilled
water as a hydrolytic agent. The molar ratios of iPrOH to TTIP
and water to iPrOH were 2 and 50, respectively. The
suspension was continuously stirred at room temperature.
Since hydrolysis of Ti** containing sol does not occur in pH
more than 1.75 [22], HCI was added to the suspension to
decrease pH to 1.5. In order to increase the pH value to 9 [22],
adequate amount of TEA was dropped into the suspension,
while stirring.

Two different methods were used to add dispersant to the
suspension as described in Fig. 1. In the first method, PEG
and/or Dex were added to the suspension and stirred for 5 min.
The obtained suspension was then placed in a Teflon recipient
inside a stainless steel autoclave. HTP was performed at
100 °C under 6 bars for 18 h. The concentration of TiO, in
the suspension was calculated about 40 g/L. In order to
investigate the stability of NPs in a water base medium, the
suspension was diluted and ultrasonically dispersed for 1 h to

Mixture
+TEA

Stirrin
v

decrease TiO, concentration to 1 g/L.. Samples 1, 2 and 3 were
designed and prepared by the first method (see Table 1).

In the second method, the suspension, without any dis-
persant, was placed in the autoclave and underwent HTP,
similarly. The suspension containing TiO, NPs was ultrasoni-
cally dispersed for 1 h and diluted to 1 g/l of TiO,. Then
dispersants were added (according to Table 1) and sonication
was continued for 1 h. Samples 4, 5 and 6 were designed and
prepared by the second method (see Table 1). As a reference
sample, plain TiO, suspension was prepared without adding
any dispersant. A schematic flowchart of the synthesis methods
is summarized in Fig. 2.

2.3. Characterization

The colloidal stability of TiO, NPs in water base suspension
was evaluated through measuring the absorption by a UV—-vis.
spectrophotometer (T70, PG Instruments Ltd., Leicestershire,
England) in wavelength range of 200—-800 nm. To compare the
absorption of different samples, the area under the Abs vs. 4
curves was measured and determined as the index of colloidal
stability. In order to separate the remainder of starting materials
and chemical by-products such as triethylamine hydrochloride
from the suspension containing PEG and/or Dex coated NPs,
dialyze membrane (molecular weight cut-off; MWCO=5000)
against distilled water was utilized.

XRD patterns were obtained by an X-ray diffractometer (D8
advance, Bruker®, Karlsruhe, Germany) using monochroma-
tized Cu-K, (A=1.5418 A) radiation.

The functionalization of NPs by PEG and/or Dex was
examined by FTIR spectroscopy (65, PerkinElmer®™, Massa-
chusetts, USA) in KBr matrix in the range of 4000—400 cm™!
using the transmission mode.

Table 1
Preparation methods and dispersant composition of the samples.

Method First method Second method
Samples 1 2 3 4 5 6
PEG to TiO, weight ratio 1 0 0.5 1 0 0.5
Dex to TiO, weight ratio 0 1 0.5 0 1 0.5

| T=25°C, t=10min I

Stirring

I First Method I I Second Method I

Mixture
+ PEG and/or Dex

T=25°C, t=1h

T=25°C, t=1h

T=100°C, t=18h

Fig. 1. Synthesis procedures of modified TiO, NPs.
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Fig. 2. Schematic illustration for functionalization of TiO, NPs with dispersants. Red arcs relate to PEG; H-(O-CH,—CH,),—OH and green arcs refer to Dex;

H-(C¢H,005),~OH.

TEM (Philips®, Amsterdam, Netherlands) with an accel-
erating voltage of 100 kV and HRTEM (Philips) at 250 kV
was utilized for microscopic evaluations. Samples were pre-
pared by dipping a Cu grid into dispersion of the modified NPs
in ethanol.

The amount of weight loss of polymeric materials, resulting
from heating of conjugated NPs, was also investigated by a
thermo gravimeter (503, BAHR<i§, Hullhorst, Germany). A small
amount of specimens weighing about 50 + 5 mg was held in an
alumina crucible and heated under atmospheric conditions (flow
rate: 50 mL/min) at a heating rate of 10 °C/min up to 700 °C.

