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4.1 Introduction

Surfactant adsorption onto inorganic nanoparticles has been important in
variety of fields such as adhesion, lubrication, corrosion inhibition and detergency.[1, 2]
Wherein, various types of nanoparticles are currently commercially available, e.g., silica,
calcium carbonate, and carbon black, without any surface treatment are not surface
active due to either their extreme hydrophilicity or hydrophobicity [3]. A popular route
to obtain surface active/modified surface nanoparticles is to coat them homogeneously
with synthetic surfactant. These synthetic surfactants are classified into four major types
according to their head groups: anionic, cationic, nonionic and amphoteric {1, 2,4]. In
this research work, a calcium carbonate (CaCOs) inorganic nanoparticle is used. It is
noted that CaCOj; nanoparticles represent the highest output and probably the lowest
cost of commercial nanoparticles. As mention above, CaCOj; nanoparticles without any
surface treatment are not surface active but are edible. They are strongly hydrophilic
and charged that prefer to remain dispersed in water/ethanol solution [5-7]. Technically,
industrially significant if it can be made surface active or modified surface via simple
methods. This is one of the important industrial minerals used in both natural and

synthetic forms in the rubber, plastic and paper industries.[1, 8]
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Hence, surface properties play any important role in determining the
effectiveness of CaCO; as bulk filler or as functional component in a final product. As
pigment in the coating of paper and board, the nature and surface morphology of CaCOs
are a major factors in determining the significant properties of the final product, such as
dusting, ink interaction and de-inking of waste paper[8, 9]. Wherein, physic- and
chemisorbed water bound within the pore structure significantly influences the
properties of CaCOs,

Theoretically, when a solid is brought in contact with aqueous solution of a
surface-active agent surfactant molecules adsorbed at the solid-liquid interface {1, 10,
11]. In absence of special directive force, the ions adsorbed at the interface will be
oriented (as a whole) majority of their hydrophilic groups occurs towards the aqueous
phase so wetting occurs. (Adsorption is non-specific). But, at initial stages of adsorption
on polar solids may occur due to chemical or electrostatic interaction between the polar
head groups of the surfactant and the polar solid surfaces, in most cases the head groups
of the surfactant anchored to oppositely charged surfaces sites and the hydrocarbons
chains directed outermost[5, 12]. The surface is rendered as hydrophobic. The contact
angle becomes finite and floatation is achievable. In case of reversed orientation, a
second layer of surfactant may build up at higher concentration on top of the first layer
through chain-chain cohesion.[13, 14] Under this condition, rewetting occurs and
contact angkle decrease and may vanish. Such adsorption phenomena are fundamental
importance in technical applications such as detergency, flotation, water-proofing and

etc. [5, 6, 15]
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Recently, Cui et al, investigate the in situ surface activation of CaCOs
nanoparticles by interaction with anionic surfactant and found out were excellent
emulsion stabilizer [16, 17]. But when CTAB (cationic surfactant)-CaCO;
nanoparticles mixed, no obvious synergistic effect on foaming was observed, suggested
that CaCOj3 nanoparticles cannot be surface activated via interaction with cationic or
nonionic surfactant in aqueous solution.[16]. While Shi et al., explored the chemisorbed
strearate (stearic acid) on the CaCO; surface and proposed a micelle adsorption
mechanism (discussed formation of monolayer’s adsorp on CaCO;, [18].

Ivanova et. al., reported that in accordance with the adsorption model of
cationic surfactant on a charged solid surfaces; their results showed that at low (cationic
dode-cylamine hydrochloride, DDAHC) surfactant concentrations (with respect to
CMC), the surfactant ions are individually adsorbed onto the solid surface mainly by
electrostatic attraction.[14, 19] The adsorption layer is very sparse and the surface
occupied one molecule is ‘roughly around 280 A% On increasing the surfactant
concentration, the slope of the adsorption isotherm exhibits a sharp increase. The
adsorption is also accompanied by a decrease in the electrokinetic potential and a
reversal of the zeta potential is observed in the same region, wherein the density of
adsorption sharply increases. These facts have been attributed to the formations of
aggregates (admicelles) at the calcium carbonates surfaces or adsorption of dimers [1,
14, 19] Thus, at the solid/solution interface at low concentration of cationic DDAHC,
individual ions of the surfactant are adsorbed and at higher concentration (above half
the CMC) aggregates of cationic DDAH" ions (admicelles, dimers) will be formed [14,

18, 19].
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Thus, clearly that cationic surfactant- CaCOj3 nanoparticles interactions and the
structure that form a consequences of these interactions, critically determine the phase
behavior of the shell wall-structure covering the nanoparticles and possibly the
nanoparticles dispersion. But, only a few research works involve in investigating CTAB
molecules (cationic surfactant) adsorp into hydrophilic CaCO; nano-cube particles
especially under alkaline condition in preparation of covering the CaCO3 nanoparticles
with meso-structure shell wall. This initial investigation of the CaCOs nanoparticles
surface coating in aqueous medium enables to understand the industrial coating process
of the nanoparticles under alkaline condition. This paves the way also in improving the
knowledge of the effect of other organic surfactant coating on the interface adhesion
between the matrix and CaCO3 nanoparticles under alkaline condition.

Hence in this chapter, the cationic surfactant cetyltrimethyammonium bromide
(CTAB) was selected in this experiment to determine the adsorption onto hydrophilic
CaCOs; nanoparticles. thermogravimetric analysis (TG-DTA), raman spectroscopy,
Scanning-Transmission electron microscope (STEM-TEM), N, adsorption —desorption
isotherm, gas chromatograph combined with mass spectrometer (GC-MS) and powder
X-ray diffraction pattefn (PXRD) were determine as functions of concentration of
certain cationic surfactant to obtain initial evidence about the mechanism of adsorption
of hydrophilic CaCO; nanoparticles under alkaline condition.

4.2 Materials and schematic outline
4.2.1 Materials
Nano-cube 60 Calcium carbonate (CaCO3; RMHA) (Nittetsu Kogyo) was used

as core particles while, hexadecyltrimethylammonium bromide (CTAB, 99% Nacalai
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Tesque, Inc.) as cationic surfactant, adsorp by hydrophilic CaCOj; nanoparticles forming
micro/mesoporous shell wall. Ammonia water (NH;OH, 28% Wako pure chemical)
used as alkaline conditioning and distilled water (H,O)/Ethanol (EtOH, 99% Wako
pure chemical) used as a solvent for the template adsorption.
4.2.2 Preparation process for the adsorption of CTAB molecules onto CaCOs;
nanoparticles under alkaline-aqueous condition

Preparing for the adsorption of CTAB molecules onto CaCO; nanoparticles
under alkaline condition is the same procedural approach in Chapter 3.1.1 except for the
addition of TEOS. In this case, CTAB concentration (y mM; rhillimolar) was dissolved
in deionized water (H,0) by magnetic stirrer at R.T until becomes clear solution (CTAB
solution, y mM). Separately, nano-size CaCO3 mixed with ethanol (EtOH) by magnetic
stirrer for about 15 minutes (CaCOs solution). Then, CTAB solution (y mM) and
CaCOs; solution were combined under stirring for about 1 h at R.T (y mM/CaCO3). Next,
NH40H (28%) was added to the y mM/CaCOj3 solution under vigorous stirring. Then
white solution continuously mixed and stirred for 24 h at R.T with the final general
molar ratio of (CaCO3;:EtOH:H,O:NH,OH:CTAB = 1:8.38:20.8:0.94:0.043) if the
57.02mM CTAB concentration is used. After 24 h continuous stirring, the white gel
solution was centrifuged. After then, separate the liquid and solid particles in a separate
container. The solid samples were dried in a vacuum oven to 90 °C for 5 h. Then ready
for the characterization. The process flow is shown in Figure 4.1.
(Note: CTAB concentration (y mM = 0.04 mM to 88.52 mM; denoted as y mM/CaCOj)
is only varied to optimized the investigation of the adsorption of CTAB molecules onto

CaCOj3 nanoparticles under alkaline condition)
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4.2.3 Physico-chemical characterization

The product were characterized by X-ray Diffraction (XRD, Model RINT 1100,
Riga.l;u) with Cu Ka radiation (A= 1.54056 A), with scanning speed of 0.05° and
scanning length of 0.02 °/ s at a small angle (5 ° to 60 °, 26) with an operating voltage of

