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ABSTRACT

Formaldehyde is one of the highly toxic indoor air pollutants emitted from the building
materials, furniture coating and food preservatives, and its removal is therefore
important to ensure a safe environment for us. The current study is focused on the
synthesis of amine functionalized mesoporous silica coated ceramic sorbent materials
to adsorb formaldehyde. The amine functionalized mesoporous silica nanoparticles was
synthesized by so-gel technique from tetraethyl orthosilicate (TEOS) as silica precursor
and cetyltrimethylammonium bromide (CTAB) as template. The composition of the
precursor solution was modified by varying the molar ration of H2O/TEOS and
TEOS/APTES. The ceramic substrate was prepared in light casting process from micro-
sized alumina particles and coated with the amine functionalized silica nanoparticles in
dip coating technique. Field Emission Scanning Electron Microscopy (FESEM),
Energy Dispersion X-ray Spectroscopy (EDX), Fourier transform infrared (FT-IR)
spectroscopy, and N2 adsorption—desorption isotherms were used to characterize the
amine functionalized mesoporous silica nanoparticles, ceramic substrate, and the
functionalized mesoporous silica coated ceramic sorbent. The adsorption efficiency of
the fabricated sorbent materials was evaluated by desiccator method and the
equilibrium characteristics were evaluated by using Langmuir adsorption isotherm. The
sample synthesized with H2O/TEOS = 45.5 and TEOS/APTES = 80/20 showed highest
adsorption capacity because of its specific surface area, pore diameter and amine

groups.
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CHAPTER 1
INTRODUCTION

1.1 Background of the Study

Formaldehyde is one of the most common volatile organic compounds (VOCs). Itis a
colorless gas and possesses a sharp pungent odor. Formaldehyde is considered as one
of the highly toxic VOCs and can cause serious health hazard. Despite being a toxic
pollutant, formaldehyde is used widely in different industrial sectors, such as building
materials, textile industry, particle board, household products, glues, wood industry,

automobile sector, etc.

The easy availability, high reactivity and lower cost of this chemical substance makes
it a suitable candidate to be used in the industrial sectors. Wood, furniture and building
manufacturing industries uses formaldehyde as varnishes and paints from which the gas
is emitted to the indoor air (Gurl et al., 2006; Halvarsson et al., 2008; Kim, 2009).
Tobacco smoking (Leaderer & Hammond, 1991), combustion or burning of wood, can
also introduce formaldehyde to the atmosphere. Human and other metabolic organisms
introduce a very little amount of formaldehyde to the environment due to their
metabolic activities. Different indoor and outdoor formaldehyde sources are shown in

Figure 1.1.

Agqueous solution of formaldehyde is known as formalin which contains 40% of
formaldehyde by volume (37% by weight) and 6-13% methanol by volume in water
(OSHA Fact Sheet: Formaldehyde | Occupational Safety and Health Administration,
n.d.). It is used as preservative in the medical sector as well as in the food industries;
formalin from the preserved food and medicine can be diffused to the atmosphere and
cause indoor air pollution. Formaldehyde is also used as disinfectants, germicides, and

fungicides in different industries.

If inhaled, formaldehyde can cause severe breathing problem, nausea and burning
sensation in throat, eye, and nose (Ewlad-Ahmed et al., 2012). Exposure to low level
(0.5 ppm) of formaldehyde for a long period of time can cause respiratory problems

(like asthma) as well as skin diseases (for example itching, irritation or dermatitis).



According to the National Institute for Occupational Safety and Health (NIOSH) 20
ppm of formaldehyde is considered to be immediately dangerous to life and health
(IDLH) (OSHA Fact Sheet: Formaldehyde | Occupational Safety and Health
Administration, n.d.). In different laboratory tests, it has been established that the
exposure to formaldehyde can cause cancer in animals. According to Environmental
protection Agency (EPA), formaldehyde is one of the probable human carcinogens. The
National Cancer Institute has reported that the exposure to formaldehyde can cause
leukemia in humans (Formaldehyde and Cancer Risk - National Cancer Institute, n.d.).
According to US EPA, the permissible formaldehyde limit in the indoor air is 0.1 ppm
which can protect any individual from both irritation as well as cancer hazards (Golden,
2011). According to OSHA, the permissible exposure limits (PELs) of formaldehyde
in air is 1 ppm for 8 hours and 2 ppm for 15 mins(OSHA Rulemaking on Formaldehyde

Exposure Limits | Occupational Safety and Health Administration, n.d.).

Figure 1.1
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The concentration of formaldehyde in indoor air is generally 2-10 times higher than
that of the outdoor air, as furniture and building materials are the main source of
formaldehyde emission (Béaez et al., 2003; Marchand et al., 2006). In 2009, Ongwandee
et al. (Ongwandee et al., 2009) have estimated the concentrations of formaldehyde in

12 office building in Bangkok and reported an average concentration of formaldehyde



in the indoor air as 35.5 pg/m3 (0.04 ppm), while the concentration of the outdoor air

was 10.1 pg/m3 (0.01 ppm).

1.2 Statement of the Problem

The removal of formaldehyde from the indoor environment is highly required to protect
living organisms from severe health hazards. Removal of gaseous formaldehyde was
attempted before by using activated carbon, potassium permanganate or aluminum
oxide (Ewlad-Ahmed et al., 2012). However, these materials undergo different kinds
of reactions with other VOCs present in the atmosphere which limit the adsorption

capacity of these materials.

Glass fibers were also used for the removal of formaldehyde from the atmosphere
(Gesser, 1984). Polyethylene hydrazine and amines were sprayed on to the fibers for
the formaldehyde adsorption. However, the method was not successful because it
offered a short time solution.

Activated carbon and Tenax TA (a 2,6-Diphenylene oxide based porous polymer resin
produced by Buchem BV) have been developed for the removal of VOCs from the
indoor environment and they are considered as highly suitable for the removal of VOCs
from the environment. However, these materials have shown less suitability for the
removal of formaldehyde vapor. Additionally, clogging of pore and difficulty in
regeneration of the materials are problems of activated carbon-based adsorbent
materials (Ewlad-Ahmed et al., 2012).

Mesoporous silica based adsorbent materials (Stein, 2003) were studied for the removal
of formaldehyde(Srisuda & Virote, 2008), but studies on the practical applications and
efficiency to remove formaldehyde using this mesoporous silica based adsorbent
materials is still limited (Hartmann & Bischof, 1999, 1999; Idris et al., 2010; Kosuge
et al., 2007; Matsumoto et al., 2004; Ueno et al., 2002). Moreover, studies on the
adsorption efficiency of mesoporous silica coated ceramic based adsorbent have not

been carried out yet.

Nevertheless, preparation methodologies of some of the adsorbents is very complex and

sometimes require expensive materials. All these aspects make the fabrication

3



techniques inconvenient and costly. Mesoporous silica coated porous ceramic
substrates, in this regard, can be a simple and cost-effective solution for the adsorption
and removal of formaldehyde. Moreover, the functionalized mesoporous silica
nanoparticles will offer desired high specific surface area and functionality required for

the effective adsorption of formaldehyde and its subsequent removal.

1.3 Objectives of the Study
The overall objective of this study is to synthesize amine functionalized mesoporous
silica nanoparticle coated ceramic substrate for the efficient removal of formaldehyde
vapor. The specific objectives of the study are as follows:
1. To synthesize amine functionalized mesoporous silica nanoparticles.
2. To synthesize alumina ceramic substrate and coat them with amine
functionalized mesoporous silica.
3. To evaluate the performance of the amine functionalized mesoporous silica
coated ceramic substrate towards the adsorption and removal of formaldehyde

vapor.

1.4 Scope of the Study

The formaldehyde adsorbents have wide range of application in various industries,
including textile industries, paint industries, food industries, automobile sectors, and so
on. Formaldehyde exposed from the household sources including stove, smoke, paint,
carpet, food preservatives, etc. Thus, the sorbent materials have huge application where
carcinogenic formaldehyde gas is exposed. The current research focuses on the
preparation of amine functionalized mesoporous silica coated ceramic sorbents to

adsorb and remove formaldehyde vapor from air.

1.5 Limitation of the Study
. Only micro- and nano-sized alumina are used to prepare porous ceramic
substrates, and other types of ceramics are not considered.
. Only mesoporous silica nanoparticles are considered for the coating of the
ceramic substrates; other types of nanoparticles are not considered.
. The research is limited to the adsorption and removal of formaldehyde only,

other types of VOCs are not considered.



CHAPTER 2
LITERATURE REVIEW

Formaldehyde is one of the most toxic VOCs present in the environment. It is highly
reactive and flammable at room temperature. In ambient condition, formaldehyde
quickly oxidized to carbon dioxide in presence of light and to formic acid by reacting
with hydroxyl radicals (Kaden et al., 2010a). Formaldehyde is formed primarily by
numerous anthropogenic activities as well as natural sources (Kaden et al., 2010a).

The toxic formaldehyde gas is released in the environment by the combustion or
decomposition of biomass and from volcanoes as well. Moreover, formaldehyde is
produced extensively in the industries as fixative and disinfectant, or as a preservative
for the consumer products. All of these products and their usage is the most common
sources of formaldehyde in the indoor atmosphere. Formaldehyde can be indirectly
exposed to the indoor air by the oxidation of the other VOCs and the reaction between
alkene containing terpenes and ozone in the outdoor environment which can enter the

indoor atmosphere by the exchange of air (Kaden et al., 2010b).

2.1 Formaldehyde Toxicity

The most important industrial chemical, formaldehyde, also plays an important role in
the biological system. Formaldehyde acts as an intermediate in the cellular metabolism
and plays essential role for the biosynthesis of thymidine, purine and other certain
amino acids (Kaden et al., 2010a). Exposure of human and animals to this chemical
results in metabolic incorporation of formaldehyde into DNA, RNA, and proteins.
Formaldehyde molecules bind covalently with the macromolecules and results in toxic
effects in human and animals (Heck et al., 1990). Formaldehyde causes irritation in the
respiratory tract by metabolizing in the nasal mucosa and reacting covalently with

nucleic acids and proteins.

Short time exposure to formaldehyde has been found to cause cytotoxicity, while
relatively long-time exposure results in carcinogenicity. When animals and humans are
exposed to the environment containing formaldehyde vapor, it affects their breeding
capability and life span as well (Duong et al., 2011). Formaldehyde not only affects
human and animals adversely, it also affects the plant species as well. The most



significant effect of formaldehyde on plant species is the reduction of water content and
wet weight of the plant (Teiri et al., 2018).

2.2 Techniques to Remove Formaldehyde

Formaldehyde can be removed by both physical and chemical methods, for example,
adsorption, scrubbing and advanced oxidation (Bum An et al., 2012). Sometimes both
physical and chemical methods are employed together to remove formaldehyde from
the atmosphere. Among the formaldehyde removal techniques, adsorption and

scrubbing are the physical techniques, while oxidation is the chemical technique.

Oxidation is the chemical process where formaldehyde is removed from the indoor air
by chemical reaction. Oxidation usually requires high temperature and suitable
environment, whereas the catalytic oxidation is carried out at ambient atmosphere. The
most active catalytic oxidation technique uses Pt/ TiO2 (Huang et al., 2013). On the
other hand, scrubbing is the physical method where sodium metabisulfite (MBS)-
assisted water scrubbing is carried out to remove dilute formaldehyde from the resin
production plants (Prado et al., n.d.). However, the most common and efficient method
for the removal of formaldehyde from indoor air is the adsorption technique. Several
materials have been developed as sorbent material which can efficiently adsorb and
remove formaldehyde from the indoor air.

