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Silica electrospun nanofibers has been an interesting material for sensors or
sorbents. Even though the electrospun nanofibers have high specific surface area, the
researchers still improve their performance by creating porous structure in nanofibers.
One of the methods is the use of surfactant micelle as a template for porous structure
in nanofibers. However, the effect of surfactant micelle on porous structure in
nanofibers is still a topic of discussion. Therefore, in this study various surfactants were
examined for the effect on porous structure in electrospun silica nanofibers. Two types
of surfactant were examined; cationic surfactant and non-ionic surfactant. Cationic
surfactant with different non-ionic chain which are hexadecyl-trimethyl-ammonium
bromide (CTAB), di-n-alkyl-dimethyl-ammonium chloride (DAAC), and n-octyl-
trimethyl-ammonium bromide (OTAB) and non-ionic surfactant which is Pluronic F127
(PF) were studied. The characteristics of nanofibers were examined by FTIR, SEM, TEM,
nitrogen physisorption and image analysis. The nanofibers with porous structure were
observed. The concentration of some surfactants slightly impacted the morphology of
nanofibers. In addition, the sol-gel process was interrupted when short alkyl chain
surfactant was used at high concentration which prevents the formation of silica
network structure. Moreover, the types and concentrations of surfactant affected the
surface area, pore shape and uniformity of porous structure in silica nanofibers. Finally,
the fabricated silica nanofibers were applied for a dye removal. The silica electrospun

nanofibers showed a better efficiency in dye removal than the commercial silica gel.
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CHAPTER |
INTRODUCTION

1.1 Statement of purpose

The used of silica nanostructure as sorbents [1, 2], catalysts [3, 4], drug carriers
[5] or energy storages [6] was interested nowadays because silica can resist of organic
solvent, acid-base solution and high temperature. There are many type of silica
nanostructure such as tubes, particles, and fibers. In this research, fibers are interest
because of its high surface area per volume which increases the efficiency when used

as sorbents or detectors.

The electrospinning is an interesting technique for nanofibers fabrication because
of its simplicity. The non-woven nanofibers with high surface area per volume were
produced via this technique. Most of the spinning solutions are polymer solution, but
polymer is not appropriate when used with organic solution. Therefore, in 2010, Guo
et al. [7] fabricated flexible and high-heat resistant silica nanofibers. The silica nanofiber
mats were obtained using electrospinning technique with blended solutions between
poly(vinyl alcohol) (PVA) and silica gel, then calcined to eliminate the organic
compound. The nanofibers morphologies shown that the increasing of polymer can
improve nanofibers flexibility. Moreover, the beads in nanofibers were decrease due

to the increasing of viscosity in the electrospun solutions.

Even though silica electrospun nanofibers have high surface area, its performance
can be improved by producing porous structure in nanofibers. Porous in nanofibers
can be formed by using template such as surfactant micelle and nanoparticle. The
used of surfactants micelle is one of the well-known methods which use to form
porous structure in inorganic materials [8]. For example, Hou et al. [5] were prepared
porous silica nanofibers as a drug delivery host carrier via electrospinning process. The
porous structure in nanofibers were created using P123 surfactant. The surfactant will
form micelle in two different shape, sphere and cylinder, and act as porous template.
When surfactant and polymer were removed, silica nanofibers were obtained with

porous structure as shown in Figure 1.1.
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Figure 1.1 The possible formation process of the porous structures in silica

fibers [5].

Moreover, the porous in silica using surfactant micelle can be produced via phase
separation. In 2013, He et al. [9] prepared silica nanofibers with mesoporous structure
via electrospinning and sol-gel method. In this work, Pluronic F127 was used. The
results shown that when the solvent evaporates rapidly, surfactant molecules were
diffuse along the nanofibers length because surfactant can dissolve in solvent better
than in silica-gel. As a result, the mesoporous were formed when surfactant was
eliminated. Similarly to Zhou et al. [10] and Nagamine et al. [11] works which use the
evaporation of solvent to induce surfactant micelle in the formation of porous

structure in silica nanofibers.

Furthermore, the nanoparticles were also used as porous template. As in Wu et
al. [1] works, they fabricated porous silica nanofibers by electrospinning technique and
used polystyrene nanoparticles (PSNs) as a template for porous structure. The pore
size of the silica nanofibers ranges from micropores to mesopores. Moreover, pore size
can be controlled by changing the weight ratio of PSNs. The increasing of PSNs

concentration leads to the increase of mesopores and surface area.

Silica nanofibers can be applied into various applications. For example, in 2015,
Islam et al. [12] prepared phosphine-functionalized PVA/SIO, composite nanofibers.

The nanofibers were used as adsorbent to remove manganese (Mn?*) and nickle (Ni*)



ions from aqueous solution. Hexadecyl-trimethyl-amsnmonium bromide (CTAB) were used
as porous template and then were eliminated. The nanofibers have more surface area
and the removal efficiency of metal ions were improved. And in 2015, Zong et al. [6]
prepared electrospun silica nanofibers for adsorption of fatty acid eutectics. The
nanofibers were used as storage and retrieval of thermal energy. With its high surface
area, the nanofibers have high absorption capacity of fatty acid and have high efficiency

of thermal energy storage.

Normally, surfactants are amphiphilic compound which have both hydrophobic
and hydrophilic part. With their structure, surfactants can form micelle. In 2015, Zhao
et al. [13] studied the self-assembly of long tail surfactant in ethanol. The researcher
found that micelle turn into secondary aggregation when water was added as shown
in Figure 1.2. The secondary aggregation can be avoided when additive, such as

benzenesulfonate counterion or 1-octanol, was added.

almost simultaneously

Addittion of water induces
primary micelles

C22-surfactant dissolves
in ethanol at first

primary micelle N g

Ry ave~150nm

Secondary aggregate consisted
of some primary micelles

Scatering intensity(a.u)

Water(wt%)

Figure 1.2  Schematic of the aggregation mechanism and cryo-EM micrograph

of secondary aggregates [13].

However, the effect of various surfactant micelle on porous structure in
nanofibers is still studying. Therefore, in this work, the effect of surfactants on porous
structure in electrospun silica nanofibers were investigated. Four different types of
surfactant, i.e., CTAB with long single alkyl chain cationic surfactant, DAAC with long
double alkyl chain cationic surfactant, OTAB with short single alkyl chain cationic

surfactant, and PF with long double alkyl chain non-ionic surfactant were studied at



various concentration. Moreover, the adsorption of dye was examined with the

fabricated nanofibers as a sorbent.

1.2 Objective of this research

To studied the effect of surfactant self-assembly on porous structure in
electrospun silica nanofibers, and applied the silica nanofibers as a sorbent in dye

adsorption.

1.3 Scopes of this research

1.3.1 Preparation of electrospun silica nanofibers with porous structure via

surfactant self-assembly.