40 kV and emission current 40 mA.
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Figure 4. 1 Process flow in preparing for the adsorption of CTAB molecules onto
CaCOs nanoparticles under alkaline condition

Raman spectrometer applied (JASCO NRS-3100) was equipped with a YAG
laser (power 2.3 mW, wavelength 532 nm). Samples were exposed for 2 min and
spectra were taken at random places on the surface of each sample (for better

reproducibility). Spectra frequency reported to +2cm”. The spectra of pure solid and
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concentrate CTAB/solid were spread uniformly to the special glass slide for
measurements

GC-MS analysis was performed using gas chromatograph combined with mass
spectrometer GCMS-QP2010 Ultra/SE (Shimadzu Kyoto, Japan) set with Rtx-5MS
capillary column (30 m length, 0.25 mm id, 0.25 pm film thicknes). The oven
temperature was kept at 150 °C. The ion source and transfer line were kept at 200 °C to
300 °C. GCMS analysis was realized using electron ionization 70 V within (m/z = 35 to
400) for CTAB molecules confirmation. The powder samples were analyze by direct
method by firstly decomposed at 150 °C (then analyze) and finally decomposed it 300
°C (then analyze). In this case, two data’s of GCMS were obtained in order to clarify
and carefull identify the CTAB molecules. Each temperature decomposition's had a
total run time of 30 min.

The thermal property of the sample was investigated using the
Thermogravimetry (TG, TG-8120, Rigaku, Japan) under oxygen atmosphere. The
heating rate of the temperature increase at 10 °C/min with temperature ranged from (22
to 1000) °C. Morphology particles were examined using scanning electron microscopy
(STEM; JSM-7000F, JEOL) and transmission electron microscopy (TEM, 2000EXII).
In STEM and TEM observation, the samples were dispersed in ethanol ultrasonically
and were dropped into the copper grid. The specific surface area was calculated by
Brunauer-Emmett-Teller (BET) method via the automatic surface area analyzer
(BELSORP-max) with Nitrogen gas adsorption and desorption isotherm recorded at

7T7K.
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4.3 Results and discussions

On the basis of the qualitative and quantitative analyses based on the

TGA/DTA, GCMS and STEM/TEM characterization on the CaCO3 nano-cube particles

coated with cationic surfactant CTAB molecules in aqueous medium under alkaline

condition and references similar to the researcher study, the adsorption process on the

cationic self-assembled molecules on the hydrophilic CaCOs; nano-cube particles is

discussed in the following part

4.3.1 Crystallographic /Morphological properties
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Figure 4.2 XRD pattern of raw CaCOs nanoparticles with different CTAB

concentration adsorp onto CaCOj; nanoparticles
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The XRD patterns of the different CTAB (mM) concentration to be absorbed
by CaCOj3 nano-cube particles in an aqueous medium under alkaline condition were
illustrated in Figure 4.2. All the samples (CTAB/CaCO; nanoparticles) showed a
diffraction angle identified as calcite (core nanoparticles CaCQs) a cubic unit cell.[20,
21]. 1t is noteworthy that XRD pattern indicates no change in the unit cell parameters or
no characteristic peaks of other impurities are observed as concentration of CTAB
increase under alkaline condition as shown in Figure 4.2. It indicates that all the
samples were cubic-calcite nano-structure particles despite the increase addition of
CTAB concentration onto CaCOj nanoparticles. This XRDAanalysis shows that the
sharp reflection peaks indicate a crystalline structure of the cubic CaCO3 which signify
that the CTAB molecules adsorbed in the core nanoparticles.

In this case as predicted, morphology of CaCOj; nanoparticles was not affected
by rapid mixing/ultrasonic and adsorption of increasing CTAB concentration at ambient
temperature under continuously stirring for 24 h in an alkaline condition as clearly
observed at SEM/TEM images shown in Figure 4.3. The nano-sized CTAB/CaCO;
composite samples (at increasing CTAB concentration) with uniform cubic shape and
monodisperse nanoparticles were observed (see Figure 4.3a to 4.3f). This nano-cubic
morphology for the adsorption of CTAB on CaCOj; nanoparticles was preserved. No
clear aggregates were also observed. All samples with cubic-like crystals of more less
60 nm were obtained as revealed by the TEM micrographs in Figure 4.3(e & f). Though
the TEM images (Figure 4.3e and 4.3f) cannot observe the critical micelle concentration
(CMC) at this point/results, but thin layers of CTAB (consist of layers of hemimicelles,

admicelles, bilayer, and admicelles) [22] adsorbed on CaCOj3 nanoparticles was detected
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especially in 88 mM CTAB/CaCO; nanoparticles as shown in Figure 4.3f This
correlation between the stability of the particle morphology with attached surfactant
(cationic-organic) is important aspect in concluding the compatibility of the cationic
surfactant and adsorption distribution of the hydrophilic CaCO; nanoparticles are
obviously possible. This layer of CTAB molecules adsorb onto the CaCO3 nanoparticles
may play an important role during the formation of mesophase layer onto the CaCO;
nanoparticles upon addition of inorganic precursors such as metal alkoxides or aqueous

silicon alkoxides.

Interface between . PP
ctab layers and &
CaCD,

Figure 4. 3 SEM and TEM images of raw CaCO; nanoparticles (a, e) with different
CTAB concentration such as 23 mM CTAB (b), 35 mM CTAB (c), 88 mM CTAB (c

and d) sample.
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4.3.2 Raman and GCMS Analysis
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Figure 4. 4 The C-H stretching region in the Raman spectra of CTAB adsorbed on
CaCO; nanoparticles from 0 mM CTAB-CaCO; (raw material), 13.16 mM
CTAB-CaCOj3 and 88 mM CTAB-CaCOs.

In order fo check the CTAB (cationic surfactant) molecules was adsorbed onto
the surface of the CaCOs nanoparticles in an aqueous solution under alkaline condition,
the Raman and GC-MS analysis were employed as shown in Figure 4.4 and 4.5
respectively. Réman Scattering is not intrinsically surface sensitive and detects the

contribution of the CaCO; nanoparticles (substrate) as well as from the adsorbed
135



surfactant layer. In Figure 4.4 show Raman spectrum of the C-H stretching modes from
2750 — 3100 cm” for CTAB adsorbed on the CaCQO; nanoparticles (88 mM and
13.16mM CTAB/CaCO; ) and compared with raw CaCOs nanoparticles (0 mM
CTAB/CaCO0;). (Note: Strong peaks below 1300 cm™ are from the CaCO; nanoparticles
[23-25], see Figure 4.S1). As expected, C-H stretching modes of the CTAB appeared
between 2800 -3000 cm™ [26] while raw CaCOj; nanoparticles (0 mM CTAB/CaCOs) no
peak was observed. In the rest of this section, discussion is concentrated on the
structural sensitive of C-H-modes. The assignments of the majority of peaks observed in
this spectra region are well established already.[22, 26-28]. The strongest bands
originate from the methylene stretches; specifically the antisymmetric methylene at
approximately around 2883 cm’, the symmetric methylene stretch at 2853 cm” and some
broad peaks at 2938 — 2970 cm’ is tentatively assigned to an overtone of terminal alkyl
chain CH; deformation [22, 27, 29-31]. These CH-stretching frequency patterns
obviously increase as concentration of CTAB. Hence, the methyl groups from the
surfactant headgroups are largely responsible for these intensities of these bands which
are normally assigned to long-chain methylene asymmetric and symmetric stretching
motions[22]. The CH2' stretching modes are generally the most intense features
observed because the widths and frequency of these vibrational modes are sensitive to
the gauche/trans conformer ratio of the surfactant tails.[27, 28]

To detect CTAB molecule was attached even at low concentration of CTAB
adsorbed onto CaCOj; nanoparticles, GC-MS analysis was used. It was realized using

electron ionization 70 V within (m/z = 35 to 400) for CTAB confirmation.
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Figure 4. 5 GC-MS analysis of ([a] 0.04 mM and [b] 5.67mM) CTAB/CaCOj; samples

degradation temperature at (a.1 &b.1) 150 °C and (a.2 &b.2) 300 °C
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The composition of the condensate obtained from the samples containing low
concentration of surfactant CTAB (0.04 mM and 5.67 mM) adsorbed onto the nano
CaCOs particles processed at 150°C and 300°C was shown in Figure 45 This data was
compared with the pure CTAB powder as shown in Figure 4.82. Composition C;H360
may form at 150 °C present in both (0.04 mM and 5.67 mM) CTAB/CaCOs as shown in
Figure 4.5 (al and b1).