2.3 Sorbent Materials for the Removal of Formaldehyde

Adsorption is the most common and efficient technique used to remove formaldehyde
from the indoor atmosphere. This physical technique includes several sorbent materials
to adsorb formaldehyde from the atmosphere. Some example of such sorbent materials
is activated carbon (Bum An et al., 2012), mesoporous silica (Ewlad-Ahmed et al.,

2012) and porous metal-oxides (Krishnamurthy et al., 2018a).

Activated carbon has been extensively used to remove formaldehyde by adsorption
from the indoor environment. Despite showing excellent VOC removal capacity,
activated carbon lacks efficiency for the adsorption and removal of polar materials, like
formaldehyde (Bum An et al., 2012). Mixed metal oxide is another class of compound
that is employed for the adsorption of formaldehyde. Typically, metal oxides used for
the adsorption includes TiO2/SiO2, ZrO2/SiO:2 etc (Krishnamurthy et al., 2018b). In

6



some cases, transition metal oxide supported metal catalysts are used for the removal
of formaldehyde. Usually, the transition metal oxides include Fe203, Al203, CeOz,
ZrO2, MnOz2, Co304, NiO, and TiO2 and the metal catalysts include Ag, Au, Pt, Pd,
Rh, and Ru (Tan et al., 2019). Mesoporous silica is also a most widely known class of

compound that has been used for the adsorption and removal of formaldehyde.

2.3.1 Porous Sorbent Materials

Porous materials typically contain matrix and fluids. The matrix constitutes the frame
of the materials; fluid can be either liquid or gas. Porous materials are characterized by
their high specific surface area, low density, and number of novel and unique properties
in different fields (Nishiyabu, 2012).

Depending on the size of the pores, porous ceramics can be categorized into three
different classes (Liu & Chen, 2014); such as,

e  Microporous materials, pore sizes less than 2 nm

e  Mesoporous materials, pore sizes of around 2-50 nm

e  Macroporous materials, pore sizes more than 50 nm

Figure 2.1

Microstructure of Porous Gypsum at Meso and Micro Scale

Microporous Mesoporous Microporous
Less then 2 nm 2-50 nm Grater than 50 nm
(Zeolites) (Mesoporous Silicates) (Ceramics)



Among the three class of nanomaterials, mesoporous nanomaterials which has pore
dimension in the range of 2 nm to 50 nm is most widely utilized in different application
for their unique properties. However, the rules about using porous materials varies from

country to country, thus the classification based on porosity is not adopted worldwide.

The pores of porous materials are also classified as open pores or closed pores
depending on their accessibility to the surrounding environment. Open pores allow the
molecules to access the surrounding medium. Open pores are also categorized as open
at both the ends and open at one end. On the other hand, closed pores prevent the access
of molecules from the surrounding medium. According to Ruike et al. closed pores are
those that are not accessible by Helium gas at 303 K temperature (Zdravkov et al.,
2007).

Figure 2.2

Classification of Pores (a) Closed Pore; b and f: Pores Open at One End; c, d and g:
Open Pores; e: Pores Open at Both Ends(Rouquerol et al., 1994)

2.4 Silica Nanoparticles

Nanomaterials are those compounds which has at least one dimension in the nanometer
range (1-100 nm). This materials can be classified as zero-dimensional (0D), one-
dimensional (1D), two-dimensional (2D), and three-dimensional (3D) nanomaterials
(Fadeel & Garcia-Bennett, 2010).



Zero dimensional nanomaterials are those where all three dimensions are confined in
the nanometer range, i.e., within 1-100nm range. Quantum dots are example of this
class of compounds. Amorphous, crystalline, polymeric, ceramic and metallic
compounds can be known as zero dimensional materials. One dimensional (1D)
nanomaterials are those which has at least one dimension in the nanometer range.
Nanotube, nanowires, nanofibers and nanorods fall in this class. Two dimensional (2D)
materials are known to have two dimensions in the nanometer range. Nanofilms,
nanocoating, nanolayers are known as two dimensional. Lastly, three dimensional (3D)
nanomaterials are those where none of the dimensions fall in the nanometer range.
These class compounds are also known as bulk materials (*Nanomaterials Definition
Matters,” 2019).

Silica nanoparticles used in different applications can be categorized into two classes:
porous and nonporous particles. Porous particles basically fall in the mesoporous class.
Both nonporous and porous silica nanoparticles are amorphous in nature. The porosity,
size and shape of the pores of porous nanoparticles can be controlled by varying the

synthesizing condition, for example, surfactant, pH, temperature etc.

2.4.1 Porous Silica Nanoparticles

Although porous silica nanoparticles basically fall in the mesoporous class, but in
general, depending on the size of the pores, the three class of silica nanoparticles are
microporous silica nanomaterials, mesoporous silica nanomaterials and macroporous

silica nanomaterials.

Mesoporous silica nanoparticles fall in the dimension range of 2 nm to 50 nm. They
can be classified into two major classes: M41S Type mesoporous nanoparticles, hollow
mesoporous silica nanoparticles, and Originally modified silica (ORMOSIL)
nanoparticles (Feng et al., 2016).



Figure 2.3

Mesoporous Silica a) M41S-Type, b) ORMOSIL-Type, c¢) Hollow-Type Mesoporous

Silica Nanoparticles
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Synthesis of Silica Nanoparticles

Silica nanoparticles can be synthesized in two ways: sol-gel method and

microemulsion method (Zou et al., 2008).

a.

In sol-gel method (Greasley et al., 2016), spherical, monodispersed silica
nanoparticles can be prepared. The hydrolysis of alcoholic dilute solution of
TEQOS (in ethanol) is carried out to produce the silica nanoparticles. pH has great
impact on the size of the nanoparticles. This method is usually carried out at a
very high pH. The size of the nanoparticles can vary from 10 nm to 2 um
depending on the synthesizing condition. Hydrolysis and condensation reaction
occur during the synthesis of silica nanoparticle in this method, which can be
shown as follows:

Hydrolysis: Si-(OR)4 + H20 — Si-(OR)3-OH+ R-OH

Condensation: Si-(OR)3-OH+ HO-Si-(OR)3—[(OR)3Si-O-Si(OR)3]+ H-O-H
In microemulsion method (Greasley et al., 2016) hydrolysis of TEOS in inverse
microemulsion is carried out in controlled manner. In this method, inverse
micelle is formed in presence of surfactant in nonpolar solvent. The formation

of inverse micelle initiates the formation of silica nanoparticles.

2.4.2.1 Synthesis of Porous Silica Nanoparticles Porous silica nanomaterials

belong to the molecular sieve family. Among all classes of porous silica nanomaterials,

mesoporous silica is most widely used due to their enhanced unique properties for

different applications. Some of the properties include controllable porosity, particle

size, morphology, and chemical stability (Mehmood, 2017).
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In order to synthesis mesoporous silica nanoparticles, cationic surfactant molecules are
used to initiate the process. Surfactants form micelles which act as a template to produce
desired sized particles with anticipated porosity. After the formation of particles with
desired size and porosity, the samples are calcined to remove the surfactant template.
The mechanism for the formation of mesoporous silica nanoparticles is shown in figure-
2.4.

Cai et al. reported the successful formation of mesoporous nanomaterial, MCM-41 (Cai
et al., 2001). In this process at first surfactant molecules (Usually CTAB) in added to
the water and alcohol mixture at high pH under stirring which produces micelles. Then
TEOS is added to the mixture under stirring. After the completion of the reaction the
sample was calcined at high temperature to remove the template. This gives the
mesoporous nanoparticle with desired porosity and particle size. Concentration of silica
and surfactant plays important role to control the particle size. The particle size can be
controlled by varying the ratio of silica and surfactant molecules (Lin et al., 2012). A
different way of achieving mesoporous silica nanomaterials was reported by Mann et
al. According to his study the mesoporous interior can be formed by hydrolysis and

condensation reaction of TEOS (Fowler et al., 2001).

Figure 2.4
Schematic Diagram for the Formation of Mesoporous Silica Nanoparticles(Yang et al.,
2012)
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Morphological and textural features of mesoporous silica nanoparticles vary widely
depending on the composition ratio of the precursor solution. Different synthesizing
methodology and structural features of mesoporous silica MCM-41 is summarized in
table 2.1.

Table 2.1
Review on Synthesizing Methodology and Structural Features of Mesoporous Silica

MCM-41

Synthesis composition Specific Particle Pore References
Surface Size  Diameter
Area, (nm) (nm)
(m*/g)
TEOS:AEEA:CTAB: 141.40 159.8 (Srisuda &
EtOH:H:20 = Virote, 2008)
0.85:0.15:0.22:5:80
TEOS:CTAB:NaOH: 871 - 2.61 (Chen & Wang,
H20 =1:0.1:0.30:60 2002)
TMOS:CTAB: 992 - 3.32 (Trouvé,
Methyamine:H20 = Batonneau-
1:0.215:2:120 Gener, Valange,
Bonne, &
Mignard, 2012)
TEOS:CTAB:NHs: - 806.5 - (Dahane et al.,
H20:C2Hs0H = 2016)
1:0.3:11:144:58
TEOS:CTAB: 1460 - 2.1 (Meléndez-Ortiz
NH3z:H20 etal., 2012)
TEOS:NaOH: 468 1.94 1500 (Brigante &
CTAT:F68 = Avena, 2014)
1:0.53:0.011:0.0037
TEOS:CTAB:NH3: 978 - - (Kirik,
C2Hs0H:H20 = Parfenov, &

1:0.2:21:50:475

Zharkov, 2014)
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2.4.3 Surface Modification of Silica Nanoparticles

Silica nanoparticles have been used in various sectors, such as insulators (Maszara et
al., 1988), nanocomposites (Harmer et al., 1996; Kang et al., 2016), coating, catalysis
(Amgoune et al., 2008; Obrey & Barron, 2002), film substrate (Grosso et al., 2002),
Biomaterials (Gutwein & Webster, 2004; Smitha et al., 2007) etc. However, these
applications of silica nanoparticles require surface modification, because the surface
properties control the function of silica nanoparticles (Kang et al., 2016). The surface
of silica nanoparticle can be modified through two pathways: physical modification and
chemical modification (Kang et al., 2016).

a. Physical Surface Modification Method: In this method, surface modification
is achieved by adsorbing macromolecules or surfactant silica nanoparticle
surface. Surfactant’s molecules get attached to the surface of silica
nanomaterials with hydrophilic group through electrostatic interaction.

b. Chemical Surface Modification Method: In this method, modifier agents or
grafting polymers are used for the surface modification. Due to the strong
interaction between surface modifier and the silica nanoparticles the chemical

modification method is most widely used.

Silanes have hydrolyzing group and organofunctional ends which makes them suitable
as surface modifying agents. Silanes are used for the coupling of silica nanomaterials
on the surface of the matrix. General structure of coupling agents is RSiXs, where X
represents the hydrolyzing group, such as methoxy, ethoxy, chloro, etc and R represents
the organic group having different functional group for different functionality. The
silica surface contains hydroxyl group (-OH) which reacts with the hydrolyzing group

(X).

To modify the surface of the silica nanoparticles, organoalkoxysilane or halosilane can
be used which forms bond with the silanol group present at the surface of the silica
nanoparticles through condensation reaction. Surface modification can also be carried
out by using different types of organosilanes, such as MPTS, APTES and some other
PEG (Kang et al., 2016).