1.3.2 Characterization of electrospun silica nanofibers by SEM, TEM, ATR-FTIR,

and nitrogen physisorption measurement.

133 The effect of surfactant self-assembly on porous structure in

electrospun silica nanofibers.

1.34 The adsorption of dye using electrospun silica nanofibers.

1.4 Benefits of this research

The research aimed to understand the effect of surfactant to porous structure in

electrospun silica nanofibers and used as sorbents for adsorption of dye in water.



CHAPTER Il
THEORY

2.1 Silica

Silicon dioxide (SiO,), known as silica, is a white, colorless, chemical compound
which are made of silicon (Si) and oxygen (O). Silica is the main compound of more
than 95 percent of rocks and 59 percent of Earth’s crust. Silica is water and organic
solvent insoluble, and has a high melting point. Silica has been used in various

industrial applications including some food and beverage industry. [14]

Silica has a huge structure with each silicon atom bounded with four oxygen
atoms, and each oxygen atom to two silicon atoms as shown in Figure 2.1. At the
surface of silica, the structure terminates with siloxane links, Si-O-Si, or silanol groups,
Si-OH. Silianol group is happened from the incomplete of condensation during
polymerization process. Silanol groups on the surface can adsorb the polarised
molecules and electron donor molecules by hydrogen bonds. In addition, the
deprotonation of silanol on the surface can be occurs in basic solutions, then cation
adsorption can take place. [15, 16]

Geminal
Siloxane Silanol
HO

O« ~c) \ OH
[ { S| Vicinal
/ A \ silanol
/ | S OH ~0-H
- ) - - Free H
50 Q- & .-[‘]D - Silanol \‘5‘5>» 5
! Q o | 1 AN __g-OH
o | O Q
“‘T""‘-\—& '\D.I—- '_'_,..--"
:SI //.___SI -
{,n' ey S-l 0 et
< 0 l
7
H""‘"—El"u‘-'n"‘/ MD""-—&""’? \\"N-.
a) b)

Figure 2.1  Schematic of a) silica structure [17] and b) silanol group at the

surface [18].



2.2 Preparation of silica via sol-gel process

Sol-gel process is a chemical synthesis technique for preparing gels, glasses, and
ceramic powders. This method is used for the fabrication of metal oxides, for example
the oxides of silica which undergo hydrolysis and condensation polymerization

reactions to give gels.

Silica gels can be prepared from sol-gel polymerization of silicon alkoxides, such
as tetraethyl orthosilicate (TEOS). The first step is hydrolysis of TEOS in solvent,
generally ethanol. The silanols (Si-OH) were produced, but the complete hydrolysis of
TEOS to silicic acid or Si(OH), would not occur. Instead of complete hydrolysis of TEQS,
the condensation may occur between two silanols or a silanol and an ethoxy group
to form a siloxane group (Si-O-Si). However, both hydrolysis and condensation may
need acid or base catalyst to perform nucleophilic substitution reactions. Under acid
conditions, the rapid deprotonation of -OR or -OH substituents bonded to Si will occur,
while under basic conditions hydroxyl or silanoate anions directly attack Si. The

mechanisms of sol-gel reaction are shown in Figure 2.2 and 2.3.

Acid-Catalyzed Hydrolysis

RO RO OR
RO |+ N _OR  ROH
JSiTOR —= HO ~-Si-"OR <—*= HO—Si—OR
R~ M H o1 H ‘op  HY
OR
Acid-Catalyzed Condensation
+ fast
RO— Si(OH)3 + H <—/= RO— ISi(OH)2
+
/O\
H H
RO—Si(OH) OH OH
[+ 2 slow [ [
AN + RO—Si(OH)3 B RO—?i—O—?i—OR H3O+
H H OH OH

Figure 2.2  Schematic of sol-gel polymerization mechanism of silica with acid

catalyst.



Base-Catalyzed Hydrolysis

RO OR
RO-_| fast RO QR /
on- SiTOR =—= -HO—?i—OR— =—= HO—S{—OR OR-
RO OR OR

Base-Catalyzed Condensation

fast

[

RO—Si(OH)3 + OH- =—= RO—Si(OH)ZO- OH2

slow
RO—Si(OH)3 + RO—Si(OH)ZO— o E— RO—Si(OH)z—O—Si(OH)zOR

OH-

Figure 2.3  Schematic of sol-gel polymerization mechanism of silica with basic

catalyst.

At acidic conditions, silica form linear molecules that are sometimes cross-linked

as shown in Figure 2.4 a. At basic conditions, silica forms branched cluster molecules

as shown in Figure 2.4 b.

Acid catalysed a)
T \é »
P ‘ ) 4

far from gel point gel point xerogel
Base catalysed b)
¥

far from gel point gel point xerogel

Figure 2.4  Effect of a) acid- and, b) base-catalyst in hydrolysis [19].



When the Si-O-Si bond are formed sufficiently, they become colloidal particles
or a sol. The colloidal particles and condensed silica species link to form a 3-
dimensional network and the viscosity increases sharply at gelation. The product is
called an alcogel. If the solvent is removed by common drying, such as evaporation,
the product is called xerogels. If it is removed by supercritical drying, the product is

called aerogels as shown in Figure 2.5.
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Figure 2.5 Effect of solvent removal [19].

2.3 Surfactant

Surfactant or surface-active agent is a compound that can lower surface tension
between two liquids or between liquid and solid. Surfactant may act as detergents,

wetting agents, emulsifiers, foaming agents, and dispersants.

Surfactants are usually organic compounds that are amphiphilic. Amphiphilic
compound means that the compound contains both hydrophilic and hydrophobic
groups. Therefore, surfactant molecule contains both a water soluble and water
insoluble component. One of the properties of surfactants is its self-association into
organized molecular structures such as micelles, vesicles, microemulsions, bilayers
membranes, and liquid crystals [20]. In bulk aqueous phase, surfactants form

aggregates, micelles, which hydrophobic part are at the core and hydrophilic part are



contact with aqueous environment. The shape of micelles depends on chemical
structure of surfactants. There are many shape of micelles such as sphere, ellipsoid,

cylinder or inverted micelle when surfactants are in non-polar phase.
2.3.1 Critical micelle concentration

In colloidal and surface chemistry, the critical micelle concentration
(CMQ) is the concentration above which micelles form. At low concentration of
surfactant, surfactant molecules arrange on the surface. When more concentration is
added, surface tension of the solution decreases since more surfactant molecules will
be on the surface. When the surface becomes saturated, the excess surfactant
molecules will form the micelles as shown in Figure 2.6. This concentration point is
called CMC. Moreover, CMC can also be measured when surfactant solution shows
dramatically changes in other physical properties such as electrical conductivity,

osmotic pressure, density, light scattering, or refractive index.