However, the composition of the CTAB/CaCO; condensate at 300°C is more
complex. As it is seen there were three major peaks found especially in the
5.67mMCTAB/CaCO; sample (Figure 4.5b2) which describe as 1-hexadecanamine
(C18H39N), CioHsgN and CioHyiN [32]while for the sample 0.04 mMCTAB /CaCOs,
only 1-hexadecanamine was present. Then, it can be stressed out that the liberation of
CxH360; and 1-hexadecanamine is related to desorption of CTAB onto the nanosize
CaCO; particles. In general, even at low concentration CTAB adsorption is still possible

because of the partial decomposition of the CTA" observed in the GC-MS analysis

4.3.3 Thermal Analysis

The thermal properties/calorimetric behavior of the CTAB coated CaCO3 was
scanned at (25 to 1000) °C at the rate of 10°C/min. Then adsorbed amount of CTAB
molecules, which is determined by the weight loss in TGA experiments, together with
peak area under DTA which is the enthalpy change (AH) [33, 34] of the CTAB/CaCO3
samples during the adsorption and the decomposition of CaCO; nanoparticles were

reported in Table 4.1 and shown in Figure 4.6, 4.7 and 4.8.
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Figure 4.6 Complete TG-DTA analysis of the CTAB adsorption at increasing

concentration (mM) onto CaCO; nanoparticles under alkaline condition
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Table 4.1 Concentration of CTAB, Surface adsorption amount, Enthalpy change
and thermal transition temperatures of the CTAB coating/adsorption onto CaCO3

nanoparticles.

Sample code ConcentrationTGA TA (AH)|Oxidation [Decomposition
of CTAB[coating [Enthalpy [temperaturetemperature
(mM) amount ichange  ((°C) of(°C) of CaCO;
(wt%) uV(s)mg [CTAB
of at

CTAB [oxidation
temp  of
CTAB

0mMCTAB/CaCO; 0 mM - - - 650 - 800
0.04mMCTAB/CaCOs [0.04mM 0.13  [11.95 200 - 350 1650 - 800
0.099mMCTAB/CaCO; [0.09mM 0.18 [11.87 200 - 350 1650 - 800
0.199mMCTAB/CaCOs [0.19mM 0.17  15.78 200 - 350 650 - 800
0.39mMCTAB/CaCOs [0.39mM 0.22  |15.82 200 - 350 650 - 800
0.98mMCTAB/CaCOs [0.98mM 0.19  [15.59 200 - 350 650 - 800
1.79mMCTAB/CaCOs [1.79mM 0.29 33.78 200 - 350 650 - 800
1.96mMCTAB/CaCO; [1.96mM 0.27  B3.45 200 - 350 1650 - 800
2.61mMCTAB/CaCO; 2.61mM 0.39 42.40 200 - 350 650 - 800
3.29mMCTAB/CaCO; [3.29mM 0.35  45.66 200 - 350 1650 - 800
3.35SmMCTAB/CaCO; 3.35mM 031 35.87 200 - 350 650 - 800
3.88mMCTAB/CaCOs [3.88mM 0.39  |71.27 200 - 350 650 - 800
5.67mMCTAB/CaCO; |5.67mM 0.54 107.90 200 - 350 1650 - 800
6.65SmMCTAB/CaCOs {6.65SmM 0.42  [100.21 200 - 350 650 - 800
8.33mMCTAB/CaCO;s [8.33mM 0.47 123.79  [200-350 650 - 800
13.1mMCTAB/CaCO; [13.1mM 0.68 |135.66  [200-350 650 - 800
13.2mMCTAB/CaCO; [13.2mM 0.65 14443 200 - 350 650 - 800
23.3mMCTAB/CaCOs [23.3mM 0.77 170.13 200 -350 (650 - 800
35.3mMCTAB/CaCOs; 35.3mM 1.49 1289.89 200 -350 |650 - 800
45.1mMCTAB/CaCOs; 45.1mM 1.59 325.35 [200-350 [650 - 800
57.02mMCTAB/CaCO;|57.02mM  [1.47 300.18 200 - 350 650 - 800
68.1mMCTAB/CaCO3 [68.1mM 2.69 286.14 200 -350 650 - 800
88.SmMCTAB/CaCO;3 [88.5mM 09 B316.43  [200-350 650 - 800

Recently, several researchers [18, 35, 36] used TGA/DTA analysis to
determine the (surfactant) adsorption molecules on the inorganic carbonates (ex. CaCOs
nanoparticles) which were prepared in a solvent medium. The complete TGA/DTA

traces of the increase CTAB concentration adsorp on the CaCOs nanoparticles; showed
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that all the coated CaCO3 nanoparticles with CTAB molecules exhibited the two peaks
temperatures at (200 to 350) °C [exothermic] and (650 to 800)°C [endothermic] except
for pure CaCOs nanoparticles which exhibited only one peaks at (650 to 800)°C
[endothermic] "as shown in Figure 4.6. Base on Figure 4.6, several features were
detected: (i) free and bound water molecules were fully lost at < 200 °C; (ii) in the
temperature range between 200°C and 360°C, the [exothermic] combustion of adsorb
surfactant organic matrixes onto cubic CaCOs nanoparticles. CTAB surfactant undergo
a thermal decomposition from (150 to 400°C), and the weight loss percent increase
reaching as high as 4% at increasing CTAB concentration (88.5mM) (Figure 4.7(a & b)).
Then at > 570°C, (iii) CaCOs (calcite) crystals begin to decomposed, the obvious weight
loss of CaCOj3 occurred owing to the thermal decomposing into CaO; proven by the
weight loss maintain at approximately 50% in all the samples even at high concentration
of CTAB, wherein organic CTAB substances already decomposed at temperature lower
than 350°C as shown in Figure 4.6 for complete TGA/DTA analysis of all the samples.
Hence, TGA/DTA has been particularly useful to judge the state of
adsorption[35, 37]. Technically, adsorption of CTAB on the surface of cubic CaCO;
nanoparticles, the combustion and loss of the surfactant molecules adsorbed on the
cubic CaCOs3 nanoparticles took place at about 240°C to 250°C even if the CTAB
concentration increase which was directly observe3d in Figure 4.7 (a & b). These dense
packed CTAB molecules are expected to be difficult to wash out, even if it is not
chemically bound[35]. Since, the adsorption of alkaline rich-CTAB molecules onto

NcCP did not alter the calcite structure based from the XRD data, SEM, and TEM
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analysis (Figure 4.2 and 4.3 respectively). Thus, it can be affirmed that cubic CaCO;
nanoparticles is fairly suitable as an adsorbent for cationic organic substances.
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Figure 4. 7 DTA (b) and TG (a) analysis at 25°C to 500°C CTAB adsorption at

increasing concentration (mM) onto CaCOj3.nanoparticles under alkaline condition
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4.3.4 Relationship between heat change enthalpy of dehydration for CTAB and
actual adsorption isotherm of the dried precipitate CTAB/CaCO3

The relationship between the transition (decomposition; 200°C to 400°C)
enthalpy for the CTAB layers adsorbed on the nano-cube CaCOs particles (NcCP)
surfaces versus the adsorbed amount of CTAB determined by TGA measurements was
presented in Figure 4.8a. As shown in the graph, decomposition enthalpy approximately
elevate linearly as the adsorbed amount of CTAB concentration increase (up to less than
1.8%, calculated full monolayer coverage) onto NcCP surface (see Figure 4.8b and
Figure 4.83 and 4.S4 ). Because decomposition peak in fhe DTA measurements
majority belongs to the physically adsorbed CTAB layers, it means that the physically
adsorbed part increases in a proportional way to the total organic amount of surfactant.
From the slopes lines in Figure 4.8a, an estimation of the dehydration/decomposition
enthalpy for the physisorbed CTAB layers is about -14.706 uVs/mg (-16.6 J/g;
1pVs/mg =1.129 mJ/mg [38]) approximately around -6.06 kJ/mol. For comparison with
literature, the values approximately around (-2.60 to -12) kJ/mol for enthalpy of CTAB
formations [39, 40], even though with different techniques.