Silica nanoparticles achieve unique and desirable properties through surface

modification. PEGMA and PPGMA was used to improve the dispersion property of
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silica nanoparticles (Vickers, 2017). TEOS was used to modify the surface of silica
nanoparticles in Stober method where TEOS was hydrolysis reaction was carried out
to get the modified surface. The functionality of silica surface can also be improved
via incorporation of the reactive groups, such as VTES. Surface of the silica
nanoparticles was grafted with PPG or PEG through UV-photopolymerization after
reacting with VTES. The surface modified silica nanoparticles showed high weight loss

and low zeta potential.

Cationic surfactants was used by Xiao-Kun Ma et al. to produce highly dispersed silica
nanoparticles (Ma et al., 2010). In this method CTAB was used as a cationic surfactant
molecule which was adsorbed on the surface by interacting with the negative hydroxyl
group (anionic) present on the surface of the silica nanoparticles. These adsorption
decreases the surface energy of the silica nanoparticles and this increases the spatial
atomic arrangement. The modification of silica surface in this case produced
monodispersed particles with enhanced stability (Ma et al., 2010).

Silica surface modification through hydrophilic polymer was carried out by Tae Park
et al (Park et al., 2010). They have mentioned different methods of polymer chain
attachment to the surface of silica nanoparticles in their work. In one method, they have
modified the surface using a three-step process where the polar polymer, such as PSSA
and POEM were grafted to the surface of the silica nanoparticles. The dispersion

behavior was enhanced by this process.

Sonyeon Kim et at. Showed the modification of the surface through graft
polymerization by using MMA (Kim et al., 2004). The grafting was carried out under
UV irradiation. Z. Lou et al. showed surface modification by introducing functionality
on the surface of silica nanoparticles. In this is one step process, TEOS was hydrolyzed
in polar and aqueous solution in presence of MPMS. This process introduces organic
functional group of the silica surface which prevents the agglomeration of silica
nanoparticles. Marini et al. synthesized surface modified silica nanoparticles having
core-shell structure from TEOS and then surface modification was carried out using
VTEOS (Alam & Al Riyami, 2018). They had reported that the modified silica

nanoparticles showed high carbon content in the shell and core containing oxygen and
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silicon. In another study, Wang et al. reported the modification of surface of the silica

nanoparticles by in covalent and no-covalent method (Wang et al., 2014).

2.5 Ceramic Substrate as Matrix

Ceramic is the class of compounds that is widely used in laboratories and industries due
to their stability, heat resistance, hardness, chemical inertness, and biocompatibility
(Ebnesajjad, 2014). Ceramics are basically non-metallic inorganic solid materials made
up of metallic or non-metallic compounds whose shape and hardness are achieved by
heating at high temperature. Depending on the chemical and crystal structure, ceramics
are classified as oxide ceramics, chalcogenide ceramics, Nitride and oxynitride
ceramics, carbide and borides (Ebnesajjad, 2014). Among all these types of ceramics
the most dominant class is the oxide ceramics. Oxide ceramics possesses chemical
stability and refractory character at very high temperature in the oxygen containing

environment.

Stretching, bending, melting, wear and corrosion resistance property of ceramic makes
it an ideal candidate as matrix. A variation in these properties is observed depending on
the chemical structure of ceramic materials. Alumina ceramic (Al203), mullite
(3Al203.2Si032), zirconia ceramic (ZrO2), silicon carbide (SiC), Steatite Ceramics
(Mg2SiQa), etc. are such types of ceramic materials. Different ceramic materials can
be used for different purpose depending on their corresponding properties. For
examples, Alumina possesses high thermal stability, wear and corrosive resistance;
Steatite shows high insulating properties and can be suitable for electronic devices;
Zirconia ceramics has very high strength and toughness in the atmospheric condition;
Mullite possesses low thermal expansion and thermal conductivity, excellent resistance

to creep, high chemical stability and high temperature strength (Ebnesajjad, 2014).

2.5.1 Ceramic Substrate for the Adsorption of Volatile Organic Substance

Adsorption of VOCs on the ceramic substrate can be done by the modification of the
ceramic structure, such as introducing high porosity to the structure. Introduction of
porosity in the structure enhances the surface area where the VOCs can be trapped.
Porous materials are made up of continuous solid phase that forms the basic porous
frame and a fluid phase that forms the pores in the solid. The fluid phase can consist of

gas or liquid when there is a gaseous medium or liquid medium in the pore, respectively.
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However, all the materials with pore do not referred to as porous materials. For
example, defects, such as, holes and crannies, in the solid lowers the material’s
performance. These materials will not be considered as porous. For a material to be
considered as porous, it must possess two important characteristics: first one is that the
material should contain a lot of pore and the second one is that the pore should be
designed in such a way that they can achieve the expectant index in terms of the
performance of a material. Therefore, the pore of porous materials can be considered

as functional phase and may offer optimizing action to the material’s performance.

Porous ceramics are those which have high percentage of porosity, usually 20 to 95%
(Liu & Chen, 2014). These materials typically composed of the solid ceramic phase and
the gas-filled porous phase. The gas content of the pores can be exchanged with the
environment through the pore channels. However, the closed pores may contain a

gaseous composition which is independent of the environment (Al-Naib, 2018).

Expansive research has been done on the porous ceramics and a variety of application
of these materials have been possible in different technological areas. In some field,
like environment and energy, the porous ceramic materials may have enormous

beneficial applications from the social and economic perspective(Al-Naib, 2018).

2.5.2 Classification of Porous Ceramic Materials

Porous ceramics can be classified depending on the nature of porosity, size of the pore
and the volume fraction of the porous ceramic materials (Gaydardzhiev et al., 2008).
Porous ceramic, generally, divided into two main categories, such as, ceramic foam and
honeycomb ceramics (Liu & Chen, 2014). Ceramic foam consists of hollow polyhedron
pores which form a three-dimensional array, and the honeycomb ceramic consists of

columnar pores which usually form a two-dimensional array.

Ceramic foam is further divided into two classes: open cell, reticulated ceramic foam
and closed cell, bubble like ceramic foam. The open cell ceramic foam and the close
cell ceramic foams can be distinguished by the presence of solid cell walls as in case of
closed cell ceramic foam, the pore is parted by solid cell walls (Colombo, 2006). Apart
from these two classes of ceramic foams, there are some other classes of ceramics called

half open cell ceramic foams, open pores at both ends and closed pores at both ends.
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Figure 2.5

Ceramic with (A) Honeycomb Structure and (B) Foam Structure
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Based on the constituent materials, there are several types of porous ceramic materials:
aluminosilicate, diatomite, silicate, silicon carbide, corundum, carbon and cordierites
(Liu & Chen, 2014). Porosity of ceramic materials can be classified in different types,
such as open porosity and closed porosity. Open porosity can be further divided into
open dead-end pores and open pore channels. Depending on the accessibility of the
materials to the surrounding media, the porous structure with different pore is shown

by the following diagram (Rouquerol et al., 1994).

2.5.3 Characterization of Porous Ceramic Materials
Some general and most common characteristics (Liu & Chen, 2014) possessed by all
types of porous ceramic materials are listed below:

a. Better chemical stability: Porous materials synthesized with appropriate
constituent materials and preparation methodologies can be suitably used in the
corrosive environment.

b. Good thermal stability: Porous materials made up suitable ceramic possessing
heat-resistance property can be used as filter for burning gas at an elevated
temperature or molten steel.

c. Good rigidity and specific strength: the size and shape of pores are constant and

will not be changed under any stress, like liquid pressure, gas pressure etc.
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d. Due to these characteristics porous ceramic materials can be a promising
candidate in various technological fields, including environment protection,

energy source, chemical engineering, electron industry, metallurgy etc.

2.5.4 Available Synthesis Methodologies for the Fabrication of Porous Ceramic
Materials

Typically, there are a number of available methods for the preparation of porous
nanomaterials. Some of the widely used methods are wet synthesis, sol-gel method, co-
precipitation, impregnation and hydrothermal synthesis(Perera-Mercado et al., 2018).
Among these methods, the most commonly used method is the hydrothermal synthesis
which offers the formation of a nanomaterials with a variety of different shapes,

including rods, spheres, wires, tubes, sheets etc.

Some other available synthesis methodologies are foam method, sponge method,
injection molding leaching, emulsion templating, sintering of particles, gel casting etc.
In order to produce complex ceramic materials, more sophisticated synthesis techniques
are developed. One of such kind of method is solution-combustion method(Perera-
Mercado et al., 2018).

2.6 Removal of Formaldehyde Using Alumina Polymer Nanocomposite

Alumina polymer composite are those materials that contains alumina with a polymer
to show unique properties. When alumina nanoparticles are added to the polymer matrix
it forms pores or void spaces in the interior structure of alumina polymer composite
(Latief et al., 2019). The alumina polymer composites formed this way exhibits
hardness, high tensile strength, stiffness, and lower density (Latief et al., 2019).

Amaro et al. reported the increase of mechanical strength of polymer to a great extent
when filled with alumina nanoparticles. It also reported further enhancement of
mechanical properties when the alumina nanoparticle filled polymer composites were
treated with DDSA and MNA (Amaro et al., 2018).

Agarwal et al. reported the adsorption of formaldehyde using activate alumina
(Agarwal & Dave, 2006). According to the study, when alumina is treated with suitable

nucleophile, it exhibited enhanced formaldehyde adsorption. Activated alumina
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adsorbents were treated with ammonia liquor like basic compound which offer basic

moieties to adsorb formaldehyde.

2.7 Techniques to Test Formaldehyde Adsorption

Formaldehyde adsorption test were carried out in several different methods. For
example, chamber method, cell method, desiccator method, gas analysis method, flask
method, perforator method etc. (Salthammer et al., n.d.). however, the chamber method

and cell method are time consuming and requires sophisticated instrumentation.

a. Perforator method (Hemmil& et al., 2018; Salem et al., 2011; Salthammer et al.,
n.d.): In this method, samples were boiled in toluene for 2 hours under reflux to
extract formaldehyde from the samples. Then the formaldehyde was
experimented by perforation in water. The amount of formaldehyde was
investigated through photometric method using acetylacetone (Hemmil et al.,
2018). The moisture content of the sample affects the perforator value to a great
extent. This method requires simple instrumentation and short analyzing time
(3 hours) (Salthammer et al., n.d.).

b. Flask method (Salthammer et al., n.d.): Roffael et al. first developed this method
(Salthammer et al., n.d.). In this method, sample specimen was placed in a
closed bottle made of polyethylene. Then the sample piece was placed in
distilled water overnight at a specified temperature. The water molecules
absorbed the released formaldehyde which can be determined through
photometric method.

a. This method has some limitations, such as it allows the testing of small
amount of sample and impractical open edge to surface ratio of the test
specimen (Salthammer et al., n.d.). Despite the limitations, this method

is used in various applications.

c. Desiccator method (Depeursinge et al., 2010; Salthammer et al., n.d.): This
method is very similar to the flask method. Sample with known surface area
was kept in desiccator and placed over water for 24 hours at a persistent

temperature. Adsorbed formaldehyde was then analyzed by acetylacetone
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method (Salthammer et al., n.d.). Unlike flask method, desiccator method offers
the analysis of large volume of sample.
Desiccator method was also used by Srisuda et al.(Srisuda & Virote, 2008) to elucidate
the adsorption capacity of the adsorbents. In this method they estimated the adsorption

capacity of the amine functionalized mesoporous silica.

Figure 2.6

Instrumentation for Formaldehyde Adsorption Test(Salthammer et al., n.d.)

test pieces

water

Perforator method Flask method Desiccator method

Gas analysis method (Salem et al., 2011; Salthammer et al., n.d.): This method is
suitable to test the released formaldehyde at high temperature (60°C). In this method,
the sample was taken in a test tube at a constant temperature (60°C). A stream of gas
(1L per minute) was allowed to pass through the test tube. The formaldehyde emitted
from the sample was absorbed by the gas which was then analyzed

photometrically(Salem et al., 2011; Salthammer et al., n.d.).