SURFACE TENSION FOR AN SAA IN WATER | scHemaTIC OF A SURFACE

ACTIVE AGENT (SAA)
“SURFACTANT"

- Hydrophile Hydrophohe
("Head") (“Tail™)
Critical (bfﬁ\/—\_‘——l
Micelle
- . Charged or  Aliphatic/Aromatic
Concentration Uncharged  Hydrocarbon or

- (CMC) Silicone-based

Surface Tension

SAA at Surface Surface Saturated Micelle Formation

Water

I T I T T
—— (CTE2SINE SAA CONCENtTation r—
Particle Sciences

Figure 2.6 Surface tension of a surfactant solution with increasing

concentration and formation of surfactant micelles [21].

2.3.2 Types of surfactant

Based on their functional group, there are many types of surfactant as

cationic, anionic, zwitterionic, and non-ionic surfactants. [20]
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2.3.2.1 Hexadecyl-trimethyl-ammonium bromide (CTAB)

Hexadecyl-trimethyl-ammonium bromide (CTAB) is a quaternary
ammonium surfactant with single non-ionic chain. Its cation is an effective antiseptic agent
against bacteria and fungi. Mostly used in the extraction of DNA, synthesis of gold
nanoparticles and mesoporous silica nanoparticles, and household products such as

shampoos and cosmetics. The chemical structure of CTAB is shown in Figure 2.7.

CH
|+ 3 -
N Br
c H- \>cH
16 33 CH3 3

Figure 2.7 Chemical structure of CTAB.

2.3.2.2 Di-n-alkyl-dimethyl-ammonium chloride (DAAC)

Di-n-alkyl-dimethyl-ammonium chloride is a quaternary ammmonium,
cationic surfactant with double non-ionic chain. The chemical structure of DAAC is shown in

Figure 2.8.

CH
| + _
N
R/ \\R' Cl
CH3

3

R,R'= n-C16H33 ’ n-C18H37

Figure 2.8 Chemical structure of DAAC.

2.3.2.3 n-Octyltrimethylammonium bromide (OTAB)

n-Octyltrimethylammonium bromide is a quaternary ammonium,
cationic surfactant with single non-ionic chain which is shorter than CTAB’s. The chemical

structure of OTAB is shown in Figure 2.9.
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CH
|+3 -

N Br
CH 7/ \>CH

CH °?
3

Figure 2.9  Chemical structure of OTAB.

2.3.2.4 Pluronic F127 (PF)

Pluronic F127 or Poloxamers 407 is a non-ionic surfactant.
Pluronic F127 is triblock copolymer which consists of two hydrophilic blocks of
polyethylene glycol and a central hydrophobic block of polypropylene glycol between
two hydrophilic blocks. It is used in some cosmetic, mouthwashes, or contact lens

cleaning solutions. The chemical structure of PF is shown in Figure 2.10.

CH
| 3
H‘{OCHZCH2 HOCH2CHH OCHZCH%OH
X y z

Figure 2.10 Chemical structure of PF.

2.4 Electrospinning
2.4.1 Electrospinning process

Electrospinning is a technique that uses to create fibers by using high
electrostatic force. The setup consists of a high voltage power supply, a container of
spinning solution with metal needle, and a collector which conductive. The

electrospinning setup is shown in Figure 2.11.
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Cone of Taylor
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Figure 2.11 Schematic of electrospinning setup with metal sheet collector [22].

When high voltage was applied, the spherical droplet solution at needle
tip will change to conical shape called “Taylor’s cone”. The Taylor’s cone formation
is shown in Figure 2.12. When the voltage reaches a critical value, the solution will
form a continuous nanofiber due to electrostatic force and will be ejected, while the

solvent will volatile before nanofibers fall on collector.
Increasing Applied voltage

C ;lul’l.rv '\ [ /
Tip Polymer | AN

Sohdlon

Voltage = 0 Step-up voltage  Step-up voltage

Surface tension Surface tension Surface tension
\'% A
Repulsive Repulsive
electrostatic force electrostatic force
Hemisperical Conical shape Charged j
shape (Tayler cone) ged jet

Figure 2.12 Formation of Taylor’s cone [23].

Therefore, the nanofibers without solvent and with diameters ranging
from nanometers to micrometers were produced. The obtained nanofibers matt has

high surface area per volume, then it is appropriate to use as adsorbent materials.
2.4.2 Parameters of electrospinning

There are two groups of parameters which affect the morphology and

diameters of electrospun fibers: solution parameters and processing parameters [24].
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2.4.2.1 Solution parameters
2.4.2.1.1 Viscosity

Solution viscosity is an important factor in
determining the fibers morphology. The very low viscosity leads to non-continuous
and rough fibers, whereas very high viscosity results in the hard ejection of jets from
solution. The solution viscosity can be controlled by adjusting the polymer
concentration of the solution. An increase in concentration, the viscosity and fibers
diameter will increase. Molecular weight is also affect fibers morphology. At the same
concentration, the polymer with lower molecular weight trends to form beads instead
of smooth fibers. Therefore, viscosity, polymer concentration, and polymeric

molecular weight are related to each other.
2.4.2.1.2 Surface tension

Surface tension is one of important factors in
electrospinning. The high surface tension of electrospinning solution prevents the
electrospinning process, the jet will unstable and produce spray of droplets. Reducing
the surface tension can prevents beads formation in nanofibers. Surface tension can

be adjusted by changing polymer concentration.
2.4.2.1.3 Dielectric constant

The dielectric constant can show how easy that a
material can be polarized by electric field. The solution dielectric constant is mainly
determined by the polymer type, solvent sort, and salt. The electrical conductivity can
be adjusted by adding ionic salts or organic acids. Moreover, dielectric constant affects
morphology and diameter of electrospun fibers. An increase of dielectric constant in

solution leads to thinner nanofibers.
2.4.2.2 Processing parameters
2.4.2.2.1 Applied electric potential

Applied voltage is an important factor because the

charge jet will be ejected from Taylor’s cone and create the electrospun fibers only
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when the applied voltage is higher than the threshold voltage. However, the affection
of the applied electric potential on the diameter of electrospun fibers is still unclear.
Some presented that there just slightly affected on diameter of fibers [25], while some
groups suggested that higher voltages facilitated the formation of narrow diameter fiber
[26]. In addition, some groups showed that higher voltage offered more beads

formation [27, 28].
2.4.2.2.2 Distance from tip to collector

The distance between tip of syringe and collector is
also affect the electrospun fibers diameter and morphologies. The distance from tip
to collector has an influence on the time spent in the evaporation of solvent and
strength of electric field [29]. If the distance is too short, the solvent evaporation time
decrease and fibers may not solidify before reaching collector. Meanwhile if the
distance is too long, bead fiber can be obtained. Therefore, the optimum distance
from tip to collector is recommended for electrospun fiber which is dryness from

solvent.
2.4.2.2.3 Flow rate

The difference of flow rate can affect the velocity of
the jet fluid, solvent evaporation, and morphology of obtained fibers. Generally, slow
flow rate is more recommended as spinning solution will get enough time for solvent
evaporation, and smooth fibers will be obtained as a result. If the flow rate is too high,

bead and thick fibers will form due to the short drying time.
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2.5 Adsorption

Sorption is a physical and chemical process that one substance becomes
attached to another. The process can occur at the contact surface between two phases
such as liquid - liquid, liquid - solid, liquid - gas, gas - solid.