While in Figure 4.8b, It showed the relationship between adsorp (weight
percentage loss) CTAB (200 to 400 °C, CTAB decomposition only and 25 to 400 °C,
dehydration and decomposition) versus original amount of increasing NH4+-CTAB
concentration. In this case, the adsorbed amount of CTAB, was determined by the
weight loss in TGA experiments at (200 to 400)°C, together with the original amount of
CTAB added during the coating/adsorb process in NHs+-aqueous ethanol solution was

reported in Table 4.1.
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Figure 4. 8 Relationship between (a) heat change of enthalpy of dehydration of CTAB,
peaks (using DTA) vs adsorbed content of CTAB onto nano-cube CaCOj; particles
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step adsorption models [22]. Then (b), relationship between weight loss of CTAB
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with TEM/SEM images based on the previous results in Chapter 3. (inset (b) green
mark is the assume calculated percentage amount of CTAB monolayer coated /adsorbed

onto nanocube CaCO3 nanoparticles and assume to be in region 111 marked at inset (a)).
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There were some abnormalities of the adsorption isotherm graph as compared to
the references [22, 41], maybe due to an imperfect control of the process during surface
coating and also mainly on the difference of characterization techniques. But anyway,
this version of adsorption isotherm graphs clearly indicates the cationic CTAB added
during coating process was adsorbed to the aqueous EtOH/H,0- (NH4+)-NcCP solution.
In the literature, the exact determination of the surface area covered by one molecules of
CTAB at the equilibrium is one important parameter [42]. Some researchers indicated
the parameters depending on the morphology of the particles. For example, if the
cross-sectional area of CTAB molecules assumed to be 0.64 nm?, which corresponds to
the surface area for one CTAB molecules in a perpendicular orientation [43, 44], for the
mean surface area (s.a) of NcCP used in this work (actual s.a, 12.05 m*/g, Figure 4.54),
the theoretical full monolayer coverage is about 1.14% (mark as shown in Figure 4.8b).
However, in the actual coating process in aqueous (EtOH/H,0) (NH4+) medium, the
adsorbent amount CTAB molecules increases even beyond the theoretical monolayer
coverage, as shown in Table 4.1, Figure 4.8 (a & b). In other words, the CTAB layers
formed on the NcCP surface must probably exist in a multilayer forms instead of only a
monolayer form, with the number of layers increasing as adsorbed amount of CTAB
concentration increases. This was clearly shown in the TEM results of Chapter 3 upon
the addition of TEOS, wherein wormhole pattern can be clearly observed. Hence, TEM
images of MESOEWRT 13mM, could be in between region II and III, above the
monolayer coating as shown in inset Figure 4.8b-(a). Then, when CTAB adsorption is

saturated already the excess CTAB molecules would be in the solution, visually
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observed in TEM image of MESOEWRT 88 mM, thickness of mesophase is roughly
the same with low concentration of CTAB.
4.3.5 Plausible Mechanism for the adsorption of CTAB molecules onto hydrophilic

CaCOj; nanoparticles then form a wormhole mesoporous pattern
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Figure 4. 9 Schematic illustration displaying morphologies that may form /occur during
the adsorption of soluble cationic surfactant to a hydrophilic CaCOs nano-cube particle
(substrate) (1d). and the formation of micro/mesoporous wormhole pattern on the
surface of hydrophilic CaCO3 nano-cube particle

Based from the reported data and references, the adsorption of CTAB onto
NcCP/ageous (EtOH/H,0)-NHj, interface mainly takes place through ion exchange, the
ion pairing and hydrophobic bonding. The predominant mechanisms in the lower CTAB
concentrations are probably ion exchange and ion pairing. The hydrophobic bonding

mechanism predominates with the increasing CTAB concentration. It can be determined
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that the signs of isosteric adsorption enthalpy (AH) for adsorption of CTAB onto
hydrophilic NcCP are negative and positive, respectively. As CTAB concentration
increases up to 88.5 mM, the amount of CTAB adsorbed increase indicating the
exothermic nature of adsorption process. This verifies the negative sign expected of
(AH,45)[45]. As results of this adsorption, Figure 4.9 illustrate the schematic plausible
mechanism may form /occur during the adsorption of soluble cationic CTAB to a
hydrophilic NcCP (substrate) (1d). At very low concentration, the hydrocarbon chains
of the adsorbed surfactant may be lie perpendicular to the surface (1a), parallel to the
surface (1b), or randomly distributed (1c), As the concentration increase, between
surfactant molecules may be lead to the formation of hemimicelles (2a) or admicelles
(2b). At high concentration, a range of structures are conceivable such as monolayer
(3a), hemimicelles on the monolayer (3b), bilayer (3c), or admicelles (3d). Thereby, the
possible explanation for the formation of micro/mesoporous wormhole pattern film (4c,
4d) onto the surface of NcCP.

Based from referred papers and experimental data, coating process of NcCP by
cationic (CTAB) surfactant in aqueous medium resulted into multilayers of surfactant
that can be individualized into two basic types. One is the chemisorbed monolayer
directly on the NcCP. The other one consist of one or more physisorbed layers of
admicelles or hemimicelles. This first layers is connected with the monolayer through a
(chemical or electrostatic interaction) weak interface link between the hydrocarbons
chains in a tail-to tail arrangement. With the presence of aqueous (EtOH/H,O) NH4+,
CTAB micelle can only enhance the reaction rate of hydrolysis but reduce ammonolysis

[46] without affecting the structure of NcCP (substrate) and the adsorption capacity.
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Taking into account the limited information of this study, the plausible CTAB
adsorption onto hydrophilic NcCP has been proposéd for the aqueous coating process
under alkaline condition. Then, rationalization for the formation/growth of physicorbed
CTAB molecules as multilayer which eventually when saturation occur form excess
micelles (4a, Figure 4.9)

Hence with precise amount of CTAB concentration, formation of wormhole
micro/mesoporous pattern phase onto NcCP (nanosize CaCOs) can be possible
explained by the following reasonable justification: (1) aside from it’s in nano-size,
NcCP as inorganic template has due high surface energy, thereby adsorb the surfactant
CTAB molecules. Then enriched onto the surface NcCP, wherein the CTAB
concentration on the surface of NcCP is higher than that in bulk liquid phase, reaching
the second micelle concentration (cmc2) forming layered CTABS (micro/mesoporous
wormhole pattern) (4b, 4c,4d). (2) In this case, CTAB surfactant will be roughly
perpendicular to the surface of NcCP by means of complicated synergistic effects such
as weak non-covalent bond of smaller directionality includes coulombs force, hydrogen
bond, steric hindrance, van der walls force, weak ionic bond or ionic strength and forms
disordered hexagonal arfay in a wormhole pattern through self-assembly [47, 48]. (3)
Since its in alkaline condition (hydrolysis and ammonolysis exist [46]), an addition of
liquid metal oxide precursor such as TEOS a silicon sources can be hydrolyzed to
generate silicic acid oligomers having multiple coordination’s sites, then fills ,
agglomerates and deposits around the framework of disordered hexagonal array
micelles (worm hole pattern) to generate the shell thickness (4c,4d). (4) Removing the

organic surfactant (CTAB) thru calcinations or acid treatment, can generate novel
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micro/mesoporous wormhole pattern channel with hollow nanoparticles (note: NcCP
easily dissolved by acid etching) as shown in Figure 6 (4d).