2.8 Chapter Summary

Formaldehyde is a highly toxic volatile organic compound (VOC). In indoor
atmosphere, it is usually emitted from the paint, furniture, floor materials etc.
Formaldehyde causes severe health hazards, such as breathing problem, nausea and
burning sensation in throat, eye, and nose (Ewlad-Ahmed et al., 2012). According to
American Cancer Society, exposure to high concentration of formaldehyde can also
cause cancer in human and animals. Hence, it becomes essential to remove

formaldehyde from the indoor atmosphere.
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Several methods, such as adsorption, advanced oxidation and scrubbing have been
employed to remove formaldehyde from the atmosphere. Among all of these
technologies, adsorption is the most widely used method for the removal of
formaldehyde. Different sorbent materials, such as activated carbon, mixed metal
oxide, mesoporous silica nanoparticles, activated alumina etc., are used to adsorb

formaldehyde using physical, chemical, or physicochemical method.
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CHAPTER 3
METHODOLOGY

3.1 Materials and Chemicals

3.1.1 Chemicals

Two alumina powder with different particle size was used: a) nm-sized y-Al203
(Aluminium oxide C, Degussa, Germany, mean particle size=15 nm, specific surface
area=100 m?(g), b) pm-sized y-Al203. Phenoxyethanol (POE), 1,6-
Hexanedioldiacrylate (an acrylate ester monomer), proprietary photoinitiator (Irgacure
819, Aldrich, Germany), an azo dye as photoabsorber (Tinuvin 479, BASF Schweiz
AG, Switzerland) was used to prepare the light casted ceramic. Tetraethoxysilane
(TEOS) was used as silica precursor, A cationic surfactant n-Dodecyltrimethyl-
ammonium bromide (sigmaaldrich, Germany) was used to form pore or as template,

37% (w/w) formaldehyde solution was used as adsorbate for the adsorption testing.

3.1.2 Apparatus and Glassware

Kakuhunter Planetary Mixer and Degasser (Glen Mills Inc.) was used to prepare
homogeneous ceramic mixture, and a 405 nm light source was used to prepare the light
casted ceramic. All the synthesized samples were sintered using a muffle furnace

(Modutemp, Australia).

3.2 Synthesis of Sorbent Materials

Sorbent Material was prepared in two different approach. In the first approach, ceramic
substrate was prepared by light casting process and then coated with amine
functionalized mesoporous silica. on the other hand, in the second approach, the
commercial alumina ceramic powder was directly dipped into the colloidal amine
functionalized silica solution to prepare the amine functionalized silica coated alumina

ceramic.

3.2.1 Synthesis of Amine Functionalized Mesoporous Silica Particles
Amine functionalized mesoporous silica was synthesized by sol- gel technique.

Ethanol, water and ammonia were mixed together at a ratio of 20, 1200, and 10.4
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respectively, to prepare the silica sol. Then CTAB (at a molar ratio of 0.3) was added
to the solution and stirred the mixture for 15 minutes. After that, TEOS and APTES
were added drop by drop to the mixture under the continuous stirring and continued for
2 hours at 60°C. The starting of the reaction was identified by the opacity of the mixture.
After the completion of the reaction white powder was precipitated out and the mixture
was then filtered and washed with deionized water. The particles were dried overnight
and then placed at the furnace for calcination at 5°C/ mins to 550°C with holding time
of 2 hours. The molar ratio of TEOS:EtOH:NH3-H20:CTAB was fixed at
1:20:10.4:0.3. The molar ratio of H20 was varied at three different composition (1200,
600 and 45.5) to get the desired morphology and the molar ratio of TEOS:APTES was
varied at three different composition 99:1, 95:5, and 80:20 to achieve the optimum
amine functionalization. Table 3.1 and Table 3.2 represents the synthesized samples

with different designations according to their composition.

Table 3.1

Mesoporous Silica with Different H2O/TEOS Composition Ratio

Sample ID  Composition ratio

MPS1 H20O/TEOS = 1200
MPS2 H20O/TEOS = 600
MPS3 H2O/TEOS = 45.5

Table 3.2
Amine Functionalized Mesoporous Silica with Different TEOS/APTES Composition

Ratio

Sample ID  Composition ratio

AMPS1 TEOS/APTES = 99/1
AMPS2 TEOS/APTES = 95/5
AMPS3 TEOS/APTES = 80/20
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Figure 3.1

Synthesis of Mesoporous Silica Particles
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Figure 3.2

(A) Prepared Mesoporous Silica and (B) Amine Functionalized Mesoporous Silica

3.2.2 Synthesis of Ceramic Substrate

The ceramic substrate before sintering, also known as green ceramic substrate, is an
alumina ceramic. To prepare the green ceramic body, at first, 30 wt% alumina particles
was dispersed in 40 wt% phenoxyethanol (POE, Sigma Aldrich, Italy) by mixing in
planetary mixer for 1 minute. Two types of alumina particle (um- and nm-sized) was
used to prepare alumina ceramic. The wight ratio between pm- and nm-sized alumina

was optimized to prepare the ceramic with desired porosity. The mixture was then
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allowed to stand for 30 minutes to ensure the complete dispersion of alumina particles
in POE. After 30 minutes, 30 wt% 1,6-Hexanedioldiacrylate (an acrylate ester
monomer), 0.2 wt% Irgacure 819 (a proprietary photoinitiator), and 0.06 wt% Tinuvin
479 (an azo dye as photoabsorber) were added to the mixture followed by mixing in a
Kakuhunter Planetary Mixer and Degasser (Glen Mills Inc.) at 2000 rpm for 1 min to
get a homogeneous mixture. The mixture will be exposed under a UV light source with
a wavelength of 405 nm for 20 mins to get the complex green alumina ceramic. Then,
the green ceramic will be sintered or calcinated in air in the muffle furnace at the
1400°C. The processing cycle of sintering in the air consists of two steps; the first step
is debinding and the second step is firing at high temperature. In the debinding step the
heating is carried out at 1°C/min rate to 700°C with a holding time of 1h to decompose
the polymer network and in the second step the temperature is increased to 1400°C at a
heating rate of 5°C/min with holding time of 1 h for the development of the ceramic

structure.

Figure 3.3

Synthesis of Ceramic Substrate
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Figure 3.4
Ceramic Substrate (A) Before Sintering and (B) After Sintering

3.3 Coating of the Porous Ceramic Substrate with Mesoporous Silica Particles
Dip Coating process was carried out to coat the ceramic substrate with amine
functionalized mesoporous silica particles. The coating process was carried out in two
different approach. In the first approach, the light casted ceramic substrate was dipped
into the amine functionalized mesoporous silica solution. The dipping time was varied
as 1 min, 3 mins, and 5 mins and the dipping cycle was varied as 1 cycle, 2 cycles, 3
cycles optimized to get the suitable coating layer.

On the other hand, in the second approach, commercially available alumina powder
was added to the amine functionalized silica solution to get the coated alumina particles.
At first 0.5g of alumina powder was dipped into the amine functionalized mesoporous
silica solution and allowed to stand overnight. Then the coated ceramic particles were
filtered out of the solution followed by washing (3 times) with deionized water.

The sample obtained in both the approach was then sintered in the same procedure
described in section 3.2.1.
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Figure 3.5

Fabrication of Mesoporous Silica Coated Adsorbent (A) approach-1 (Coating of

Ceramic Substrate with Functionalized Silica Solution), and (B) Approach-2 (Coating

of Alumina Ceramic Powder with Functionalized Silica Solution
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3.4 Characterization of Sorbent Materials

3.4.1 Morphological Characterization

Surface morphology and particle size were observed by Field Emission Scanning

Electron Microscope (FESEM) using SU5000 microscope at National Science and

Technology Development Agency (NSTDA). The acceleration voltage was 5 kV (0.1

KV step).
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Energy Dispersive X-ray Spectroscopy (EDS) was used to observe the chemical
constituents present in a sample. The selected area of the sample was scanned by
FESEM with EDS. The accelerating voltage was 15 kV.

Fourier transform infrared spectroscopy (FT-IR) is a qualitative method to identify the
functional groups of the synthesized chemical compounds. The samples were
chemically analyzed by using Attenuated Total Reflection- Fourier Transform Infrared
(ATR-FTIR) spectroscope. The spectra of the samples were analyzed from 4000 cm™
to 400 cm™,

Micromeritics ASAP 2024 porosimeter was used to analyze the nitrogen adsorption
isotherm to observe the structural property of the samples. The specific surface area
(Seet) and pore size was calculated from desorption curve by using Brunauer-Emmet-
Teller (BET) method.

3.5 Formaldehyde Adsorption Testing

A HCHO testing chamber was developed which contains a hotplate, a pump, and a
sensor. The chamber was sealed to ensure there was no leakage of formaldehyde
molecule from the chamber. The hotplate was used to evaporate formaldehyde to ensure
all the molecules of formaldehyde inside the chamber is in the gaseous form. The pump
was used to circulate the air inside the chamber and a sensor was used to detect the

change of formaldehyde value before and after exposure to the sample.

At first 52.7 uL of HCHO was placed on a hotplate inside the chamber at 40°C for 90
mins to convert the formaldehyde molecules from liquid form to gaseous form. Then
the sample was exposed to the system. Gaseous HCHO molecules get adsorbed on the
mesoporous silica sample and initial HCHO value starts to fall. Depending on the type

of sample, the amount of adsorption was different.
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Figure 3.6

Desiccator Method to Evaluate Formaldehyde Adsorption Efficiency of the Sorbent (A)

Graphical Design (B) Actual Chamber
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Desiccator )
Formalin ||
Hotplate

The mechanism behind the adsorption of formaldehyde by mesoporous silica followed

the rection between amine group of amine functionalized silica and the carbonyl group

of formaldehyde. The amine group reacted with the carbonyl group and forms imine

bond which was responsible for the adsorption of formaldehyde on the silica surface.

Adsorption of formaldehyde by amine functionalized mesoporous silica is shown by

figure 3.7.

Figure 3.7

Adsorption of Formaldehyde on Amine Functionalized Mesoporous Silica Via Imine

Group
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Figure 3.8

Mechanism of Reaction Between (A) Amine Group and Formaldehyde to Form Imine

Group (B) Hydroxyl group and formaldehyde molecule
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The amount of formaldehyde adsorbed on the sorbent was monitored by using a
formaldehyde sensor. The sensor constantly monitored the concentration of
formaldehyde gas. Therefore, the amount of formaldehyde adsorbed was determined
by subtracting the formaldehyde concentration from the initial concentration which was

used to determine the adsorption efficiency of the synthesized adsorbate.

The percent formaldehyde adsorption was estimated by using the following equation:

Apnp = C"C‘Oct X 100% .eveveeeeieeeeeeeeeeieeeeeeeene (i)

Where, Arnp is the amount of formaldehyde adsorbed at a certain time t, Co and C: are
the initial concentration of formaldehyde and concentration of formaldehyde at time t,

respectively.

The adsorption capacity of the synthesized absorbate was determine by the following
equation:
Co—C, ..
qe = %x PP (1)
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Where, ge is the adsorption capacity of the adsorbate, W is the mass of adsorbate and
V is the volume of the chamber.