There are several cases of sorption, for example adsorption and absorption.
Adsorption is different from absorption. As shown in Figure 2.13, adsorption means
onto two-dimensional surface of the substance, while absorption means into three-

dimensional of the substance throughout the bulk.
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Figure 2.13 Schematic of (a) adsorptive and (b) absorptive process [30].

Adsorption process involves two components, adsorbent and adsorbate.
Adsorbent is the substance that adsorption occurs on its surface. Adsorbate is the

substance which is adsorbed on the adsorbent surface.

Surface structure, porosity and surface area, is important characteristic compared
to chemical composition for adsorption. There are three steps occurs during the
adsorption process; () film diffusion, when the adsorbate film on the surface of
adsorbent, (Il) pore diffusion, when the adsorbate through the pores of solid phase,
and (lll) adsorptive reaction, when the adsorbate interacts with the surface of

adsorbent. But adsorbent have limited capacity, the adsorbate may compete for active

sites.

The adsorbate can interact with a sorbent in several ways. Adsorbate may interact

two dimensional with surface of adsorbent by intermolecular forces, or interact with
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electrostatic attraction between charge sites on surface of adsorbent and ionizable

adsorbate, or interact with chemical reactive such as covalent bond.

Most of the surface of adsorbents contains nanopores. Then nanopores of
adsorbent can divided into three types as shown in Figure 2.14. First, micropores which
have diameters smaller than 2 nm. Second, mesopores with diameters are between

2-50 nm. Last, macropores with diameters are larger than 50 nm.

Macropore
Regicn
=500 Angstrom

Mesopore
Region
20-500 Angstrom

‘ Micropore Region
0-20 Angstrom
N, Adsorption

Figure 2.14 Schematic of porous regions of a sorbent [30].



3.1 Materials

3.1.1

3.1.2

CHAPTER Il
EXPERIMENTAL

Preparation of electrospun silica nanofibers

1) Tetraethyl orthosilicate (TEOS, 98%) (Sigma-Aldrich)

2)
3)
4)
5)
6)
7)

8)

Polyvinylpyrrolidone (PVP; 1,300,000 MW) (Sigma-Aldrich)
Hexadecyl-trimethyl-ammonium bromide (CTAB, 99%) (Loba Chemie)
Di-n-alkyl-dimethyl-ammonium chloride (DAAC, >95.0%) (TCI)
n-Octyl-trimethyl-ammonium bromide (OTAB, >98%) (TCl)

Pluronic F127 (PF) (Sigma-Aldrich)

Ethanol (= 99.9%, Merck)

Hydrochloric acid (37%) (Merck)

Adsorption of dye in water

1)

2)

Methylene blue (MB, >82%) (Sigma-Aldrich)

Ultrapure water (Milli-Q, Millipore, Germany)
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3.2 Methodology
3.2.1 Critical micelle concentration (CMC) determination

CMC of surfactants in ethanol was examined using a conductivity method.
The surfactant was dissolved in ethanol at concentration range of 10-70 ¢/L. The
conductance values were plotted against the surfactant concentration and the

intersection of two straight lines in the graph was calculated as the CMC value.
3.2.2 Preparation of electrospun silica nanofibers

Initially, surfactant was dissolved in ethanol (10.00 mL) and stirred at
room temperature for 1 hour. Then, TEOS (1.17 mL) was poured into the solution
under stirring conditions for another 1 hour and hydrochloric acid (80 pL) as a catalyst
was dropped into the mixture. After the mixture reacted overnight, PVP (1 ¢) was added
into gel solution and stirred for 2 hours. Different concentrations (1, 2 and 3 CMC) and
type of surfactant (CTAB, DAAC, OTAB and PF) were investigated, and were named as

shown in Table 1. The silica nanofibers without surfactant was named Si_ NF.

Table 3.1 Name of fabricated silica nanofibers with various types

and concentration of surfactants.

Concentration Surfactant
(€M) CTAB DAAC OTAB PF
1 Si C-1 Si D-1 Si O-1 Si P-1
2 Si C-2 Si D-2 Si 02 Si P-2
3 Si -3 Si D-3 Si 03 Si P-3

The setup for electrospinning was shown in Figure 3.1. The
electrospinning solution was filled in a 3-mL plastic syringe and fed to blunt stainless
needle (0.8 mm ID), which connected to the anode of high voltage power supply, by
a syringe pump at a flow rate of 0.75 mL/h (Prosense B.V., NE-1000, USA). Aluminum

foil was wrap around rotating drum (300 rpm) as a collector, which connected to
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cathode, and placed 12 cm from syringe needle. The high voltage of 21 kV was applied
(power supply series 230, BERTAN, Hickville, New York, USA).

The fabricated electrospun silica nanofibers were calcined in a furnace at
0.5 °C/min to 500 °C and held for 3 hours. The calcined silica nanofibers were mashed

and stored in a desiccator.

L : ‘ " R 5 %
Electrospinning ‘ ! ~d : N High Voltage
solution = Rotating power supply
drum
. collector
Plastic
\

Syringe pump

Figure 3.1 Schematic of electrospinning setup.

3.2.3 Characterization of electrospun silica nanofibers

3.2.3.1 Attenuated total reflectance Fourier-transform infrared

spectroscopy (ATR-FTIR)

Silica functional groups in nanofibers were confirmed using
Fourier transform infrared spectroscopy (FTIR, Nicolet 6700). A range of wavelength

between 650-4000 cm™ was scanned with the number of scans at 16.
3.2.3.2 Scanning electron microscope (SEM)

The surface morphologies and size of electrospun silica
nanofibers were examined using a scanning electron microscope (SEM, JSM-6610LV
and JSM-6400). The size of 20 nanofibers per picture were measured from SEM

micrograph by ImageJ software as the average values with standard deviation.
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3.2.3.3 Transmission electron microscope (TEM)

The porous morphologies in electrospun silica nanofibers were

investigated by transmission electron microscope (JEM-2100 and HITACHI 770).
3.2.3.4 Nitrogen physisorption measurement

Surface area and porous properties of electrospun silica
nanofibers were characterized by Brunauer, Ennett and Teller technique (BET) theory

(Belsorp-mini II). The nanofibers were pre-treated at 200°C for 2 hours.