However, the exact reasons needs to be further investigated and elucidated.
This model of the hydrophilic NcCP surface coating in (NH,4+)-aqueous coating process
enables to better understand the meso-phase industrial coating process of hydrophilic
NcCP and paves the way for an improve knowledge of the effect of the organic
surfactant coating on the interface adhesion between the matrix and NcCP in the
polymeric composites.
4.4 Conclusion

In this chapter, the researcher has demonstrated/illustrated an initial

investigation on the adsorption of (cationic surfactant) CTAB molecules onto the
CaCOs3 nanoparticles under alkaline condition based on the TGA/DTA, GCMS and
STEM/TEM data. It has presumable/comparable results based on the general notion for
the adsorption of surfactant on the hydrophilic surface’(CaCOj particles has hydrophilic
surface[41, 49]). The researcher has used various references, calculated, and
experimental results on the adsorption of CTAB covering the CaCO3 nanoparticles in
alkaline condition. Based from referred papers and experimental data, coating process
of CaCOj3 nanoparticles by cationic (CTAB) surfactant in aqueous medium resulted into
multilayers of surfactant that can be individualized into two basic types. One is the
chemisorbed monolayer directly on the CaCOj; nanoparticles. The other one consist of
one or more physisorbed layers of admicelles or hemimicelles. This first layers is
connected with the monolayer through a (chemical or electrostatic interaction) weak

interface link between the hydrocarbons chains in a tail-to tail arrangement. The
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maximum amount of CTAB adsorbed on the CaCOs; nanoparticles under alkaline
condition is determined to be about by mneans of TGDTA technique. This result can be
confirmed by the calculated adsorption of CTAB onto the CaCOs nanoparticles using
the actual surface area of CaCOj; nanoparticles and the given theoretical head area of
CTAB molecules. Taking into account the limited information of this study, the
plausible CTAB adsorption onto hydrophilic CaCO3; nanoparticles has been proposed
for the aqueous coating process under alkaline condition and this can explain both the
formation of incomplete monolayer and growth of physicorbed CTAB molecules as
multilayer which eventually when saturation occur form excess micelles. However, the
exact reasons needs to be further investigated and elucidated. But theoretically, this
proves that the advantage of nanoparticles is the high surface area per gram of materials,
so that the absorbance of surface species (CTAB molecules) is relatively strong at a
sufficient amount of surfactant. This model of the hydrophilic CaCO3 nanoparticles
surface coating in aqueous coating process under alkaline condition enables to better
understand the industrial with mesophase coating process of hydrophilic CaCOs3
nanoparticles and paves the way for an improve knowledge of the effect of the organic
surfactant coating on the interface adhesion between the matrix and CaCOj;

nanoparticles in the polymeric composites.
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CHAPTER 4
Supporting Information
INITIAL INVESTIFATION ON THE PRECIPITATE SAMPLE FOR THE
ADSORPTION OF CETYLTRIMETHYLAMMONIUM BROMIDE ONTO
CALCIUM CARBONATE NANO-CUBE PARTICLES UNDER ALKALINE-

AQUEOUS SOLUTION
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Figure 4.S 1 The Raman spectra (1800 — 200 cm’) of CTAB adsorbed on CaCO;
nanoparticles from 0 mM CTAB-CaCO; (raw material), 13.16 mM CTAB-CaCOj; and
88 mM CTAB-CaCOs.
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CHAPTER 5
FACILE ROUTE IN FABRICATING STABLE AND COMPOSITE SHELL
HOLLOW SILICTAE NANOPARTICLES BY TEMPLATED AMMONIA
~HYDROTHERMAL PROCESS

5.1 Introduction

Inorganic nano-sized hollow silica particles have received more attention
compared with other hollow particles because of intensive well-defined architectures.
Most of hollow silica particles have low density, low toxicity, and high surface area
with high chemical and thermal stability. This nano-size hollow silica particle can pave
way for the applications in catalysis, controlled drug delivery and light filler material
[1-5]. Various methods used in fabricating inorganic hollow particle namely have been
reported such as (i) inorganic template directed synthesis [6-10] and (ii) emulsion
synthesis [11]. In addition, a hollow inorganic composite core/shell particle has been
made by templating routes, which make use of vesicles, acoustic cavitations, or
electrically forced liquid jets [12-14]. Yet, it is still a challenge to develop
environmentally friendly, simple, and versatile approaches to synthesize a hollow
inorganic composite core/shell micro- and nanostructures that will greatly facilitate the
future application of these hollow nano-materials in various fields. But, simpler
methods for controlled preparation of hollow composite nano-materials would be more
favored. Thus, our laboratory has an extensive research work undertaken into the
synthesis of inorganic silica hollow nanoparticles over the past decade via template
method. In this research work, novel amorphous nano-size hollow calcium-silicate

hydrate particles have been synthesized using ammonia-hydrothermal template method.
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As mentioned, we describe a novel size, low temperature hydrothermal reaction (less
than 150°C) for synthesis of hollow calcia-silicate nanoparticles using CaCOs as
templates. Calcium-silicate hydrate (Ca(OH),-SiOz) composite shells encapsulate into
the core nanoparticles was obtained by ammonia-hydrothermal aging for 10 d with
agitation at 120 °C wherein the size and shape of the hollow particles can be controlled
by the dimensions of the core nanoparticles.

This chapter investigated the physicochemical properties such as thermal
property, crystallinity and morphology of the synthesized unique hollow Ca(OH),-SiO,
nanoparticles. Furthermore, the calcium-silicate hydrate hollow nanoparticles have a
potential for future applications such as for cement industry and biomaterials.

5.2 Starting materials and schematic outline
5.2.1 Materials

Nano-cube 60 Calcium carbonate (CaCO3;, RMHA) (Nittetsu Kogyo) was used
as core particles and a source of calcia during hydrothermal process. Tetraethoxysilane
(Wako pure chemical) was used as precursor of silica shell. Ammonia water (28%
Wako pure chemical) used as catalyst and Ethanol (Wako pure chemical) used as a
solvent for the hydrothe‘rmal sol gel template reaction.

5.2.2 Synthesis of hollow calcia-silicate nanoparticles

New nano-sized hollow calcium-silicate hydrate particles were first synthesized
based on the previous method done by our laboratory (CRL, NIT) using calcium
carbonate as template [2]. Calcium carbonate (CaCOs3), ethanol (EtOH),
tetraethoxysilane (TEOS) and ammonium aqueous solution (H,O:NH3) were mixed and

stirred for 2 h at ambient temperature with the molar ratio of 7.3:58.9:1:7.8:3.4 (CaCOs:
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EtOH: TEOS: H,0O:NH3), a core-shell calcium carbonate / silica particles was prepared.
In obtaining hollow calcium-silicate hydrate nanoparticles, after 2 h continuous stirring,
the white gel solution was divided into three parts, one part was for control (no
hydrothermal) (HSOdAHO) and the other two parts were 90 °C (HS10d90H1) and 120
°C (CS10d120H2) hydrothermally treated solutions. The two parts white gel solution
was separately placed in a 50 mL capacity autoclaveble Teflon-lined stainless steel with
estimated maximum pressure of 50 kg/cm?, which was heated to 90 °C and 120 °C for
10 d. The synthesized product were filtered and washed several times (4X or until
becomes neutral) by ethanol, then dried in a vacuum oven to 90 °C for 5 h. In removing
the calcium carbonate core, acid treatment (3.0 mol/L, HCI) was done for 8 h stirring.
After then, filtered and washed several times (4X or until becomes neutral) with
distilled water. Finally, vacuum dried the obtained sample to 90 °C for 1 d, hollow
calcium-silicate hydrate nano-size particle was obtained. The process flow in
synthesizing hollow calcium-silica hydrate nanoparticles is shown in Figure 5.1
5.2.3 Physico-chemical characterization

The product were characterized by X-ray Diffraction (XRD, Model RINT 1100,
Rigaku) with Cu Ko radiation (A= 1.54056 A), at a scanning rate of 0.02 °/ s (5 ° to 60 °,
20) with an operating voltage of 40 kV and emission current 30 mA. The thermal
property of the sample was investigated using the Thermogravimetry (TG, TG-8120,
Rigaku, Japan) under oxygen atmosphere. The heating rate of the temperature increase
at 10 °C/min with temperature ranged from (22 to 1000) °C. Morphology and
microstructure of hollow particles were examined using scanning electron microscopy

(SEM; JSM-7000F, JEOL). The specific surface area and cavity (pore) size
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distribution of the sample were determine by Barrett-Joyner-Halenda (BJH) method via
the automatic surface area analyzer (BELSORP-max) with Nitrogen gas adsorption and

desorption isotherm recorded at 77K.

CaCO3 (nano-size ).EtOH:

TEOS: NH4OH
s Ao S
! HYDROTHERMAL
! TEMPERATURE RXN ¥~ MIXING

e e o e "'n % | (Hydrolysis & Condensation)
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EtOH 152m ———
- ENE NSE WEW OGN WO . v
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Figure 5. 1 Process flow for the synthesis of nano-size hollow calcium-silicate hydrate

particles using CaCO3 nanoparticles as template core.