The adsorption data were determined at four different concentrations including 3 ppm,
6 ppm, 9 ppm, and 12 ppm and fitted to the Langmuir adsorption isotherm to determine
the equilibrium adsorption characteristics. The linear formula of Langmuir isotherm

can be shown as

Ce 1 1

de Kiqmax dmax

Where, Ce is the equilibrium concentration of adsorbate (ppmv), ge is the concentration
of gas adsorbed on the sorbent (mg/g), KL is the adsorption equilibrium constant in
1/mg and gmax Is the maximum concentration of gas in mg/g adsorbed on the sorbent.
The plot of Ce/ge vs Ce gave a straight line with slope 1/ qmax and intercept 1/Kvr Qmax.
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CHAPTER 4
RESULT AND DISCUSSION

Amine functionalized mesoporous silica coated ceramic materials were prepared for
the adsorption of formaldehyde vapor. The sorbent materials were prepared in two
different approaches. In the first approach, porous alumina substrate was first prepared
using light casting method (A = 405 nm) followed by sintering at 1400°C. Then the
ceramic substrate was coated with amine functionalized mesoporous silica particles and
sintered again at 550°C to prepare the sorbent material. On the other hand, in the second
approach, the sorbent material was prepared by directly mixing the commercial ceramic
alumina powder into a colloidal amine functionalized mesoporous silica nanoparticle
dispersion followed by sintering at 550°C. The synthesized sorbent materials using the
two approaches were tested for their adsorption performance against formaldehyde
vapor in air by using a lab-based desiccator method and the adsorption data were fitted
to the Langmuir isotherm to explain the mechanism of the adsorption process. This
chapter summarizes the results obtained at various stages of the research and discuss
them.

4.1 Characterization of Ceramic Substrate

4.1.1 Morphology Study of Alumina Ceramic Particles

Commercial alumina particles of two size ranges, one in pm-scale and one in nm-scale,
were used to prepare the ceramic substrates. Figure 4.1 shows the FESEM micrographs
of the as-received ceramic particles used in this study. From the SEM micrographs we
observed that the nm-sized particles represented spherical shape due to the
agglomeration of the particles, also known as granule. The particles can be redispersed
by sonication. The um-sized particles, on the other hand possessed an irregular
anisotropic shape with sizes varied from about 100 nm to 4 um. Both these sample were

then used in the preparation of the sorbent materials as-received.
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Figure 4.1

FESEM Micrographs (top view) of (A) nm-Sized and (B) pm-Sized Commercial
Alumina Particles Used in This Study.

4.1.2 Morphology and Elemental Analysis of the Alumina Ceramic Substrates

Ceramic substrates were prepared by mixing the pum-sized and nm-sized alumina
particles. Detailed preparation procedure of the alumina ceramic substrates is described
in Chapter 3. FESEM micrographs showing the surface morphology of the alumina
ceramic substrates prepared with the um-sized and nm-sized alumina particles at two

different mixing ratios are shown in Figure 4.2.

Figure 4.2

FESEM Micrographs of Alumina Ceramic Substrates (top-view) Prepared with (A)
100% pm-Sized Alumina Particles and (B) with 75% um-Sized and 25% nm-Sized
Alumina Particles.

From the SEM images, it can be seen that the ceramic with 100% alumina particles

possesses a rough surface while the ceramic with 75% pm-sized Alumina possesses
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comparatively smoother surface. Due to the mixing of 25% nm-alumina the
morphology of the ceramic changed significantly. The porosity and particle size of both
the ceramic composition was found almost similar. Although the morphologically of
the ceramic substrate with 25% nm- and 75% pm- sized alumina particles show more
uniform surface and pore sizes, however, the ceramic substrates made up with this
composition showed less stability during sintering and later coating with silica solution.
Thus, the ceramic substrate prepared with 100% um-sized alumina particles was chosen

for the remaining experiments.

EDS analysis of a selected part of the ceramic substrate is shown in Figure 4.3 and the
composition ratio of the elements are shown in Table 4.1. EDS analysis showed
presence of Al and O in the substrate as major element with weight ratio 34.9% and
61.6%, respectively. This is close to the chemical formula of alumina, Al20s,
confirming its presence. A small amount of C (3.5 wt.%) was also found in the substrate
which might be due to contamination during the sintering process ((Reskovi¢, Brlié,
Jakovljevi¢, & Jandrli¢, 2017).

Figure 4.3

EDS Spectrum of Ceramic Substrate Prepared with 100% um-Sized Alumina Particles

34



Table 4.1

Proportional Composition of the Elements Presents in The Ceramic Substrate Prepared
With 100% pm-Sized Alumina Particles

Elements Composition (wt%)
Oxygen (O) 61.6

Aluminum (Al) 34.9

Carbon (C) 35

Silicon (Si) 0

4.2 Characterization of Mesoporous Silica

4.2.1 Morphology and Particle Size Distribution of Mesoporous Silica by FESEM
Mesoporous silica particles were synthesized by sol-gel technique where the
morphology and size distribution were varied by changing the amount of water content.
The morphology of the particle depends on the concentration of water as the micelle
formation mechanism and CTAB orientation depends on the formulation of precursors.
Dilution of the solution influences the configuration of micelle which encapsulates the
silica particles and determines the particle growth and shape. Figure 4.4 shows FESEM

image of the mesoporous silica particles with variety of size and shape.
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Figure 4.4

FESEM Micrographs of (A-1) MPSL1, (B-1) MPS2 and (C-1) MPS3 Mesoporous Silica
Particles and Their Corresponding Size Distribution Shown in (A-2), (B-2) and (C-2),
Respectively.
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From Figure 4.4, we can see that the morphology of silica particles changes from rod
shape to spherical shape as the amount of water in the precursor solution decreases. The
mesoporous silica particles with molar ratio of H2O/TEOS = 45 showed spherical
shaped particles having average diameter of 550 nm whereas the particles with molar
ratio of H2O/TEOS = 600 and 1200 showed long range and short-range rod-shaped
morphology having average particle size of 580 nm and 720 nm, respectively.

The histograms of particle size distribution of the mesoporous silica particle are shown
in Figure 4.4 (A-2, B-2, and C-2). In general, all three compositions yielded particles
in the range of 200 nm to 1.4 um. However, from the histograms it can be seen that the
mesoporous silica particles with H2O/TEOS = 1200 exhibited a broader size
distribution, while the particles with H2O/TEOS = 600 and H2O/TEQS = 45 showed
comparatively narrower size distribution. The observations of FESEM analysis for the

samples with different H2O/TEOS composition is summarized in Table 4.2.

Table 4.2

Geometry and Average Particle Size of MPS1, MPS2 and MPS3 Mesoporous Silica

Particles
Sample Geometry Average Particle Size (nm)
MPS1 (H20/TEOS = 1200) Short rod 720 £ 0.26
MPS2 (H2O/TEOS = 600) Long rod 580 +0.17
MPS3 (H20/TEOS =45)  Spherical 550 £ 0.16

4.2.2 Investigation of the Specific Surface Area and Porosity of the Mesoporous
Silica Particles by BET and BJH Technique

The specific surface area, pore volume and pore size of the as-prepared mesoporous
silica particles were analyzed by N2 adsorption-desorption measurements using BET
and BJH technique. For this experiment, we have chosen the MPS3 silica particles since
they have shown smallest uniform spherical shape and narrow size distribution.
Adsorption isotherm of MPS3 silica particles and their pore size distribution are shown

in Figure 4.5.
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Figure 4.5

(A) Adsorption Isotherm and (B) Pore Size Distribution of the MPS3 Mesoporous Silica

Particle.
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The above isotherm represents a type-IV adsorption isotherm, which is a characteristic
isotherm of mesoporous materials. From the isotherms, the specific surface area (Sser)
of the mesoporous silica particle was estimated as 989 m?/g, and the pore diameter was
obtained as 2.4 nm indicating that the particles are mesoporous in nature with a pore
volume of 0.6 cm3/g. The result is comparable to the previous studies where it has been
found that the similar precursor composition yielded particles with pore diameter of 2.7
nm and pore volume of 0.5 cm?¥/g (Vazquez, Gonzalez, Ferrari, & Castro, 2017). BET
results of the silica nanoparticles evidence the presence of mesoporous structure in the

silica particles.

4.2.3 Analysis of the Functional Groups by FT-IR
FTIR was used to identify the functional groups present at the surface of the
mesoporous silica particles. The FTIR spectrum of the MPS3 mesoporous silica is

shown in Figure 4.6.
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Figure 4.6

FTIR Spectrum of MPS3 Mesoporous Silica Particle
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Silica contains silanol group (=Si—OH) on the surface, thus, the broad band from 3700
to 2600 cm™* observed in Figure 4.6 was attributed to the O-H bond stretching vibration.
A strong band was observed at 1086 cm* which is due to the siloxane group (-Si-O-Si-
); also showing a band from to 625 to 450 cm™. A small band at around 950 cm™ was
observed due to the stretching vibration of the silanol group (Si-O). Deformational
vibration of water molecule was observed at around 1650 to 1600 cm™ (Srisuda &
Virote, 2008), indicating possibility of presence of some trapped water molecules in the
mesoporous silica particles.

4.3 Characterization of Amine Functionalized Mesoporous Silica Particles

4.3.1 Morphology and Particle Size Distribution of Amine Functionalized
Mesoporous Silica Particles

Amine functionalized mesoporous silica particles were synthesized with three different
TEOS and APTES ratio. The FESEM image of three types of amine functionalized
mesoporous silica is shown in Figure 4.7. FESEM image of mesoporous silica with
composition H2O/TEOS = 45 yielded spherical shaped particles with diameter 550 nm.

Thus, this composition was chosen to prepare amine functionalized mesoporous silica
particles.
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Figure 4.7

FESEM Image (Top View) of Amine Functionalized Mesoporous Silica Particles (A)
TEOS: APTES = 99:1, (B) TEOS: APTES = 95:5, and (C) TEOS: APTES = 80:20
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FESEM images shows that all the three of the TEOS/APTES compositions yielded
spherical shaped particles. The average particle size varies from 550 to 630 nm. The
morphology and particle size of the amine functionalized particle is summarized in

table 4.3.
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From the histograms it can be seen that all three of the compositions showed similar
size distribution. Overall, it was found that the size of the particles varies from 200 nm
to 1 um and the majority of the particles reside in 400 to 800 nm range. From the above
observation, it can be said that the average particle size varies slightly for all three of
the compositions and the particle morphology is also similar, which indicates that the
functionalization of silica particle with amine group does not have significant impact
on the particle size and morphology.

Table 4.3

Morphology and Average Particle Size of AMPS1, AMPS2 and AMPS3

Sample Morphology Diameter (nm)
AMPS1 (TEOS/APTES =99:1) Spherical 580 +0.15
AMPS2 (TEOS/APTES = 95:5) Spherical 630 £0.17
AMPS3 (TEOS/APTES = 80:20) Spherical 550 + 0.17

4.3.2 FTIR Investigation of Amine Modified Surface of Mesoporous Silica
The FTIR spectra of the amine functionalized mesoporous silica particles are shown in

Figure 4.8, where amine functionalization was carried out at different amine
concentrations.

Figure 4.8

FTIR Spectrum of the (A) AMPS1, (B) AMPS2, and (C) AMPS3 Silica Particles.
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The stretching vibration of H-N bond in amine group (-NH2) appears at 3450 to 3000
cm®. Note that this band has shifted almost 30 cm™ towards higher wavenumbers
compared to the silica particles without any amine functionalization (Figure 4.6). As
observed in the Figure 4.8, the band at around 3431 cm™ is due to the stretching
vibration of amine group which overlapped with the band due to stretching vibration of
hydroxyl (OH) groups. The bending vibration of amine group shows band between
1650 to 1580 cm!, thus the band at around 1642 cm™ represents the bending vibration
of amine group. All the data in the IR spectrum supports the presence of amine group

in the structure.