3.2.4 Adsorption of methylene blue in water using fabricated electrospun

silica nanofibers
3.2.4.1 Preparation of methylene blue solution

Six concentrations of methylene blue solution, 0.5, 1, 2, 3, 4 and
5 mg/L, were prepared in MilliQ water for calibration curve. In adsorption study, 15

mg/L methylene blue in MilliQ water was used as initial concentration.
3.2.4.2 Adsorption of methylene blue

The produced silica nanofibers were studied for the efficiency
in removal of methylene blue in aqueous solutions. In all experiments, 5 mL of 15
mg/L methylene blue was added in 20 mL vial containing 5 mg of electrospun silica
nanofibers. The mixtures were shaken at 100-110 rpm for 45 minutes. The solution was
centrifuged at 3500 rpm for 10 minutes to separate the sorbent from aqueous phase.
UV-visible at 664 nm was used to determine the residual dye concentration in the

solution.

The amount of dye uptake by the adsorbent is calculated using

this equation:
Qe (mg/g) = (CO'Ce) xV/M

where g is the amount of dye loaded on per unit of adsorbent,
Co (mg/L) is the initial dye concentration, C. (mg/L) is the dye concentration at

equilibrium, V (L) is the volume of dye solution, and M (g) is the mass of sorbent.
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The percentage of dye removal is calculated using this equation:
Dye removal (%) = [(Cy-C.)/ Col x 100

The effect of contact time in adsorption process was examined
using silica nanofibers without surfactant (Si_ NF) as a sorbent and 15 ppm methylene

blue in MilliQ water as initial solution.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 CMC values of surfactant

Critical micelle concentration (CMC) of surfactants in ethanol was examined using
a conductivity method. The conductance of surfactant was measured and the
calculated CMC is shown in Table 4.1. CTAB has the highest CMC followed by OTAB,
PF, and DAAC respectively. Even though CMC should decrease with increasing tail
length because of an increase of hydrophobic character [31], CMC of CTAB is slightly
higher than that of OTAB. It might be the result from a steric effect. Therefore, OTAB
which has least steric effect can form micelle easier than CTAB resulting in a lower

value of CMC.

Table 4.1 CMC values of studied surfactants.

Surfactant CTAB DAAC OTAB PF

CMC (g/L) 20.02 8.18 17.00 9.08

On the other hand, CMC values of PF and DAAC are much lower than those of
CTAB and OTAB. This might be due to their different forms of micelle or their long
double alkyl chain which decrease the solubility in solvent. With the lower solubility,

micelle can form easier and result in a lower value of CMC for both PF and DAAC.

4.2 Characterization of electrospun silica nanofibers

After the silica nanofibers were obtained, the characteristics were studied by FTIR,

SEM, TEM, and nitrogen adsorption/desorption techniques.
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4.2.1 Fourier transform infrared spectroscopy (FTIR)

After calcination, IR spectra were examined for the silanol functional
group in nanofibers and the elimination of all polymer and surfactant. The fabricated
silica nanofibers at 3 CMC of surfactant (highest concentration) after calcination spectra
were compared with those before calcination, PVP, and surfactant spectra as shown in

Figure 4.1.

Before calcination, the bands at around 1700 cm™ which interpreted of
ketone in PVP and the bands at around 2800 cm™ which interpreted of C-H stretch in
surfactant were existed. But after calcination, all the bands of PVP and surfactants were
eliminated. Only the characteristic bands of SiO,, near 1000 and 800 cm! [32], were
observed after calcination as shown in Figure 4.1. Moreover, the spectra of all
fabricated nanofibers were similar to the spectra of silica gel, Figure 4.2. This approved

that the fabricated nanofibers are SiO,.

a) b)
ey PVP e i o e PP

DAAC
W CTAB
M% e MW 5038

Si_C3A Si_D3A
3800 3300 2800 2300 1800 1300 800 300 3800 3300 2800 2300 1800 1300 800 300
c) d)
s T ) PVP
S T T e T PVP
PF
OTAB
Si_ 03B
WW\[W\SLP_Q,B
Si_0-3A
Si_P3A
3800 3300 2800 2300 1800 1300 800 300 3800 3300 2800 2300 1800 1300 800 300

Figure 4.1 IR spectra of fabricated silica nanofibers B (before calcination) and
A (after calcination) compared with PVP and surfactant spectra:

a) Si_C-3, b) Si_ D-3, 0) Si_0-3, and d) Si_P-3.
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Figure 4.2 IR spectra of fabricated silica nanofibers (with 3 CMC of surfactant)

after calcination compared with spectra of silica gel.

4.2.2 Scanning electron microscope (SEM)

The silica nanofibers were prepared via sol-gel reaction and
electrospinning and examined the morphologies before and after calcination via SEM
technique. The sol-gel reaction was set for 1-night before electrospinning. However,
the silica nanofibers were not successfully prepared at high amount of OTAB. The
linked-nanofibers were observed both before and after calcination as shown in Figure
4.3 which is the SEM images of silica nanofibers with 2 CMC of OTAB and sol-gel for 1-
night. As a result, the sol-gel reaction containing OTAB was assumed incomplete. The
OTAB surfactant might be interrupt a sol-gel process. Because OTAB is a small cationic
surfactant, it may have a strong interaction with silica species during hydrolysis reaction
and can slowed the condensation reaction. Therefore, the sol-gel reaction was

extended to 2-nights when preparing the silica nanofibers with OTAB surfactant.
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Figure 4.3 SEM images of silica nanofibers with 2 CMC of OTAB 2-nights sol-gel

reaction: a) before calcination, and b) after calcination.

The morphologies of silica nanofibers before and after calcination were
observed via SEM technique. Figure 4.4 and Figure 4.5 show the SEM images of silica
nanofibers before and after calcination, respectively with various amount of CTAB,
DAAC, OTAB and PF surfactants (1, 2 and 3 CMC). All produced silica nanofibers were

smooth before calcination but became smaller and distorted after calcination.