5.3 Results and discussions
5.3.1 Structure analysis by X-ray Diffraction pattern (XRD)
XRD patterns of non-coated calcium carbonate nanoparticles (RMHA, Figure

5.2a), calcium carbonate nanoparticles coated with silica synthesized at ambient
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temperature for 2 h (HSOdAHO, Figure 5.2b), and hydrothermally treated nanoparticles
calcium carbonate coated with silica at 90 °C (HS10d90H1, Figure 5.2¢) and 120 °C for
10 d (CS10d120H2, Figure 5.2d) were compared in Figure 5.2. The non-hydrothermal
coating sample (HSOdAHO, Figure 5.2b) showed a diffraction angle identified as calcite
(core nanoparticles CaCOs) a cubic unit cell. This shows that the sharp reflection peaks
indicate a crystalline structure of the cubic CaCO; which signify that the amorphous

silica hypothetically coated in the core nanoparticles.

! ' ! —— (d) £S10d120H2, CaCO,-Si0, 120°C,10d
Ca(OH)zl CaSio, —— (¢) HS10d%0H1,CaCO,-Si0,, 90°C,10d | |
- —— (b) HSOdAHO, CaCO,-Si0;, o autoclave
(d) | F—+—(a) RMHA, CaCO, |
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Figure S. 2 XRD pattern measured for (a) raw cubic calcite (CaCO;) [RMHA]; (b)
silica coated CaCOs nanoparticles without acid treatment [HSOdAHO]; (c) silica coated
CaCO; nanoparticles hydrothermally treated for 10 d agitation at 90 °C [HS10d90H1]
and (d) 120 °C without acid treatment [CS10d120H2].

While the sample CS10d10H2 (hydrothermally treated, Figure 5.2d), formed
an additional sharp peak at 18.1 (26) aside from the peaks of the cubic raw CaCOj; core

nanoparticles. The additional peaks corresponds to Ca(OH), (Portlandite) [15] and
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Ca;Si04 (Larnite) [15] after 10 d agitation in 120 °C (Figure 5.2d) except for 90 °C no
reflection peak form at 18.1 (26) after 10 d agitation (HS10d90H1, Figure 5.2c).

In order to confirm that the deposition of Ca(OH), and formation of Ca,;SiO4
were indeed in the core-shell of amorphous silicate structure after
ammonia-hydrothermal treatment at 120 °C for 10 d; acid dissolution was done for all
the experimental samples. As anticipated, after acid treatment for 8 h stirred, filtered ,
washed 4X with distilled water and dried, reflection peak at 18.1 (20) still exist for the
sample CS10d120H2 (Figure 2c). While no visual peaks (no other crystalline phases)

was observed for sample HSOdAHO (Figure 2a) and HS10d90H1 (Figure 5.3b)

| —&—CS10d120H2ac. 120" C. 1bd hollow Ca,Sid H

v
Gy, g’

| -
l © Capsyy I
- # - HS10d%0H1ac, 90 'C, 10d hollow 3307 l |
—#M— HS0dAHOac. no autoclave hollow SiO, | |
H I
1 |
1 a5, - Lamao (101) |
nt:-_______-l Co{OH), - Podiondta (001) |
|
= -(c) Sso 1
3 ~o !
s ~ |
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g 20/ (dogrees)
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Figure 5. 3 XRD pattern measured for (a) hollow silica nanoparticles after acid
treatment [HSOdAHOac]; (b) hollow silica nanoparticles process at 90 °C after acid
treatment [HS10d90H1ac] and (c) hollow calcium-silicate hydrate nanoparticles process
at 120 °C after acid treatment [CS10d120H2ac]. Inset image showing the reflection

pattern of Ca(OH); [Portlandite , (001) ] and Ca,SiO4 [Larnite, (-101)].
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For the sample CS10d120H2 (Figure 5.3c), a formation of hollow amorphous
calcia-silica nanoparticles, as shown in the inset, enlarge XRD pattern of sample
CS10d120H2 was shown. From the peaks, it was clearly shown that the crystalline
peaks of Ca(OH), (001) and Ca,SiO4 (i01) which corresponds to Portlandite (15a) and
Larnite (15b) respectively were formed after ammonia-hydrothermally agitated at 120
°C for 10 d. For enlarge XRD patterns of calcium silicate hydrate see Figure 5.5.3.

5.3.2 Morphological observations

(a) RMHA

(b) HSOdAHO 100nm

(b) HS10d120H2 100nm

] (;3) HS10d90H1 100nm

Figure 5. 4 SEM images : (a) CaCO; raw (cubic) [RMHA] , (b) CaCO; coated with
Si0; without hydrothermal [HSOdAHO] , (c) CaCOj3 coated with SiO; by hydrothermal
at 90 °C for 10 d [HS10d90H 1], (d) CaCO; coated with SiO; by hydrothermal at 120 °C

for 10 d [CS10d120H2]
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The scanning electron microscopy (SEM) was further conducted. In Figure 5.4
and 5.5(ab,c,d) were the surface observation of the synthesized hydrothermally template
samples before and after acid treatment respectively. As shown in Figure 5.4a, (before
acid treatment) reveal that the samples (HS10d90H1 and CS10d120H2) hydrothermally
treated at (90 and 120) °C for 10 d consist of cubic smooth shape surface (Figure 5.4c
HS10d90H1 and Figure 5.4d CS10d120H1) has the same shape from the original raw
materials cubic CaCO; (Figure 5.4a RMHA) and sample synthesized at ambient
temperature (Figure 5.4b HSOdAHO). It indicated that the cubic core particles (cubic
CaCO3) were stable after hydrothermal treatment for 10 d.

To validate the stability of the hollow structures of the nanoparticles obtained
by this method, the synthesized nanoparticles were subjected to acid treatment for 8 h,
filtered and dried. As seen in Figure 5.5(b,c,d), a hollow structure with (30 to 100) nm
nanoparticles was clearly observed for the samples synthesized in ambient and
hydrothermal treatment. The hollow nanoparticles have thin walls whose thickness
appears to be uniform around the shell and smooth outer surface as shown in Figure
5.5b, 5.5¢ and 5.5d. While in TEM images as shown in Figure 5.5¢, 5.5f and 5.5g, the
structural stability of the hollow particles was established. Clearly, shown that
amorphous silicate shell became more firm and then formed a calcium-silicate hydrate
shell upon increasing hydrothermal temperature at 10 d aging. Thereby appeared stable
cubic hollow hybrid silicate nanoparticles were accomplished after acid treatment which
can be observed in Figure 5.5(f & g). These indicates that the formation and
deposition of Ca(OH), into the amorphous silicate sheet was likely in the surface of

cubic CaCOj after hydrothermally agitated at 120 °C for 10 d.
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(b) HSO0dAHOD ac 100nm

—

(c) HS10d90H1ac

50 NM (e) HsodaHoac S 50 nm (f) H510d90H1 ac

Figure 5. 5 SEM and TEM images: (a) [RMHA] CaCO; raw (cubic); Acid treated
samples (b & e) [HSOdAHOac] nano-sized hollow SiO; without hydrothermal, (¢ & f)
[HS10d90H1ac] nano-size hollow SiO, by hydrothermal at 90 °C for 10 d (d & g)

[CS10d120H2ac] nano-size hollow Ca(OH),-SiO; with hydrothermal at 120 °C for 10d
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5.3.3 Thermo analytical analyses

0 . - ————r—

] ' | —=—(a)HS0dAH0a toclave hollow Si0,
2- —o— (b) H§10d90H1ac, 90°C, 10d hollow SiO,
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Figure 5. 6 TG thermogram of the nano size hollow particles after acid treatment (a)
hollow particles synthesized at ambient temperature [HSOdAHOac], (b) hollow particles
hydrothermally treated at 90 °C for 10days [HS10d90H1ac}, (c) hollow calcium-silicate
hydrate nanoparticles hydrothermally treated at 120 °C for 10 d [CS10d120H2ac].