3. Results and discussion

3.1. Effects of dispersing agents and preparing methods on
the colloidal stability

Different dispersing agents and preparing methods were
appraised to modify TiO, NPs. Fig. 3 depicts absorption of the
suspensions as a function of relaxation time (0, 24 h, 20 and 60
days), accompanied by their visual dispersion state after 60
days. It is clear that absorbance value immediately after
sonication (black columns) was higher in samples 4, 5 and 6
in comparison with that of samples 1, 2 and 3, probably due to
the high crystallinity of as-synthesized TiO, NPs (Fig. 4).
Decrease in UV absorption due to depletion in the crystallinity,
was reported before by Kim et al. [23]. However, Fig. 4
illustrates XRD patterns of samples 1, 2, 3 and pure TiO,.

According to the height of the TiO, peaks in Fig. 4, existence
of PEG and/or Dex during HTP led to the formation of less
crystallized particles in comparison with samples after HTP
without any dispersant. As reported elsewhere [24], in dispersants-
free samples, the rate of hydrolytic reaction is relatively high.
However, in dispersant containing samples, a lot of un-hydrolyzed
alkyls and dispersants were remained between TiO, oligomers.
These remaining materials impede the amorphous to anatase phase
transformation by adsorbing on the surfaces of TiO, NPs,
therefore the degree of crystallinity decreases. On the other hand,
Yu et al. found that the ether oxygen in PEG interacts with metal
ions and affects the crystallization of TiO, [25].

The dispersion state and the long-term stability of the
samples, as shown in Fig. 3, illustrate the suspensions 1, 4,
5 and 6 displaying the sedimentation against time. This means
that these suspensions did not remain stable for at least 24 h.
On the contrary, in samples 2 and 3, the decline in absorption
over 60 days was near zero, which demonstrates that the
samples have been stable and have undergone a poor sedi-
mentation. The results show that Dex and PEG/Dex seem to be
the efficient dispersants for deflocculation of TiO, NPs if
added to starting materials before the HTP.

3.2. Determination of crystalline phases

According to Fig. 4, although the main peak of the anatase
phase [JCPDS: 86-1156] (20=25.335°) is near to one of the
main peaks of triethylamine hydrochloride [JCPDS: 9-548]
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Fig. 3. Absorbance of nano TiO, suspensions as a function of relaxation time (0, 24 h, 20 and 60 days), accompanied with their visual dispersion state after

60 days.
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Fig. 4. XRD patterns of samples 1-3 before and after dialysis process. 1”, 2
and 3" refer to samples 1, 2 and 3 after dialysis process, respectively. ®: PEG
[JCPDS: 50-2158], 4: anatase [JCPDS: 86-1156] and ©: triethylamine
hydrochloride [JCPDS: 9-548].

(260=25.136°), the formation of TiO, in samples 1, 2 and 3 is
evident due to the existence of some short peaks at 37.809°,
48.104°, 53.921° and 55.138° (Fig. 4). Furthermore, XRD patterns

of these three samples after using a dialysis membrane
(MWCO=5000, against distilled water) to make triethylamine
hydrochloride penetrate out, demonstrating the formation of TiO,
NPs owning less crystallinity (Fig. 4: 1%, 2* and 3*). However, the
crystallinity of the samples 1, 2 and 3 was less than that of samples
4, 5 and 6, as described before.

According to XRD results, the formation of TiO, in the
samples is ascertained. In order to show the formation of
bonding between NPs and dispersants and also the weight
proportion of NPs to dispersant, FTIR and TGA were utilized.

3.3. FTIR

A careful analysis of FTIR spectra of pure TiO,, PEG, Dex
and samples 1-6 is shown in Fig. 5. Based on the literature
[18], the characteristic absorption band of TiO, NPs at 400—
600 cm™" is attributed to Ti—O bond. The traces of this bond
could be found in all 6 samples.

The band at 3502 cm™" is due to the hydroxyl (OH)
stretching vibration. The bands at 2884, 1642 and 1106 cm™"
correspond to C-H, C=0 and C-O stretching vibrations,
respectively. The characteristic absorption band at 961 cm™"
belongs to —CH out-of-plane bending vibrations of PEG
[18,21,26]. Additionally, the absorption bands that occur at
1471, 1344, 1282 and 1242 cm™! are due to CH, CH, and CH;
bending vibrations, respectively [27]. By comparing the FTIR
spectra of pure PEG and TiO, NPs with PEG in both methods
(samples 1 and 4), the formation of intense bonding between
PEG and NPs is improbable.