The average fibers diameters for each silica nanofibers are summarized in

Table 4.2.
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Table 4.2 Average fiber diameters of silica nanofibers with different surfactant.
(n=20)
Average nanofibers diameters (nm)
Surfactant Silica nanofibers

Before calcined After calcined
- Si_NF 354+61 231+32
Si_C1 623+104 337+54
CTAB Si G2 602+124 343+70
Si_C3 568+72 317+47
Si_D-1 394453 310451
DAAC Si_D-2 391+64 263+48
Si_D-3 194241041 501+118
Si O-1 575473 303257
OTAB Si_0-2 863+243 71891
Si_O-3 12114277 572+84
Si_P-1 1081+148 680493
PF Si P-2 401+69 254+40
S_P-3 5274107 30349
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Concentration of surfactant
Surfactant

CTAB

OTAB

DAAC

PF

Figure 4.4 SEM images of silica nanofibers before calcination with various
amount of surfactants: a) Si_ C-1, b) Si_C-2, ¢) Si_C-3, d) Si_O-1,
e) Si_0-2,f) Si_0-3, ¢) Si_D-1, h) Si_D-2 1) Si_D-3, )) Si_P-1, k) Si_P-2,
and |) Si_P-3.
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Concentration of surfactant
Surfactant
2 CMC
CTAB
OTAB
DAAC
PF

Figure 4.5 SEM images of silica nanofibers after calcination with various
amount surfactants: a) Si C-1, b) Si C-2, ¢ Si C-3, d) Si O-1,
e) Si_ 0-2, ) Si_0-3, ¢) Si_D-1, h) Si_D-2i) Si_D-3,j) Si_P-1, k) Si_P-2,
and |) Si_P-3.
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For CTAB surfactant, the silica nanofibers were fine and smooth both
before and after calcination. However, the silica nanofibers were smaller and slightly
distorted after calcination. The average diameter of nanofibers before calcination was
568-623 nm and 317-343 nm after calcination. Notably, the fiber diameters with various
amount of surfactant are not different. Nevertheless, the decrease of fiber diameter
and the distortion of nanofibers after calcination might cause from the collapse of

nanofiber structure when PVP and surfactant were eliminated in calcination process.

For OTAB surfactant, like the others, the silica nanofibers were smaller
after calcined (576-1211 nm before calcination to 303-719 nm after calcination). Before
calcination, the size of silica nanofibers was slightly increased with increasing the
amount of surfactant. However, the size of silica nanofibers after calcination with

various amount of OTAB was quite similar, accept Si_O-1 which is thinnest.

For DAAC surfactant, the obtained silica nanofibers were similar to those
of CTAB surfactant except at 3 CMC. The average diameter of nanofibers with 1 CMC
and 2 CMC were 394 and 391 nm before calcination and 310 nm and 263 nm after
calcination. The silica nanofibers with 3 CMC was irregular before calcination. The
regular of fibers were better after calcination and average diameter of nanofibers was

501 nm.

For PF surfactant, the surface of nanofibers was smooth and the size of
nanofibers was smaller after calcination (527-1082 nm before calcination to 254-680
nm after calcination). Moreover, size of silica nanofibers was decrease with increasing
amount of surfactant from 1 CMC to 2 CMC. But when increase the amount of PF

surfactant from 2 CMC to 3 CMC, the size of nanofibers was not significantly increase.
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4.2.3 Transmission electron microscope (TEM)

The porous structure inside silica nanofibers were observed via TEM
technique. According to Galarneau et al.’s research [33], the mesoporous and meso-
/macroporous silica monoliths were synthesized. They found that when the low
concentration of polymer was used, the polymer can form micelle with hydrophobic
part at the micelle core and hydrophilic part at the surface interact with silica
environment. Concurrently, the condensation of silica will occur around the polymer
micelle, result in ordered mesoporous structure when the polymer was removed as

shown in Figure 4.6.

Hydrophilic part
of the polymer

Hydrophobic part
of the polymer

Silica

Mesoporous ordered powder

Figure 4.6 Schematic represent of the mesoporosity of the materials. [33]

Therefore, in this research, we expect that the cationic or polar group of
surfactants may interact strongly with silica species by electrostatic force, at pH>2 silica
species are deprotonated and become negative charge [34], and complexes of
silica/surfactant were formed. After that, the hydrophobic groups of surfactants will
interact to form micelle under silica condensation and self-assembly mechanism was

occurred, as illustrated in Figure 4.7.
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Surfactant

<— Hydrophilic
*— Hydrophobic

Figure 4.7 Schematic representation of porosity in silica nanofibers.

Reproduced from ref. [33].

As a result, mesoporous silica materials would observe when surfactants
were removed. Nonetheless, the mesoporous structure in silica nanofibers cannot be
observed in all concentration of CTAB and OTAB which are shown in Figure 4.8 a)- c)
and Figure 4.8 d)- f). It implied that the micelle size of CTAB and OTAB, which have
single long and short non-ionic chain, might be too small and then form microporous

structure in silica network instead of mesoporous or macroporous structure.
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Concentration of surfactant
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Figure 4.8 TEM images of silica nanofibers a) Si C-1, b) Si C-2, ¢ Si C-3,
d) Si_O-1, ) Si_0-2, ) Si_0-3, ¢) Si_ D-1, h) Si_D-2 i) Si_D-3,)) Si_P-1,
k) Si_P-2,and 1) Si_P-3.
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However, TEM images of silica nanofibers with DAAC surfactant in Si_ D-1
and Si D-3 (Figure 4.8 ¢) and 4.8 i)) were noticed a mesoporous structure while
mesoporous structure was not noticed in Si_D-2. It assumed that DAAC surfactant can
also interact and form complexes with silica species via electrostatic interaction. Then,
silica condensation and self-assembly mechanism were taken place and mesoporous
structure was formed. However, micelle of DAAC, which have two non-ionic chains, in
Si_D-1 might form in spherical and elliptical shape that big enough to form mesoporous
structure. As a result, spherical and elliptical shape mesoporous structure was

observed as shown in Figure 4.8 g).

At 2 CMC of DAAC (Si_D-2), micelles might change into another form which
were too small to form mesoporous structure as Si_ D-1. But the Si_ D-2 nanofibers were
rather thin, implied that there were large number of small micelle to act as porous
template in the fibers. Unfortunately, porous structure was observed again in Si_ D-3
with higher amount of DAAC. This presumed that DAAC micelles transform to rod or

ellipsoid shape when the concentration of DAAC increases.

Similarly, porous structure can be observed in silica nanofibers with PF
surfactant at 2 and 3 CMC, Figure 4.8 k) and 4.8 ). Porous structure was not observed
at 1 CMC of PF surfactant, assumed that the micelle of surfactant at 1 CMC was too
small to form mesoporous structure. Porous structure in Si_P-2 was sphere, and in
Si_P-3 was cylinder. According to Lu Han and Shunai Che’s research [34], cationic
surfactant can interact with silica species and the hydrophobic part of surfactant were
induced to from the helical propeller-like configuration in rod-like micelles as shown
in Figure 4.9. Then the rod-like porous structure were built after the surfactant was
removed. Rod-like porous structure was seen in Si_P-3. Therefore, hydrophilic group of
PF surfactant at 3 CMC might be interacted with silica species and build a rod-like
micelle. Whereas PF is non-ionic surfactant, the interaction between two hydrophilic

tail of PF and silica species might be H-bond or dipole-dipole interaction.



Figure 4.9

34

Molecular origin of helical mesostructure of chiral mesoporous silica

derived from the helical packing of chiral amphiphiles [34].
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4.2.4 N, adsorption/desorption

The porous characteristics of the silica nanofibers with different
surfactants were studied for adsorption/desorption isotherm as shown in Figure 4.10.
All the nitrogen adsorption/desorption isotherms of fabricated nanofibers are type |,
microporous solids [35]. In addition, the surface area, pore volume and mean pore

diameter of obtained silica nanofibers calculated are summarized in Table 4.3.