The TGA cﬁwes of the nano size hollow calcia-silicate particles
(CS10d120H2ac), the hollow silica synthesized at ambient temperature (HSOdAHOac)
and hydrothermally treated hollow silica (HS10d90H1ac) nanoparticles were shown in
Figure 5.6. In general, three significant temperature regions as far weight loss steps
(TGA) and then the samples experiences no further weight loss. Region I (below 150

°C) as the first weight loss is due to the bound water removal [16] or desorption of

unattached molecular water. While in region II (200 to 500 ) °C is ‘mainly attributed
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some loss of OH" groups in the silanol groups in the frameworks which attribute to
slight weight loss [17] of the all the experimental samples namely HSOdAHOac,
HS10d90H1ac and CS10d120H2ac. But the exceptional weight loss is in region III (500
to 600) °C which apparently visible only in CS10d120H2ac hollow sample, were due to
the formation of new phases contained in the core shell from the amorphous nano size
hollow calcium-silicate hydrate. The results collaborated with the analysis of XRD
wherein the presence of deposited Ca(OH); in the amorphous silicate which formed a
new materials. This contributed the highest degree of hydration at 500 °C to 600°C [18]
which clearly shown in Figure 5.6. This was also confirmed during 29 Si NMR spectra
analysis wherein the C-S-H peaks have chemical shifts approximately around -78.9 ppm
and -87.6 ppm [19-21] at the sample CS10d120H2ac as shown in Figure 5.S.4. This
affirms that Ca(OH); can be deposited in the shell of amorphous silica sheet after
hydrothermal treatment at 120 °C for 10 d that attributed to the presence of drop of
weight loss which is not visibly present for the samples HSOdAHOac and
HS10d90H1ac.
5.3.4 N; adsorption isotherms and Cavity space (pore size) distributions

The nitrogen adsorption isotherms of samples are shown in Figure 5.7. It can
be seen BET surface area of the synthesized hollow nanoparticles were measured after
acid treatment. The absorption isotherms at 77 K for the experimental hollow
nanoparticles show a typical II. The specific surface area and average space pore
diameters are (298.76, 227.13 and 136.45) m*/g and (29.50 to 46.13) nm for a normal
nano-size hollow silica particles (HSOdAHOac), hydrothermally treated hollow

nanoparticles HS10d90H1ac and CS10d120H2ac. The lower surface area of hollow
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calcium-silicate hydrate sample (CS10d120H2ac) could be due to the thickening of
framework (silanol groups) walls [22] that accelerated the deposition of Ca(OH); into

the amorphous silica shell.
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Figure 5. 7 Nitrogen adsorption-desorption isotherms (a to ¢) and BJH differential pore
size distribution (d to f) of hollow particles synthesized at ambient temperature
(HSOdAHOac), hollow particles hydrothermally treated at 90 °C for 10 d
(HS10d90H1ac) and hollow calcium-silicate nano particles hydrothermally treated at
120 °C for 10 d (CS10d120H2ac). (inset images are the TEM images of the respective

hollow particles)
170



This enhances the structure stability of the silica hollow spheres as shown in
SEM images (Figure 5.5) wherein cubical shape still exist with no major apparent
change of the hollow samples, suggesting that the synthesize hollow samples
(calcium-silicate hydrate) have a higher hydrothermal stability.

5.3.5 Mechanism of the hollow calcium-silicate hydrate nanoparticles

From the results obtained, possible mechanism for the formation of the hollow
calcia-silicate nanoparticles was described in the Figure 5.8.In the coating process,
TEOS was added to the ammonia-contained CaCOs nanoparticles for sol-gel reaction.
Under this condition, silica formed as the shell on the core particles via
ammonia-catalyzed hydrolysis and condensation of TEOS [2, 7, 23]. Note that the
coating process was conducted at room temperature. Then during hydrothermal
treatment, increasing the temperature with pressure accelerates the polymerization and
resulted in the dissolution of the silica framework [22]. The effects of hydrothermal
treatment on silicate structure coreshell were evident especially at the temperature
120 °C as shown Figure 5.2. It is believed that there were two main reasons for this: (i)
the silicate framework condenses and (ii) undergoes reconstruction under hydrothermal
conditions [24].

This implies that a rearrangement of silica framework was taken place at high
temperature during hydrothermal template synthesis of the hollow nanoparticles. This
led to the range order of pore increases that will help Ca(OH), deposited in the
amorphous silica core shell.

In addition, the solubility of CaCOs by hydrolysis with increasing temperature

was accelerated under hydrothermal conditions. Then Ca* and OH ions form Ca(OH),
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may occur on the surface of CaCO; powder particles with increasing temperature and
pressure. The large number of active hydroxyl groups with the presence of Ca’ ions on
the surface of the nano-size CaCO3 can give rise to strong inte_raction between
amorphous hollow silicate core sheet nanostructure [24, 25]. This interaction, Ca(OH),
formed on the surface and deposited to the amorphous silica sheet due to the
rearrangement of silica framework during hydrothermal treatment [26]. The existence of
Ca(OH), and Ca;SiO4 oxides in the amorphous phase of silica was due to the
hydrothermal. Hence, a new nano size hollow calcium-silicate hydrate particle was

formed as shown in Figure 5.5d.

TEOS, NH4OH Hydrothermhal
EXOH,, room temp. 00°C and 120°C,
2hrs 10days

I Hollow
: si02/Ca{OH)!
- Ca28104

Disordared structure
of $102.Ca0 System

ColclaSilicase glass
iagron

Figure 5. 8 Schematic Illustration for the formation of Hollow calcium-silicate hydrate

Nanoparticles
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5.4 Conclusion

In this chapter, a facile and novel size for the formation of calcium-silicate
hydrate hollow nanoparticles based on ammonia-hydrothermally CaCOj; template sol
gel process was done. The nanoparticles (CaCO3;) were dispersed in ethanol with the
addition of TEOS and ammonia hydroxide for at least 2 h. Then silica shell were coated
on the CaCOj; nano-size particles via ammonia catalyzed hydrolysis and condensation
of TEOS. The CaCO; coated with silica nanoparticles solution were subjected to
hydrothermal sol gel reaction at (90 and 120) °C for 10 d. Then acid treatment was done
to form hollow nanoparticles. As expected, hydrothermally sfable cubic hollow shape
and unique nano-sized hollow calcium-silicate hydrate particles were produced after
ammonia-hydrothermally treated at 120 °C for 10 d. This nano-size hollow
calcium-silicate hydrate particle has a good potential used for nano-cement (science)
application and as a good source for a bioactive material. On the basis of this technique,
other inorganic hollow particles with various shell compositions (e.g., Na,O, TiO,,
Al,O3, B20;, and etc.), a hollow nano glass-ceramic such as soda-lime, borosilicate
hollow nanoparticles or different cavity sizes (e.g., 100 nm to micrometers) could be

produced.
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CHAPTER 5
Supporting Information

Simple Template-Technique for the Formation of Hollow Nano-sized Calcium

Silicate hydrate Particles by Hydrothermal Approached

RESULTS:

(b)

Figure 5.8 1 TEM images: Acid treated samples (a) [HSOdAHOac] nano-sized hollow

Si0, without hydrothermal, (b) [CS10d120H2ac] nano-sized hollow Ca(OH):-Si0; with

hydrothermal at 120 °C for 10 d.
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Figure 5.S 2 Nitrogen adsorption-desorption isotherms (a to c) and BJH differential
pore size distribution (d to f) of hollow particles synthesized at ambient temperature
(HS0dAHOac), hollow particles hydrothermally treated at 90 °C for 10 d
(HS10d90H1ac) and hollow calcium-silicate hydrate nanoparticles hydrothermally

treated at 120 °C for 10 d (CS10d120H2ac).
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CHAPTER 6
CONCLUDING REMARKS AND
POTENTIAL DIRECTION FOR FUTURE RESEARCH
6.1 Concluding remarks

This dissertation successfully characterized and fabricated nano- size and
micro-size porous hollow silicate particles by template and double emulsion method.
The investigated parameters were mainly on TEOS and NH;OH concentration for
template approach. While in fabrication of meso/macroporous shell hollow particles,
surfactant CTAB for nano-size hollow SiO; with mesoporbus shell and in double
emulsion method, organic-water soluble Na-PA for microsphere hollow SiO, with
macroporous shell were varied to optimized the pore distribution. Most of the syntheses
were done at room temperature reaction except during the fabrication of hollow silicate
with mesoporous shell wherein the temperature of the reaction and fabrication of hollow
calcium-silicate hydrate nanoparticles was varied. The summary and conclusion of this
thesis work are itemized as the following:

In chapter 2, a simple route in synthesizing nano- and micro-size .hollow
silicate particles with tunable shell thickness and unique anisotropic hollow shape by
employing inorganic particles as template in conjunction with the sol gel method was
fabricated. Calcium rich-Hydroxyapatite (CaHAp) nanoparticles (for nano-size hollow)
and calcium carbonate (CaCOs) micro particles (for micro-size hollow) in fabricating
hollow silicate particles were used as inorganic core templates. The hollow silicate
particles showed relatively stable anisotropic hollow shape with uniform shell wall

thickness of silicate layers. In addition, the shell thickness and surface roughness have
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tendency to increase with the increase concentration of tetraethyl orthosilicate (TEOS)
precursor in ethanol solution. As expected, unique anisotropic shape and size of the
hollow silicate particles depends on the inorganic template used.