The representative absorption peaks of Dex including
3322 cm™' (O-H stretching vibration), 2937 cm™! (stretching
vibration of CH, groups), 1674 cm™' (C=0 stretching vibra-
tion), 1447 cm”! (C-H bending vibration), 1156, 1110 and
1014 cm™" (stretching vibration of the alcoholic hydroxyl (C-OH))
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are explicitly observed in the FTIR spectrum of pure Dex

[14,28]. In comparison to pure Dex, some new peaks exist in
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is ascribed to the C=O stretching vibration and the peak
centered at 542 cm™! is attributed to the Ti-O bond [14,18,28,].
In the spectrum of sample 5, with the exception of the band
centered at 562 cm™" that is related to Ti—O bond, no new peak
is observed. All of these evidences prove that in the first
method, Dex had been successfully conjugated to the surface
of NPs via interaction between the functional group of Dex
and the surface hydroxyl groups of TiO,, whereas in the
second method, a strong bonding between NPs and Dex had
not been created.

In samples 3 and 6 (containing PEG, Dex and NPs), almost
all the characteristic peaks of pure PEG and Dex and also the
peak at 462 cm™! that is ascribed to Ti—O bond, existed. As
explained for sample 2, new bonding has appeared in sample 3
at 1773 cm™" that is attributed to C=0 stretching vibration
[28]. These proofs corroborate that the interaction between
NPs and dispersant agents in the first method is more vigorous
than that in the second method.

The results of FTIR investigations are in good agreement
with the consequences of stability assessments (Fig. 3). Long-
term stable samples (Fig. 3, samples 2 and 3) were those
samples illustrating a new bonding between NPs and disper-
sant in FTIR results.

34. TGA

Fig. 6 shows the TGA curves of the samples (passed across
dialysis membrane, MWCO=5000, against distilled water)
under atmospheric conditions. The weight losses of the
modified NPs and also pure PEG and Dex are shown in this
figure. The weight loss was not observed in pure TiO, because
of drying before TGA (not shown). For all the samples, a great
weight loss started above 300 °C due to the decomposition and
oxidation of polymeric materials. According to the inset of
Fig. 6, the residual mass of pure PEG and Dex is about zero;
therefore, since the dispersants were decomposed completely,
the residual material is mostly TiO, NPs. The percentage of
dispersant was gained in the TGA curves as ~75 wt% in
sample 1, ~51 wt% in sample 2 and 58 wt% in sample 3.

2; residual=49%

3:residual=42%

Pz 1; residual=25%

0 100 200 300 400 500 600 700
T(CO)

0 100 200 300

TCO)

400 500 600 700

Fig. 6. TGA curves of samples 1, 2 and 3. The inset shows TGA curves of pure PEG and Dex.



8382 S. Naghibi et al. / Ceramics International 39 (2013) 8377-8384

According to Table 1, weight percent of dispersants in all
samples must be 50. TGA results showed that in sample 1, the
percentage of PEG increases to 75. It must be noted that during
dialysis process, NPs pass the membrane unless they are
conjugated to huge polymeric molecules. Decrease in residual
mass in sample 1% to 25% reveals that ~66% of TiO, NPs has
been removed from the membrane due to the lack of
appropriate linkage between NPs and PEG. This phenomenon
led to the sedimentation of NPs as it is shown in Fig. 3.

In sample 2, residual percentage up to 49% is close to the
expected value (50%) refers to binding interaction between the
functional group of Dex and the surface hydroxyl groups of
TiO,; therefore, the amount of NPs passing across the mem-
brane is close to zero. Formation of bonding between Dex and
NPs is evident with regards to Figs. 3 and 5 too.

In sample 3, despite decreasing the amount of Dex to 25 wt%
(see Table 1), residual percentage (42%) is close to the expected
value (50%), which indicates that the small amount of Dex
(in comparison to sample 2) could reduce removing NPs
(to ~27% of TiO, NPs) during dialysis process.