Si_D-3

Si_C-3

p/po p/po

T T T T !l T T T T 1
0.2 0.4 0.6 0.8 1 0.2 04 0.6 0.8 1

p/po p/po

Figure 4.10 Nitrogen adsorption/desorption isotherm of silica nanofibers a) Si_ C,

b) Si D, c) Si_ O, and d) Si_P compared with Si_NF.
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Table 4.3 Data from nitrogen adsorption/desorption technique.
Surface area | Pore volume | pore diameter
Surfactants Nanofibers
(m%/g) (cm?/g) (nm)
- Si NF 399.12 0.20 2.02
Si C-1 564.32 0.27 1.94
CTAB
Si C-2 478.98 0.24 2.04
Si_C-3 443.24 0.26 2.38
Si O-1 627.87 0.28 1.79
OTAB Si_ O-2 778.46 035 1.80
Si O-3 670.12 0.30 1.82
Si D-1 499.92 0.24 1.92
DAAC

Si D-2 599.62 0.28 1.86
Si_D-3 558.54 0.26 1.89
1.98

Si_P-1 495.57 0.25
2.15%
2.11

PF :

Si_P-2 451.36 0.24
2.49*
2.62

Si- P-3 342.01 0.22
4.48*

*The pore diameter calculated using t-plot method.
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The H4 type hysteresis loops, which refers to uniform of porous size
and/or shape [35], in Si_C nanofibers were observed at high amount of CTAB (2 and 3
CMQ). Therefore, an increase of CTAB causes the porous size and/or shape more
uniform. Moreover, the surface area and pore volume decrease with an increase of
amount of CTAB. Meanwhile the pore diameter increases with an increase of amount
of CTAB. It is assumed that the size of CTAB micelle will increases and the number of
micelle will decrease as the concentration of CTAB surfactant is increase. Therefore,
with bigger size and less number of micelle, the surface area and pore volume of Si C

decreased.

Among the various type of surfactant, the Si O nanofibers gave the
highest surface area. Meanwhile, the amount of OTAB almost does not affect the
nitrogen adsorption/desorption isotherm. Pore diameters of Si O are nearly the same.
Although their pore diameters are equal, Si_ O-2 have the large pore volume. It is
assumed that the number of OTAB micelle will increase with an increase of OTAB

concentration, which leads to larger pore volume and higher surface area.

For DAAC surfactant, hysteresis loops of silica nanofibers were decrease
with increasing amount of DAAC. Even though, Si_ D-1 was the most uniform porous,
Si_D-1 has least surface area among Si_D nanofibers. However, the pore diameters of
all Si_D nanofibers were almost the same which disagree with TEM images that
mesoporous structure can be observed in Si_D-1 and Si_D-3. This presumed that the
mesoporous in Si_D-1 and Si_D-3 are dominated by microporous in nanofibers, so the
diameter calculated from N, adsorption/desorption isotherm showed the microporous

size.

Unlike the others, isotherm of Si_P nanofibers show H3 type hysteresis
loop at all amount of PF surfactant, refers to their nonuniform porous. Si P-3
nanofibers gave the biggest pore diameter and least surface area, due to the big porous
tube along the length of nanofibers as shown in Figure 4.6. However, the pore size of
Si_P were not different from the size of microporous in other nanofibers, even if the
mesoporous were clearly noticed in TEM images. Therefore, t-plot method was applied

to determined pore size in Si_P nanofibers.
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Figure 4.11 t-plot of silica nanofibers with PF surfactant: a) Si_P-1, b) Si_P-2, and
c) Si_P-3.

According to Figure 4.11, t-plot of Si P slightly show pattern of
mesoporous type and larger pore diameters, which is consistent with TEM images.
Therefore, the pore diameter of Si_P nanofibers were calculated from t-plot method.
As a result, the porous size increased with an increase of PF surfactant concentration.
It is assumed that the size of PF micelle will increases when the concentration of PF

surfactant increase.

In comparison of isotherm with Si_NF nanofibers shown in Figure 4.10,
some of fabricated silica nanofibers show an increase in uniform porous structure. It
assumed that the addition of surfactant at different concentration can affect the
formation of silica network structure. An increase of CTAB concentration can slightly
improve the uniform of porous, while an increase of DAAC decreases a porous uniform.

On the other hands, OTAB surfactant does not affect an uniformity of porous structure
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at all, possibly due to the small size of OTAB micelle. Moreover, the addition of PF

surfactant showed nonuniform porous structure.

4.2.5 Morphologies of fabricated electrospun silica nanofibers

From Table 4.4, the mopeologies and characteristics of fabricated

electrospun silica nanofibers were compared.

Table 4.4  The electrospun silica nanofibers morphologies.

Surfactant CTAB OTAB DAAC PF
Concentration None
1 2 3 1 2 3 1 2 3 1 2 3
(CMQO)
Mesoporous
shape o/ |0 0|0
(TEM image)
Mean pore
diameter 2.0 19 120 |24 | 18| 18|18 |19 |19 |19 | 22| 25| 45
(nm)
Surface area
) 399 564 | 479 | 443 | 628 | 778 | 670 | 500 | 600 | 558 | 496 | 451 | 342
(m</g)
. Microporous
Adsorption/ Microporous
+
desorption Microporous Microporous Microporous +
Mesoporous
i Mesoporous
isotherm (in Si_D-1)

According to the adsorption/desorption isotherm, most of fabricated silica

nanofibers were type | or microporous solids. Agreeable with the assumption of

microporous structure in silica nanofibers with CTAB and OTAB surfactant. The isotherm

of Si_P nanofibers slightly showed the pattern of a mesoporous type isotherm. It is

assumed that the microporous structure was dominate over mesoporous structure, so

the isotherms were shown in microporous type instead of mesoporous type. On the

other hand, the isotherms of Si_D nanofibers were shown in both microporous and

micro-/mesoporous type. Even though both Si D-1 and Si_D-3 showed mesoporous
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structure, Si D-3 isotherm was only microporous while Si D-3 isotherm was
microporous with slightly of mesoporous type similar to the isotherm in Si P. It
presumed that the formation of micelle in Si_D-1 might similar to those in Si_P. Also,

the formation of micelle in Si_D-3 might similar to those in Si_C and Si_O.

In addition, the mesoporous structure was observed in silica nanofibers
with steric structure of surfactant. The mesoporous structure was present in Si_D-1,
Si_D-2, Si_P-2, and Si_P-3 nanofibers with different porous shapes. The nanofibers with
lower concentration of surfactant showed spherical or elliptical porous shape. While
the nanofibers with higher concentration of surfactant showed cylindrical or rod-like
porous shape. It assumed that the hydrophobic chain of surfactant may induced the
surfactant to form rod-like micelle and then leading to a helical structure along the

length of nanofibers.