In chapter 3, hollow silicate particles with micro, meso and macroporous
amorphous silicate shell wall were fabricated. In this chapter, two processes were used
such as double template method for nano-size hollow silicate particles with
micro/mesoporous shell wall (NSHPMSS) and double emulsion method for micro-size
hollow silicate particles with meso/macroporous shell wall (PHSM). For NSHPMSs,
CaCOs (nano-size:60 nm) were used as core-template and cetyltrimethylammonium
bromide (CTAB) for silicate network template. Then, by controlling the parameter such
as CTAB, TEOS concentration and temperature reaction a hollow silicate nanoparticles
with wormhole pattern micro/mesoporous shell were successfully generated.

While for PHSM, sodium polymethacrylate (water soluble polymer; Na-PA) was
added into the aqueous solution of water;/oil/water, (wijow;) emulsion system with
controlled parameters (emulsification rotational speed constant, fixed volume ratio and
fixed surfactant ratio), modified (set-up) pressurized Nj filtration and calcinations. Then,
controlled hollow silicate microspheres with meso/macroporous shell were successfully
prepared

In chapter 4, the precipitate sample for the adsorption of cationic (CTAB,
cethyltrimethylammonium bromide) from aqueous solution onto nano-cube CaCOs
particles under alkaline condition was schematically illustrated based on the obtained
results and previous conducted data's. A series of batch experiment were performed to

determine the sorption graph of CTAB to nano-cube CaCOs particles. The experimental
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studies were analyzed by TG-DTA weight loss (200°C to 400°C). The experimental data
coincide to the reference model of typical adsorption isotherm of surfactant on solid
oxide surfaces.

In chapter 5, fabrication/formation of stable hollow calcium-silicate hydrate
nanoparticles by template ammonia-hydrothermal approached using CaCO; nano-size
particles as core-template was successfully prepared. This simple process for the
formation of a unique hollow calcium silicate (< 100 nm) nano-size particles, which
was successfully set via the hydrolysis and condensation of tetraethylorthosilicate
(TEOS), ammonia water (NH4,OH) and inorganic calcium silicate (CaCO0;3) as template
and then ammonia-hydrothermally treated. Then by varying the reaction
ammonia-hydrothermal temperature reaction accompanied by variation of aging time,
the formation of hollow calcium-silicate hydrate nanoparticles was understood. This
approached for the formation of new nano-size hollow calcium-silicates hydrates
particles can be a good alternative for the application on nano-bioactive materials.

6.2 Advantages and disadvantages of these approaches.

Evidently, advantage in template with (solid) CaCO; particles is possibly the
most green approach, clearly effective, and most facile/common method for
synthesizing hollow micro-/nanostructure. Aside from that CaCOs particles are
technically abundant in nature and low cost material, they generally require no or
minimal addition of surface functionalization and shell formation is guaranteed by
chemical reactions. However the general disadvantages on this approach rely on
achieving high product yields from this simple synthetics process, difficulty in forming

a uniform coating around surfaces with large variation of curvature and lack of
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structural robustness of the shells upon template removal. But these difficulties can be
partly overcome by monitoring the acid concentration during acid etching, used of
surfactant and exposed the core-shell particles thru hydrothermal approach for structural
stability. |

While for double emulsion approach (wjow;) for fabricating macroporous
hollow microspheres (PHSM), a key advantage of using double emulsion method for
the preparation of PHSM is that the core removal stage is very easly eliminated. The
liquid template, liquid cores (w)) can be easily removed by low-stress generating
processes such as evaporation, filtration or dissolutions with common solvent such as
ethanol/water after the shell formation, final hollow product cannot be altered even it
was calcined and has low parental toxicity because of the water —soluble polymer is
used. However, the relatively low stability and the polydispersity of double emulsion
approach may limit their application. Mostly controlling the microspheres, uniformity,
and macroporous distribution into the shell still remain challenge. Moreover, the
water-soluble polymer cannot be easily removed into the shell and liquid removal (w;)
is an energy-intensive process. But this problems can be partly overcome by calcination,
pressure-filtration and controlling/monitoring the emulsion speed rate.

Finally based on the above findings, it is concluded that an eco-friendly
approached in fabricating of nano-size and micro-size hollow silicate particles can be
done. In general, by controlling the parameters enhance the surface morphology,
porosity of the shell and stability of the hollow particles. The insights obtained from this
non-toxic alternative mechanism will allow other researcher to gain better controls of

the hollow particles especially in exploring the dispersion of the hollow particles. The
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technique presented in this study provides a good foundation for the various future
applications of the hollow silicate particles especially for template and double emulsion
approached.

6.3 Potential directions for future research

The attainment in fabricating/synthesizing nano/micro-size hollow silicates
particles have provided opportunities to tune their mechanical, optical, electrical,
thermal, chemical and other properties. These advantages have in turn catalyzed
exploration in a growing list of applications. However it should be noted that
high-quality (e.g non-agglomeration) hollow silicates particles will be required in most
cases for both fundamental research and practical applications. Based from the reported
works, methods for producing high quality hollow silicates particles especially in
non-toxic approach are still limited. Scaling-up these syntheses to produce
commercial-scale quantities for applications is expected to introduce significant
challenges for size, shape and shell thickness control.

In the present study, template and double emulsion approach is used to
produced the nano-./micro-size hollow silicates particles. Further research should be
conducted especially exploring organic-inorganic hybrid materials and with other metal
alkoxides (such as titanium isopropoxide, aluminium isopropoxide, and others)
especially for template approach in synthesizing nano and micro-size hollow particles.
While for double emulsion methods, using different kind of water soluble polymers
such as poly(sodium anetole sulfonate), poly(sodium vinylsulfonate) and poly(sodium
4-styrene sulfonate) for this approach should be explored particularly in controlling the

macroporous shell of the hollow microspheres..
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Extensive studies should be conducted on various kinds of organic-surfactants
for fabricating hollow silicate nanoparticles with mesoporous shell walls (NSHPMSs).
This is because, amongst these carriers made of silica, NSHPMSs stands out as a class
of nonmaterial’s with many distinctive advantages, such as having a non-toxic nature,
good surface permeability, large specific surface area, tunable pore structures, excellent
physicochemical stability and chemically modifiable surfaces. Particularly, potential
hosts for various chemical agents/therapeutic drugs. NSHPMSs are especially useful
when used to host therapeutic compounds such as enzymes that are easily degraded in
the hostile biological environment when delivered per se without encapsulation. Besides
encapsulation, these therapeutic agents can also be covalently attached, or adsorbed
onto such silica nanocarriers that have been pre-surface modified. Thus, wide
application of HMSNs has been in the field of biomedicine that includes its use as novel
materials in catalysis, separation, cell-labeling and capsule agent for drug delivery.

Further detail investigation should be done on the formation of composite
hollow calcium-silicate hydrates nanoparticles by ammonia-hydrothermal approach
especially on the actual evidence of the attachment of calcia to silicate networks.

Hence, the improvement of the micro/nano-size hollow silicates particles will
continue focusing especially on the eco-friendly preparation of controllable particles
size and shell thickness. Technically, pore-size and nano/microstructure of the
phase-shell are significant when permeability of hollow particles is considered in their
applications. Additionally, simple approach to prepare hollow silicates particles with
greater output and low cost production are genuinely expected especially for

manufacturing production. In the applications of hollow silicate particles, it is important
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to functionalize the interior of the hollow silicates to achieve preferred properties.
Moreover the applications of hollow silicate particles in coating, thermal insulations,
electronics and biological (bio-silicates) areas are promising and expecting future
applications. This aspects of hollow micro/nano hollow silicates structures, offers

exciting opportunities for newcomers to the fields.
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