3.5. Morphology observations and SAED investigations

With the purpose of perusing microstructures and morphol-
ogy of pure and also modified NPs, TEM and HRTEM were

utilized. Micrographs of samples are shown in Fig. 7. Fig. 7(a)
illustrates TEM image of pure TiO, and reveals distinct
irregularly spherical particles and rod-like crystals with a size
distribution ranging from 5 to 20 nm. NPs seem to be
aggregated forming compact clusters in absent of dispersants
to stabilize them. The agglomeration facilitates sedimentation
(Fig. 3). Fig. 7(b) shows TEM image of sample 1. The
existence of PEG during HTP caused the formation of semi
spherical grains with the particle size about 10 nm. XRD
results confirm that the characteristic peaks of pure TiO, have
been weakened and broadened in sample 1 (Fig. 4). Decrease
in particle size due to addition of PEG was also reported by
Tan et al. [29]. PEG molecules are known to adsorb onto TiO,
oligomers by forming hydrogen bonds in the sol-gel process,
preventing preferred growth on crystallization [30], and also
facilitating the inorganic polymerization degree [29]. Compar-
ison between part (a) and (b) in Fig. 7 demonstrates that
although NPs aggregation slightly declines in PEG containing
specimen (sample 1), but existence of chain-like clusters is
obvious, indicating that PEG could not cover NPs and prevent
agglomeration perfectly. This fact could be deduced via FTIR
results in Fig. 5, too.

HRTEM images in Fig. 7(c) and (d) confirm that the surface
of NPs (samples 2 and 3) has been coated by dispersant to form
a core-shell structure. No significant agglomeration was seen in
these samples due to the effective coating of NPs (Fig. 5).

Fig. 7. Microscopic images of pure TiO, and samples 1, 2 and 3. (a) TEM image of pure TiO,, the inset shows HRTEM image of this sample. (b) TEM image of

sample 1. (c¢) HRTEM image of sample 2. (d) HRTEM image of sample 3.
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Fig. 8. ED patterns of (a) pure TiO,, (b) sample 2 and (c) sample 3.

The suspended NPs could not contact with each other due to
spatial repulsion of polymeric dispersant; therefore, tendency of
sedimentation decreases remarkably (Fig. 3). It must be noted
that in samples 2 and 3, the NPs are in semi spherical shape
providing high amount of surface area. On the other hand, the
thicknesses of polymeric layer on NPs are about 10 and 7 nm in
samples 2 and 3, respectively.

Fig. 8 illustrates electron diffraction (ED) patterns of pure
TiO, and samples 2 and 3. The crystallinity of the pure TiO,
was more than that of the others as seen in the XRD patterns
(Fig. 4). In comparison to pure TiO,, the ED patterns of
samples 2 and 3 showed obscured and spotty rings, respec-
tively. Pure TiO, reveals sharp and clear rings indicating good
crystalline perfection (Fig. 8a). Sample 2 demonstrates
obscured rings (Fig. 8b) due to the low degree of crystallinity.
In the case of sample 3, the existence of spotty rings (Fig. 8c)
refers to the further decrease in crystallinity (see Fig. 4).

According to Fig. 8(a), the d-values corresponding to the
most intense rings were in agreement with the standard d-
values for the (101), (004) and (200) planes of the anatase
phase [JCPDS: 86-1156]. In Fig. 8(b), one can find just an
intense ring referring to (200). In Fig. 8(c), these rings are
spotty; suggesting that the crystalline domains that make up

this sample had not been arranged well as explained in the
discussion of XRD results.

4. Conclusion

Two methods were used for modification of TiO, NPs in
order to improve their colloidal stability in a water base
medium. Addition of dispersants to as-synthesized NPs by
hydrothermal assisted sol-gel method (second method)
delayed the sedimentation up to 24 h, whereas Dex and Dex/
PEG coated NPs during HTP (first method) did not show any
tendency of sedimentation at least for 60 days.

In the first method, PEG could not improve the suspension
stability of NPs due to lack of appropriate bonding between
NPs and PEG. TGA results demonstrated that more than half
of NPs could not conjugated to PEG and passed through the
dialysis membrane. The penetrating out of NPs during dialysis
remarkably decreased due to the formation of adequate
bonding in the modified NPs by Dex and PEG/Dex.

Although both of the introduced methods led to the
formation of anatase phase, the degree of crystallinity of the
first method was less than that of the second one.
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Agglomeration in PEG which modified NPs via the first
method was evident in TEM images. Covering the NPs by Dex
and PEG/Dex (core-shell structure) in samples prepared by the
first method was obvious in HRTEM images. The thicknesses
of polymeric shells in these samples were estimated to be ~10
and ~7 nm, respectively.

The formation of anatase phase and reduction of the degree
of crystallinity in the samples prepared by the first method
were corroborated by SAED results.
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