4.3.3 Investigation of the Specific Surface Area and Porosity of Amine
Functionalized Mesoporous Silica by BET and BJH Technique

N2 adsorption desorption isotherm can be used to estimate the surface area (Seer), pore
size and pore volume. Figure 4.9 shows the adsorption isotherm and pore size

distribution of amine functionalized silica particles.

Figure 4.9

(A) BET Adsorption Isotherm and (B) Pore Size Distribution of Amine Functionalized

Silica Particles.
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The above isotherm represents type-1V adsorption isotherm, which is a characteristic
isotherm of mesoporous materials. From the isotherms, the specific surface area (Sger)
of the mesoporous silica particle was estimated as 949 m?/g, which slightly decreased
compared to the non-functionalized silica particles. The pore diameter was found
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around 2.3 nm, and the pore volume is 0.6 cm3/g similar to the silica particles without
amine functionalization. BET results of the silica nanoparticles evidence the presence
of mesoporous structure in the silica particles and indicated that the amine
functionalization has negligible effect on the surface area and pore sizes of the silica

particles.

4.3.4 EDS Investigation of Amine Groups on the Functionalized Mesoporous Silica
Energy Dispersive X-Ray Spectroscopy (EDS) was used to confirm the presence of
amine groups on the mesoporous silica particles. The EDS image showing the N-
mapping of the amine functionalized mesoporous silica particles is shown in Figure
4.10.

Figure 4.10

EDS Image of Amine Functionalized Mesoporous Silica Particles (A) AMPS1
(TEOS/APTES =99:1), (B) AMPS2 (TEOS/APTES = 95:5), and AMPS3 (TEOS/APTES
= 80:20) Showing The N-Mapping as Yellow Dots.
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The yellow dots in the EDS image represents the nitrogen atom of the amine groups.
From the images it can be confirmed that silica particles are bonded with the amine
groups as N-atoms can be seen almost uniformly distributed all over the particle’s
surface. It can also be found that the density of nitrogen atom in AMPS3 (TEOS:
APTES = 80:20) is higher than the other two compositions AMPS1 and AMPS2.

4.4 Comparison of Mesoporous Silica and Amine Functionalized Mesoporous
Silica Particles

Mesoporous silica was prepared in three different compositions H2O/TEOS = 1200,
H20/TEOS = 600 and H20/TEOS = 45. Among all three of the compositions,
H20/TEOS = 45 was chosen to prepare amine functionalized mesoporous silica due to

the formation of spherical particle with high surface area. The particle morphology and
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size of mesoporous silica and amine functionalized mesoporous silica obtained from
FESEM image is shown in Table 4.4.

Table 4.4

Morphology and Particle Size of Mesoporous Silica and Amine Functionalized
Mesoporous Silica by FESEM

Sample Morphology Diameter (nm)
Mesoporous Silica Spherical 550 +£ 0.16
Amine Functionalized Mesoporous Silica ~ Spherical 550 + 0.17- 630 + 0.17

FESEM images reveals that both mesoporous silica and the amine functionalized
mesoporous silica are of spherical shape. The particle diameter of mesoporous silica
was around 550 nm while that of amine functionalized mesoporous silica varies
between 550 nm to 630 nm depending on the different composition of TEOS/APTES.
Overall, both geometry and particle size of unfunctionalized and functionalized
particles are same. Thus, we can say that the functionalization of mesoporous silica

with amine group does not change the surface morphology and particle size.

FTIR spectrum was used to identify the characteristic functional group of the
compounds. The FTIR spectrum presented indicates the presence of amine groups in
the functionalized mesoporous silica sample. This was further confirmed using Energy
Dispersive X-Ray Spectroscopy (EDS) with N-atom mapping showing the presence of
amine groups in the mesoporous silica structure. The EDS spectrum of amine

functionalized mesoporous silica is shown in Figure 4.11.
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Figure 4.11

EDS Spectrum of Amine Functionalized Mesoporous Silica

From the above elemental spectrum, it is evident that the amine functionalized
mesoporous silica has nitrogen on its surface which is missing in the case of non-

functionalized mesoporous silica.

The specific surface area and porosity of the mesoporous silica and amine
functionalized mesoporous silica was studied from the N2 adsorption desorption
isotherm which is summarized in Table 4.5. Adsorption isotherm of both mesoporous
silica and amine functionalized mesoporous silica exhibited type-IV adsorption
isotherm which is the characteristic adsorption isotherm for mesoporous surface and

showed similar pore size behavior.

Table 4.5

Comparative Specific Surface Area, Pore Size and Pore Volume of the Mesoporous
Silica and Amine Functionalized Mesoporous Silica

Sample Specific Surface Area,  Pore Diameter Pore Volume
Seer (M?/g) (nm) (cm?3/g)
Mesoporous Silica 989 2.4 0.6
Amine Functionalized 949 2.3 0.6

mesoporous silica
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The specific surface area (Sger) of mesoporous silica was estimated as 989 m?/g, while
that of amine functionalized mesoporous silica was 949 m?/g. The specific surface area
of the mesoporous silica reduced slightly after functionalization which might be due to
the crowding on silica surface by amine groups. The pore diameter and pore volume of
amine functionalized mesoporous silica remains the same as the non-functionalized
mesoporous silica particles. Therefore, we can reach to the conclusion that, the
functionalization of mesoporous silica does not have high impact on the specific surface
area and porosity of the particles.

4.5 Characterization of Amine Functionalized Mesoporous Silica Coated Ceramic
Sorbent

The amine functionalized mesoporous silica coated ceramic sorbent was prepared in
two different approach. In the first approach light casted ceramic was prepared and then
dipped into the colloidal amine functionalized mesoporous silica solution to coat the
ceramic. In the second approach, the alumina ceramic powder was directly dipped into
the amine functionalized silica solution to coat the ceramic powder particles. The
FESEM image of both the coated light casted ceramic and coated ceramic powder is

shown in Figure 4.12

Figure 4.12

FESEM Images of (A) Cross-Section of Coated Light Casted Ceramic and (B) Coated
Ceramic Powder

(A-1)
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From the FESEM image of the coated light casted ceramic (A-1) and the EDS spectrum
(A-2), it was found that the silica particles are present in the sample. However, FESEM
image reveals that the size of silica particle is bigger than the pore channel of the light
casted ceramic, hence, the silica particles were not entering into the channels of the
ceramic structure; rather sitting on the ceramic surface. Therefore, the silica coated
ceramic sorbent was prepared in another approach where the ceramic powder particles

are coated with the amine functionalized silica particles.

The FESEM image of the coated alumina particles (B-1) did not show the silica
particles clearly on alumina particles. However, the EDX spectrum (B-2) confirms the

presence of silica in the sample, as indicated by the presence of a strong Si peak.

4.6 Determination of the Formaldehyde Adsorption performance of the Sorbents
The formaldehyde adsorption efficiency of the synthesized samples was tested by
desiccator method. At first 68.9 uL of formaldehyde was placed on a hotplate at 40°C
inside an 8.5 L desiccator and waited for 90 mins to reach the initial formaldehyde
concentration inside the chamber at around 3 ppm. After 90 mins the 0.5g of each
sample was exposed to formaldehyde gas and the adsorption efficiency the samples
were recorded against time. Detailed experimental conditions and procedures are

described in Chapter 3.

The formaldehyde adsorption performance of uncoated ceramic, mesoporous silica
(MPS), amine functionalized mesoporous silica (AMPS), amine functionalized
mesoporous silica coated light casted ceramic and amine functionalized mesoporous

silica coated alumina powder was compared, which is shown in Figure 4.13.
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Figure 4.13

Formaldehyde Decay Plot of Uncoated Ceramic, MPS powder, AMPS powder, AMPS
Coated Light Casted Ceramic and AMPS Coated Alumina Powder as a Function of

Time
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As observed in Figure 4.13, the adsorption performance of ceramic support samples is
very less compared to the MPS and AMPS powder. As the silica particles are quite
large compared to the channels and pores of the ceramics, thus the particles were sitting
on the surface of ceramic samples. The amount of silica was, in turn, very low in the
ceramic support samples. As a result, we could not see much impact of the sorbent
material towards the formaldehyde adsorption. Therefore, we focused on the
formaldehyde adsorption efficiency of functionalized and unfunctionalized
mesoporous silica samples. Among all the samples, AMPS was showing better
adsorption. Thus, we tested three different composition of AMPS to get the optimum

composition ratio.

The formaldehyde adsorption efficiency of amine functionalized (AMPS1, AMPS2,
and AMPS3) and unfunctionalized mesoporous silica (MPS) was tested and the data
were recorded against time. The plot of adsorption efficiency of different powder

sample is shown in Figure 4.14.
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Figure 4.14

Formaldehyde Decay Plot of MPS, AMPS1, AMPS2, and AMPS3 as a Function of

Time. Amount of Sorbent Material was Kept Constant at 0.5g.
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From the decay plot (Figure 4.14), we can see that the 0.5g of each sample is capable
of adsorbing almost 40% of 3 ppm formaldehyde within 2 h. However, the AMPS3
showed better adsorption efficiency (60%) towards formaldehyde. The concentration
of formaldehyde inside the chamber dropped down from 3 ppm to 1.2 ppm by AMPS3.
The other functionalized and unfunctionalized mesoporous silica are showing almost
same adsorption efficiency.

Plot of adsorbate concentration as a function of time of MPS, AMPS1, AMPS2 and
AMPS3 can be plotted to estimate their adsorption profile which are presented in Figure
4.15.
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Figure 4.15

(A) Plot of Formaldehyde Adsorbed on MPS, AMPS1, AMPS2 and AMPS3 (B) Enlarge
View of First 15 Mins (C) Enlarge View of 20 to 60 Mins (D) Enlarge View of 60 Mins
to 120 Mins
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From the adsorption performance observed in Figure 4.15(A), it is evident that MPS,
AMPS1 and AMPS2 exhibit comparable adsorption capacity. However, AMPS3
showed better adsorption performance. The adsorption performance of the samples at
different time was split into three different segment and the adsorption performance of
the samples were observer. Figure 4.15 (B) represented the adsorption performance of
all the samples in the initial 15 mins. It can be seen from the Figure that the initial
adsorption performance of all the sample was very similar as all the sample has enough
active sites to adsorb the formaldehyde molecules. However, difference in adsorption
performance was observed after 15 mins shown in Figure 4.15 (C) which is followed
until 2h.

AMPS3 (with 20% APTES) started showing better adsorption performance than the
other three samples. This might be due to the presence of highest number of amine
groups on the adsorbent surface which interacted with the formaldehyde molecules
resulting in adsorption; this is supported by the EDS results as well. The EDS images
in Figure 4.10 confirmed the presence of highest amount of amine groups in AMPS3
(Figure 4.10C). As observed in EDS results, amine groups are functionalized on the
surface of the samples which interacted with the formaldehyde molecules. Thus, the

adsorption capacity of the samples depends on the available surface amine groups. In

o1



addition to the amine groups, the adsorption happens on the pores of the adsorbents as

well.

Adsorption performance was also observed for unfunctionalized mesoporous silica.
Mesoporous silica has hydroxyl group (-OH) on the surface which can interact with the
formaldehyde molecule resulting in adsorption. However, the adsorption capacity of
amine functionalized mesoporous silica is better than the unfunctionalized silica. The
higher adsorption capacity of amine functionalized sorbent might be attributed to the

strong interaction of the amine group with formaldehyde molecule than hydroxyl group.