Additionally, the pore size of nanofibers is related to the surfactant
micelle size. The pore diameter of Si_C was larger than Si_O because CTAB contains a
longer alkyl chain. So, a micelle of CTAB was bigger than a micelle of OTAB which

leading to larger pore diameter.

When the pore diameter of Si C and Si D were compared, the pore
diameter of Si_C was larger than that of Si_D although the size of DAAC surfactant,
which have double non-ionic chains, is bigger than CTAB surfactant, which have a single
non-ionic chain. It assumed that micelle of DAAC was smaller than that of CTAB.
Besides, CMC values of CTAB is much higher than that of DAAC. Therefore, DAAC can
form micelle at a lower concentration. Unlike CTAB, micelle was formed at high
concentration. It assumed that the micelle size of CTAB might be bigger than DAAC

because of larger number of molecules of CTAB in micelle structure.

The surfactants with high steric structure, DAAC and PF, can produced
mesoporous in nanofibers. While the interaction between cationic surfactant and silica
species is electrostatic interaction, the interaction between silica species and PF is
dipole-dipole interaction. The interaction of PF might not as strong as the interaction

of DAAC. So, the pore size in Si_P nanofibers was bigger than in Si_D nanofibers because



41

PF might likely form micelle more than interact with silica species, leading to a big and

steady porous structure in Si_P.

In comparison to the commercial silica gel, the surface area of fabricated
electrospun silica nanofibers were higher than the commercial silica gel. This implied
that electrospinning technique can provide high surface area materials. Moreover,
surface area of nanofibers with surfactant were higher than nanofibers without
surfactant. This approved that the addition of surfactant can provide porous structure

in electrospun silica nanofibers and can improve surface area.
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4.3 Adsorption of methylene blue (MB) in water

The fabricated nanofibers were applied as an adsorbent to remove MB in water.
Typically, surface of silica nanofibers is negative charge, when pH>2, and can adsorb
cationic species, like MB, by electrostatic attraction [36]. After the adsorption, MB
solution which has blue color turned into pale blue to almost clear depend on the

amount of dye that can be uptake in silica nanofibers.

From Figure 4.12, the results showed that all fabricated silica nanofibers have
high efficiency in MB adsorption and higher than the commercial silica gel. This implied
that silica nanofibers provided higher surface area and appropriate in adsorption
application. The silica nanofibers without the addition of surfactant, Si_ NF, showed the
lowest efficiency in MB removal from water. This can be proved that the addition of

surfactant can increase surface area of silica nanofibers.

According to their surface area, Si O-2 has the highest surface area, which is
agreeable with the highest efficiency in MB adsorption. However, the efficiency of
fabricated silica nanofibers with different surfactants in MB adsorption is not
dramatically different. The percentages of MB removal were 88-97% which was

agreeable with their surface area.

N

w

L

e f) g h D) ) Kk ) m n

.

Figure 4.12 Removal value (%) of methylene blue when used fabricated silica
nanofibers a) silica gel, b) Si NF, c) Si C-1, d) Si C-2, e) Si C-3,
f) Si_D-1, g) Si_D-2, h) Si_D-3, 1) Si_O-1, j) Si_0-2 k) Si_O-3, 1) Si_P-1,
m) Si_P-2, and n) Si_P-3 as adsorbent.



CHAPTER V
CONCLUSIONS

5.1 Conclusions

Electrospun silica nanofibers with porous structure were produced by
electrospinning technique via sol-gel process and surfactant self-assembly. Nanofibers
were distorted when high concentration of surfactants was used. In addition, high
concentration of short chain surfactant, OTAB, interrupts the formation of silica network

structure in sol-gel reaction, so, it needs longer time in a sol-gel process.

For cationic surfactant, the number and size of non-ionic chain slightly affect the
porous formation in silica nanofibers, DAAC with double chain can provide mesoporous
in silica nanofibers via surfactant self-assembly. Non-ionic surfactant with huge
structure, PF, can also provide porous like DAAC. Moreover, the amount of surfactant
also affects the self-assembly of surfactant micelle and leads to different shapes of

porous structure.

Furthermore, four surfactants (CTAB, DAAC, OTAB and PF) showed different
surface area and porous structure. The amount and type of surfactant also affected
the uniformity of porous structure. Porous are more regular when increasing amount
of CTAB, but worse with increasing amount of DAAC, and barely affected by varying

amount of OTAB. While the porous was in nonuniform type when use PF surfactant.

Silica nanofibers showed high efficiency in dye adsorption over commercial silica
gel. The addition of surfactant can improve silica nanofibers surface area which is
benefit when used as adsorbent. All fabricated silica nanofibers showed high

percentage of dye removal in water.
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5.2 Future work

The size of some surfactants that used in this research were rather small, so the
formation of mesoporous were difficult. Only the surfactant with huge or high steric
structure, like DAAC and PF, can created the mesoporous structure. Therefore, more
surfactants, both cationic and non-ionic surfactants, with huge structure and high steric
structure should be studied in different concentration. The chain part of surfactant,
hydrophobic and hydrophilic, also should be studied. To confirmed the effect of
surfactant type and concentration on the formation of porous structure. In order to
design electrospun silica nanofibers with controlled mesoporous structure via

surfactant self-assembly.
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Figure A-6 BET-plot of Si_D-1.
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Figure A-7 BET-plot of Si_D-2.
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Figure A-8 BET-plot of Si_D-3.
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Figure A-9 BET-plot of Si_O-1.
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Figure A-10 BET-plot of Si_O-2.
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Total pore volume( p/p;=0.874)
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Figure A-11 BET-plot of Si_O-3.
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c 1020.1 Total pore volume( pfp,=0.969)  0.2457 [cm3 g1]
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Figure A-12 BET-plot of Si_P-1.
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Mean pore diameter 2.1188 [nm]

Figure A-13 BET-plot of Si_P-2.
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Figure A-14 BET-plot of Si_P-3.
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Figure A-15 Calibration curve of MB by UV-visible spectrophotometer.
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Table A-1  Removal value of methylene blue when used fabricated silica

nanofibers as adsorbent compared with silica gel. (n=3)

Surfactant Silica nanofibers Dye removal (%) SD
- Silica gel 74.4 0.8

= Si_ NF 79.5 0.4
Si C-1 93.0 0.5

CTAB Si C-2 88.2 1.3
Si C-3 85.9 0.9

Si D-1 93.8 1.1

DAAC Si D-2 96.3 0.4
Si D-3 94.8 0.9

Si O-1 96.3 0.3

OTAB Si 0-2 97.5 0.2
Si O-3 93.7 1.5

Si P-1 95.2 1.8

PF Si P-2 88.0 1.3
Si- P-3 92.2 0.9
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