Both the amine (-NH2) and hydroxyl (-OH) groups contain lone pair of electrons;
through which they interact with the formaldehyde molecules(Meyer, Joiner, &
Stoddart, 2007; Swain, Powell, Sheppard, & Morgan, 1979) as shown in Figure 4.16.
However, the electron donation is easier for amine group than hydroxyl group as the
electronegativity of the nitrogen (N) atom is lesser than the oxygen (O) atom(Pauling,
1932). Therefore, amine functionalized mesoporous silica showed better adsorption

capacity than the unfunctionalized mesoporous silica.

Figure 4.16

Mechanism of Reaction Between (A) Amine and Formaldehyde and (B) Hydroxyl and

Formaldehyde.
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AMPS1 and AMPS2 was showing slightly better adsorption than MPS due to the
presence of very less amount of amine group (1% amine group in AMPS1 and 5%
amine group in AMPS2) in addition to the hydroxyl groups. The comparative
adsorption efficiency of the samples at 2h can be shown by the Figure 4.17.

Figure 4.17

Comparative Adsorption Efficiency of MPS, AMPS1, AMPS2 and AMPS3 at 2h
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As observed in Figure 4.15 and Figure 4.17, AMPS3 was demonstrating better
adsorption performance and capable of removing highest amount of formaldehyde, thus
we chose this composition to further confirm the adsorption mechanism. Adsorption
capacity of AMPS3 was measured at different equilibrium concentrations of
formaldehyde and fitted to the Langmuir isotherm model to determine the adsorption
characteristics at equilibrium condition. Plot of adsorption capacity of AMPS3 against

time at different concentration of formaldehyde is shown in Figure 4.18.
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Figure 4.18

Plot of Adsorption Capacity vs Time of AMPS3 at (A) 3 ppm, (B) 6 ppm, (C) 9 ppm, (D)
12 ppm and (F) Langmuir Isotherm of AMPS3
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Four different concentrations, 3ppm, 6ppm, 9ppm and 12ppm of AMPS3 were used
and the data were recoded for 2 hours. The obtained data were fitted to the Langmuir
equation and the parameters of the isotherm are shown in table 4.6. Maximum
adsorption capacity of the sample was determined from Langmuir adsorption isotherm
which corresponds to the formation of complete monolayer on the adsorbent. The qmax
value of AMPS3 was found as 1227 + 51.1 mg/g and the K. was found as 26 + 0.006

x 1073 per gram of sample.

The R? value indicated the data are well fit to Langmuir isotherm model. This indicates
the adsorption of formaldehyde gas on the adsorbent surface occurring through the
monolayer formation, which supports the adsorption of the gas through chemical
interaction. The gmax represented the maximum adsorption capacity of the adsorbent

and the K. represented the adsorption equilibrium constant (1/mg).
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Replicate data were recorded to make the Langmuir adsorption isotherm, the

parameters of the isotherm of are shown in table 4.6

Table 4.6

Formaldehyde Adsorption Isotherm Parameters

Sample qmax (Mg/g) KL (1/mg) R?
AMPS3 1227 £ 51.1 26 + 0.006 x 1073 0.9977

gmax: adsorption capacity (mg/g); KvL: adsorption equilibrium constant, K. (I/mg)

Therefore, from the observed results it can be summarized that the adsorption capacity
of the sample largely depended on the surface morphology and textural characteristics.
The functionality played the major role towards the adsorption process. This was
justified by the EDS and IR results. In addition, the specific surface area and pore

diameter also showed significance in formaldehyde adsorption.
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CHAPTER 5
CONCLUSION AND FUTURE RECOMMENDATION

5.1 Conclusions

Amine functionalized mesoporous silica was prepared in two different approach. In the
first approach, the ceramic substrate was prepared and coated with silica particles.
However, the size of the silica particles was bigger than the pore channel of the ceramic.
Thus, the coated silica was only sitting on the surface of the ceramic substrate instead
of entering into the channels of the substrate. To avoid the problem, the commercialized
alumina was directly dipped into the silica solution and coated with the silica particles.
Morphological, textural, and chemical properties of the synthesized samples were
studied with different spectroscopic techniques. The adsorption performance and
efficiency of the synthesized sorbent was studied with desiccator method and the data
obtained were fitted to the Langmuir isotherm to elucidate the adsorption characteristic

of the adsorbents.

The specific surface area and the pore diameter of the mesoporous silica and amine
functionalized mesoporous silica are similar. This indicates the surface
functionalization of silica with amine group does not have any significant impact on the

morphological and textural property of the synthesized materials.

The adsorption of formaldehyde on the amine functionalized mesoporous silica occurs
through the reaction between the formaldehyde molecule and the amine groups present
on the adsorbent surface. In absence of amine group, the hydroxyl groups of silica
participate in the reaction and forms bond with the formaldehyde molecules. However,
the hydroxyl groups react slowly with the formaldehyde due to the higher
electronegativity of the oxygen atom than nitrogen in amine. Thus, the unfunctionalized

silica shows lower adsorption capacity than the amine functionalized silica.

Among all the synthesized samples, the AMPS3 adsorbed highest amount (60%) of
formaldehyde. Therefore, the adsorption data of AMPS3 were fitted to the Langmuir
isotherm model to elucidate the adsorption characteristics. Adsorption data were well

fitted to the Langmuir isotherm in terms of R? value (0.99). The results obtained in the
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current research was compared with the previous studies and shown in table 5.1 and
table 5.2.

Table 5.1

Comparison of Structural Parameters of The Present Work with The Previous Works

Ref. Precursor Solution Specific  Particle Pore
Surface Size Diameter
Avrea, (nm) (nm)
(m?/g)
Current  TEOS(TEOS:APTES= 949 550 2.3
Study 80:20):EtOH:

NH3-H20:CTAB: H20
=1:20:10.4:0.3:45.5

(Srisuda  TEOS:AEAP:CTAB: 141.40 - 159.8
& Virote, EtOH:H20 =
2008) 0.85:0.15:0.22:5:80
TEOS:AEEA:CTAB: 8.14 - 177.7
EtOH:H20 =

0.85:0.15:0.22:5:80

Table 5.2

Comparison of The Adsorption Characteristics of The Present Work with The Previous

Works

Current Study Reference
(Srisuda & Virote, 2008)
Precursor TEOS +APTES TEOS + AEAP TEOS + AEEA
Adsorption Capacity, 1227 +51.1 1208 613.88
qmax (MQ/9)
adsorption equilibrium 26 + 0.006 x 103 1.10x10* 3.45x10™
constant, KL (I/mg)

R? 0.9977 + 0.001 0.9603 0.9935
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APTES: (3-Aminopropyl) triethoxysilane; AEAP: n-(2-amino-ethyl)-3-amino-
propyltrimethoxysilane; AEEA: 3-(2-(2-amino-ehtylamino)ethylamino)
propyltrimethoxysilane.

As observed in table 5.1 and 5.2, the specific surface area of the synthesized compound
under current study using TEOS and APTES is 949 m?/g, which is significantly high
compared to the previous studies where instead of APTES, AEAP and AEEA were
used. On the contrary, the pore diameter of our synthesized sorbent sample is also

considerably smaller than the other works.

In the current study, the sample synthesized with highest amount of amine group
showed highest adsorption capacity; one gram of the sample was adsorbing 1227 +
51.1 mg/g of formaldehyde. However, in previous studies it has been seen that the
adsorption capacity of the compound synthesized from AEAP was 1208 mg/g while the
compound synthesized from AEEA adsorbed 613 mg/g formaldehyde. APTES, AEAP
and AEEA contain one, two and three amine groups in their structure, respectively,
which proves that large number of amie containing ligands do not necessarily offer high
adsorption capacity. Therefore, from the observation we can say that amine groups are
not solely responsible for the adsorption; morphological and structural features
including the specific surface area and pore diameter are also responsible for the high
adsorption capacity of the synthesized sample.

5.2 Future Recommendations

Further investigation in this field is highly required to prepare adsorbents with enhanced
performance. Three different ratios of TEOS/APTES were tried under this work, which
showed that higher amount of amine groups offer better adsorption capacity. Thus, the
other TEOS/APTES ratios need to be tested in future to get the optimum amount of
amine groups with highest efficiency. The particle size of the synthesized mesoporous
silica was around 500 nm which need to be reduced to <50 nm by tuning the
synthesizing condition and precursor composition ratio; so that the particle can enter
into the pores and channel of the ceramic substrates. The ceramic substrate preparation
methodology also needs to be modified in future to get more porous substrate with
bigger pore diameter. Stability of the ceramic substrates also needs further investigation

which was not considered in the current study.
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APPENDIX A

Amine Functionalized Mesoporous Silica Characterization

Table Al Particle Size analysis of FESEM image of MPS1, MPS2 and MPS3

Particle Sizes (um)

MPS1 MPS2 MPS3
0.8306 0.5571 0.7075
0.7425 0.6059 0.4669
0.8542 0.3791 0.5409
0.3404 0.4844 0.4597
0.8005 0.5791 0.549
0.8802 0.447 0.5558
0.6528 0.8679 0.5275
0.9513 0.5089 0.486
0.9559 0.5762 0.5576
1.1177 0.6368 0.8293
0.6218 0.5703 0.4322
0.4943 0.5519 0.7813
0.6938 0.626 0.7785
0.9445 0.5838 0.4955
0.9288 1.2188 0.5204
0.6443 0.6382 0.3661
0.4814 0.4281 0.5018
0.3265 0.668 0.5719
0.2917 0.8223 0.2954
0.258 0.7747 0.3185
0.8984 0.6023 0.5685
1.0013 0.4161 0.6765
0.809 0.5162 0.7598
0.6957 0.6331 0.7865
1.1501 0.5604 0.4598
1.0075 0.8389 0.4872
0.709 0.8685 0.4557
0.6929 0.4998 0.5678
0.6788 0.2531 0.4674
0.4862 0.4209 0.6389
0.9573 0.4729 0.3977
1.1387 0.4301 0.7642
0.2929 0.6119 0.7306
0.9539 0.5615 0.2951
0.8808 0.4708 0.4914
Average Particle Size (um) 0.72 0.58 0.55

Standard Deviation 0.26 0.17 0.16




Table A2 Particle Size of FESEM image AMPS1, AMPS2 and AMPS3

Average Particle Size (um)
Standard Deviation

Particle Size (um)

AMPS1 AMPS2 AMPS3
0.5955 0.6405 0.4169
0.5909 0.6656 0.6799
0.4039 0.6948 0.6298
0.6874 0.6804 0.5213
0.5754 0.6023 0.5161
0.5706 0.4501 0.4379
0.6414 0.5376 0.4691
0.526 0.6192 0.2455
0.6551 0.6 0.5135
0.5181 0.5359 0.4665
0.5236 0.6587 0.5223
0.6488 0.7433 0.6871
0.4977 0.4278 0.8133
0.5398 0.6235 0.5735
0.6108 0.6155 0.5201
0.3418 0.4683 0.6633
0.4294 0.5946 0.7625
0.5972 0.7082 0.5758
0.471 0.5334 0.4417
0.4721 0.4598 0.3466
0.6607 0.6998 0.259
0.3176 0.9559 0.3326
0.2244 0.6759 0.2733
0.8884 0.7724 0.9043
0.4731 0.8607 0.3952
0.4169 0.8235 0.5811
0.5751 0.7382 0.5158
0.4899 0.4817 0.5272
0.6426 0.5708 0.5071
0.7225 0.5365 0.6372
0.5299 0.576 0.6913
0.819 0.6863 0.932
0.8387 0.6488 0.8004
0.5769 0.9815 0.9658
0.4109 0.6479 0.5619
0.407 0.5551 0.6173
0.6064 0.2977 0.3083
0.7342 0.3132 0.7708

0.58 0.63 0.55
0.15 0.17 0.17
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Table A3 N2 adsorption desorption data of MPS3

MPS3 - Adsorption

MPS3 - Desorption

Relative Quantity Relative Quantity
Pressure Adsorbed (cm?3/g Pressure Adsorbed (cm?3/g
(P/Po) STP) (P/Po) STP)

0.025967 166.2761 0.991521 408.3352
0.049113 186.8645 0.962113 397.0485
0.078307 205.6993 0.933052 393.3825
0.097036 216.4088 0.907134 391.4538
0.122741 231.1344 0.881953 390.1011
0.146974 246.1455 0.85683 389.0355
0.170842 263.0558 0.831702 388.1406
0.194544 281.877 0.825413 387.8349
0.218566 301.8361 0.800343 386.9836
0.243653 321.5425 0.775517 386.3297
0.270193 339.0639 0.750545 385.6022
0.297798 352.7972 0.725421 384.8787
0.326418 362.2936 0.700477 384.1474
0.348883 367.2986 0.675484 383.4877
0.374326 371.0852 0.650546 382.804
0.399683 373.6335 0.625516 382.1215
0.424824 375.4092 0.600501 381.2775
0.449954 376.7551 0.575464 380.5084
0.475015 377.8396 0.550539 379.7574
0.500039 378.7525 0.52558 379.0984
0.525073 379.5135 0.500653 378.2006
0.550031 380.2504 0.47555 377.2165
0.575041 381.0115 0.450558 376.2684
0.600201 381.6703 0.425814 375.2298
0.625109 382.2976 0.401094 373.2377
0.65016 382.9414 0.375953 370.409
0.675067 383.5931 0.35133 366.8142
0.700144 383.9513 0.326645 361.546
0.743643 385.0092 0.302186 353.6854
0.750209 385.2569 0.277592 342.41
0.775215 385.8798 0.25315 327.4642
0.799775 386.5878 0.228345 308.8908
0.824937 387.374 0.20336 288.0991
0.849918 388.2276 0.178078 267.2184
0.874942 389.1471 0.153019 248.5644
0.899797 390.2658 0.127633 232.1174
0.924735 391.7656 0.102297 217.2599
0.949507 393.9767 0.077201 202.8135
0.97373 398.2509 0.052304 186.7358
0.991521 408.3352 0.025875 163.4493
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Table A4 BJH pore size distribution data of MPS3

Pore Diameter (nm)

dV/dlog(D) Pore Volume (cm3/q)

60.83603
35.75435
25.02766
19.41329
15.88553
13.44023
12.32915
11.26397
9.971471
8.937276
8.084233
7.372137
6.768031
6.247418
5.7192772
5.391551
5.034653
4.715289
4.42713
4.165065
3.924492
3.702982
3.499555
3.311243
3.133631
2.967465
2.811869
2.664824
2.524756
2.390627
2.260624
2.133198
2.007459
1.88347
1.759236

0.030807
0.027416
0.0256
0.02478
0.024449
0.024647
0.039577
0.029077
0.024677
0.032193
0.035756
0.04064
0.039063
0.044708
0.047922
0.067137
0.063202
0.064979
0.05703
0.089899
0.103517
0.101927
0.118876
0.266941
0.393966
0.529413
0.80706
1.257136
1.828241
2.451792
2.971634
3.19694
2.962106
2.350083
1.660998
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Table A5 N> adsorption desorption data of AMPS3

AMPS1 - Adsorption

AMPS1 - Desorption

Relative Quantity Relative Quantity
Pressure Adsorbed (cm?3/g Pressure Adsorbed (cm?3/g
(P/Po) STP) (P/Po) STP)

0.023891 163.985 0.992775 429.697
0.048854 187.4272 0.960579 420.1672
0.07841 207.9235 0.932784 416.939
0.096625 220.2399 0.907157 415.0333
0.121624 239.1052 0.881988 413.4958
0.145966 258.9475 0.875484 413.035
0.17185 276.2631 0.850328 411.9146
0.199402 288.1676 0.825711 410.7909
0.22639 296.068 0.800639 409.6121
0.252514 302.1545 0.77566 408.4517
0.276416 307.1555 0.750595 407.2442
0.300636 311.8625 0.725687 405.9272
0.325221 316.4024 0.700668 404.6038
0.350237 320.821 0.675738 403.2067
0.374529 324.9563 0.650694 401.8575
0.399495 329.3047 0.62572 400.3794
0.424636 333.6451 0.600745 398.831
0.449483 338.0034 0.575639 397.2361
0.474441 342.5813 0.550712 395.6511
0.499501 347.2875 0.525928 393.9959
0.52446 352.0053 0.500874 392.1331
0.549282 357.0311 0.47728 387.9337
0.574373 362.2457 0.455996 356.7146
0.59922 367.61 0.427811 338.3114
0.624222 373.2882 0.386228 327.3817
0.649387 378.8724 0.358127 322.2603
0.674178 384.5142 0.333063 317.7143
0.699294 389.9735 0.325527 316.3674
0.724199 395.2127 0.301177 311.8034
0.749425 400.1613 0.276186 306.9722
0.774752 404.246 0.25122 301.6094
0.799634 407.3108 0.226393 295.7777
0.824826 409.6283 0.201525 288.524
0.849812 411.3359 0.177223 278.6793
0.874842 412.6443 0.153298 264.1104
0.899779 414.1564 0.128214 244.0288
0.924978 415.845 0.102354 223.6394
0.949637 418.0271 0.076641 205.8044
0.974207 421.7274 0.052379 188.9315
0.992775 429.697 0.026041 165.1212
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Table A6 BJH pore size distribution data of AMPS3

Pore Diameter (nm)

dV/dlog(D) Pore Volume (cm3/g)

57.5443
35.46609
25.00771
19.41858
17.22232
15.17334

12.9474
11.28131
9.981073

8.94065

8.08957
7.377993
6.773102
6.251217
5.795818
5.394965
5.037441
4.717404
4.430088

4.16786
3.934146
3.735041
3.527615

3.25634
3.022178
2.852613
2.756486
2.658652
2.517898
2.381521
2.250555
2.123681
2.001144
1.882489
1.761494

0.023063
0.025835
0.025866
0.028859
0.039791
0.027528
0.03458
0.04233
0.04826
0.05713
0.071098
0.078378
0.091488
0.094337
0.113203
0.127316
0.138535
0.145636
0.161603
0.19161
0.540605
5.007959
2.157181
0.715297
0.392275
0.389582
0.372233
0.412173
0.430148
0.511263
0.577311
0.79519
1.237268
2.015666
2.609352
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APPENDIX B
Formaldehyde Decay and Adsorption Capacity of the Synthesized

Samples

Table B1 Formaldehyde decay value of Powder samples with time

Time Decay of 0.5g of Powder Samples at 3 ppm HCHO
(mins) Concentrations

MPS AMPS1 AMPS?2 AMPS3

0 1.0000 1.0000 1.0000 1.0000
1 0.9655 0.9684 0.9684 0.9684
2 0.9425 0.9368 0.9368 0.9474
3 0.9310 0.9263 0.9263 0.9263
4 0.9195 0.9158 0.9158 0.9158
5 0.9080 0.9053 0.9053 0.9053
6 0.8966 0.8947 0.8947 0.8947
7 0.8851 0.8842 0.8842 0.8842
8 0.8736 0.8737 0.8737 0.8737
9 0.8621 0.8632 0.8632 0.8632
10 0.8506 0.8526 0.8526 0.8526
11 0.8391 0.8421 0.8421 0.8421
12 0.8391 0.8316 0.8316 0.8421
13 0.8276 0.8211 0.8211 0.8316
14 0.8276 0.8105 0.8105 0.8316
15 0.8161 0.8105 0.8105 0.8211
20 0.7931 0.8000 0.7895 0.7684
25 0.7701 0.7789 0.7684 0.7158
30 0.7471 0.7579 0.7474 0.6737
45 0.7011 0.7053 0.6947 0.5895
60 0.6552 0.6632 0.6421 0.5263
75 0.6207 0.6316 0.6000 0.4947
90 0.5977 0.6000 0.5684 0.4526
105 0.5747 0.5684 0.5474 0.4211

120 0.5517 0.5474 0.5263 0.4000




Table B2 Formaldehyde decay value of AMPS3 at 3 ppm, 6 ppm, 9 ppm and 12

ppm formaldehyde concentrations

Time (mins) HCHO decay at different concentration
3ppm 6ppm 9ppm 12ppm
0 1 1 1 1
1 0.968421  0.964029  0.929412  0.985965
2 0.947368  0.935252  0.864706  0.978947
3 0.926316  0.913669  0.811765  0.961403
4 0.915789  0.884892  0.764706  0.950877
5 0.905263  0.863309  0.723529  0.940351
6 0.894737  0.841727  0.688235  0.933333
7 0.884211  0.820144  0.652941  0.922807
8 0.873684  0.798561  0.629412 0.91228
9 0.863158  0.776978  0.611765  0.905263
10 0.852632  0.755396  0.588235  0.894737
11 0.842105  0.733813  0.582353  0.887719
12 0.842105 0.71223 0.576471  0.880701
13 0.831579  0.705036  0.570588  0.870175
14 0.831579  0.697842  0.564706  0.863158
15 0.821053  0.683453  0.558824 0.85614
20 0.768421  0.640288  0.541176  0.814035
25 0.715789  0.597122  0.529412  0.775438
30 0.673684  0.561151  0.517647  0.740351
45 0.589474  0.460432  0.470588  0.631579
60 0.526316  0.417266  0.435294  0.540351
75 0.494737  0.381295 0.4 0.449123
90 0.452632  0.359712  0.376471  0.382456
105 0.421053  0.352518  0.352941  0.364912
120 0.4 0.345324  0.335294  0.354386

Table B3 Formaldehyde adsorption capacity of AMPS3 at 3 ppm, 6 ppm, 9 ppm
and 12 ppm formaldehyde concentrations

Time (mins)  Adsorption Capacity of AMPS3 at different time
3ppm  6ppm 9ppm 12ppm

0.00 0.00 0.00 0.00 0.00
1.00 282 4.71 11.30 3.77
200 471 8.47 21.66 5.65
3.00 6.59 11.30 30.13 10.36
400 7.53 15.07 37.66 13.18
500 8.47 17.89 44.26 16.01
6.00 9.42 20.72 49.91 17.89
7.00 10.36 23.54 55.56 20.72
8.00 11.30 26.37 59.32 23.54
9.00 12.24 29.19 62.15 25.42
10.00 13.18 32.01 65.91 28.25
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Time (mins)

Adsorption Capacity of AMPS3 at different time

3ppm 6ppm 9ppm 12ppm
11.00 14.12 34.84 66.85 30.13
12.00 14.12 37.66 67.80 32.01
13.00 15.07 38.61 68.74 34.84
14.00 15.07 39.55 69.68 36.72
15.00 16.01 41.43 70.62 38.61
20.00 20.72 47.08 73.45 49.91
25.00 25.42 52.73 75.33 60.26
30.00 29.19 57.44 77.21 69.68
45.00 36.72 70.62 84.75 98.87
60.00 42.37 76.27 90.39 123.35
75.00 45.20 80.98 96.04 147.83
90.00 48.96 83.80 99.81 165.72
105.00 51.79 84.75 103.58 170.43
120.00 53.67 85.69 106.40 173.26
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