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Abstract
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Environmental chemistry is multidiscipline science that deals with the
reaction, transport and fate of chemical species in 4 pillars of environment
(hydrosphere, atmosphere, geospheres and biospheres and how they affect the
human activities and the whole ecosystem. It combines various chemical
principles to achieve the ultimate goal of creating clean and sustainable
environment. In this dissertation, Synthesis of Micro- and Nano-sized
Composites Based on Silica for Removal and Detection of Toxic Substances
were described in detail. Iron oxide coated silica gels were employed to
remove arsenic oxyanions from artificial groundwater to permissible safety
limit defined by WHO. Arsenic adsorption kinetics, isotherm and interference
effect from various were also discussed. Various metal ions-modified silica
gel offer high sensitivity, straight-forward colorimetric detection of toxic
industrial pollutants such as hydrogen sulfide gas and ammonia gas. The
method can also be applied to detect sulfur ion in human plasma blood or in
aqueous solution. The proposed method described here may eliminate the
requirement of complex and expensive equipment, complicated sample
preparation and, most importantly, offers portability which can be directly
used on-site/in-situ for forensic application.

Keywords : arsenic removal, adsorption isotherm and kinetics, toxic gas
detection, sulfide ion detection,
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Chapter 1
Introduction
1.1 Environmental chemistry

Environmental chemistry is a branch of chemistry discipline that concerns
about the chemical and biochemical phenomena occurring in natural
environment places. It is an interdisciplinary science that range from
atmospheric chemistry, aquatic chemistry as well as soil chemistry. It ideals
with the production, transport, fates of chemical species in the understanding
in water, air, soil and how it affects human health and ecosystem in a whole.
Environmental science has been traditionally consists of four main pillars,
namely hydrosphere (earth’s water), atmosphere (the thin layer of gases that
covers the earth surface), geospheres (solid soil including soil that supports
human and plant life) and biosphere (all living entities in earth). These four
main pillars are closely associated with the last pillar of anthrosphere which
relates to all human activities that have direct and indirect effect on the
sustainability of the environment.[1] The effect of anthrosphere on
environment has been profound. Hazardous wastes of human activities have
been either dispersed or concentrated in the certain parts of the world, among
which toxic heavy metals and organochlorine compound are few examples of
the most troublesome contaminant.[2] Laws and regulations were enforced to
control and minimize air and water pollution. These measures could be
classified into two main methods, namely [3] :
a. “Command and control” approach which depends on “end of pipe”
treatment in which the pollutants are generated but were removed
before being released to the environment. This method was found to
reduce major environmental problems.
b. Sustainability approach which depends primarily on recycling
processes, avoiding hazardous wastes to the environment and
applying green engineering chemistry.
1

Human activities may result in greater environment change rather than naturerelated activities. Human activities such as the use of land and water for
housing, agriculture, harvesting food, industry, transportation and emission or
discharge of chemical substance to water, soil and air environment may cause
major environmental changes such as :[4]
a. Physical change which includes deforestation, landscape alteration,
water flow alteration, flooding, emission of toxic substance due to
infrastructure development.
b. Chemical changes such as change of chemical composition of water
and soils, changes in water acidity, nutrient deprivation, ozone layer
depletion, etc.
c. Biological change such as ecosystem damage, species migration and
extinction, acute or chronic health effects due to exposure to
accumulation of toxic substances and their derivatives.

Pollution of the environment by various toxic compounds is one of the major
problems in the present days. Majority of toxic substance released to the
environment are the result of human activities, however, there are also
contaminants that are produced naturally in the environment. Remediation of
hazardous waste sites is being actively implemented. A remediation
technology removes contamination at local site, but at the same time the
remediation processes may contribute to environmental impacts on the local,
regional and global scale as they use energy, chemicals and raw materials and
generate emissions and waste. Such impacts from remediation may be termed
secondary impacts to environment as opposed to the primary impacts to
environment related to the on-site contamination[5]. Environmental policies for
protecting the environment and creating sustainable environment are of
utmost importance. It should be based upon concepts of fairness and equity in
such a way that every citizen has rights to breathe fresh air or enjoy clean
environment. On the other hand, the policies are often influenced by both
public and private interests since they pose great economic implications.
2

1.2 Arsenic remediation from aqueous environment

Arsenic, one of the major contaminant in aquatic environment, and its
removal strategy will be addressed in detail in chapter 2. There are still lots of
people, mostly from developing countries, who either have lack of or no
access to clean and hygiene potable water. The health and welfare of the
people, especially those from vulnerable group of people such as infant,
children and the elderly, are closely related to the availability of adequate and
clean water supply. Arsenic, a relatively scarce but ubiquitous element, is of
serious concern due to its toxicity and lethality even at very low concentration.
It ranks 20th in natural abundance (0.00005% of earth crust), 14th in seawater
and 12th in human body. Arsenic contamination of surface and subsurface
water has been reported in many parts of the world and has become global
environmental issue as millions of people which have been exposed to
contaminated drinking water develop several health problems such as
hyperpigmentation, keratosis, anemia, chronic lung disease, liver fibrosis,
neuropathy and other diseases. Most environmental arsenic contamination
result from mobilization under natural condition such as anthropogenic
activity, natural weathering reactions, biological activity, geothermal reaction
and volcanic emission. No preventive actions can be taken so only
remediation technology can be done to minimize the effects. Human activities
such as mining, combustion of fossil fuels the use of arsenic pesticides /
herbicides and additives to livestock feed may add additional impact.[6-8]

Clean water, which plays a critical role in every aspect of humans and other
organisms, has becoming scarce in many parts of the world. There is an urgent
need to develop and innovate new technology or materials which can address
the issue of adequate clean and safe-to-drink clean water, therefore, it is
expected that that various disciplines such as engineering and nanotechnology
could play their significant role and give positive contribution in these areas.
3

1.3 Detection and determination of toxic air pollutants (H2S and NH3)
Atmosphere is the protective blanket which provides sustainable life on earth
and protects the earth from hostile environment of outer space (such as cosmic
ray or ultraviolet radiation from the sun). It is the vital part of hydrosphere
cycle and has been the source of carbon dioxide needed for photosynthesis
and oxygen for respiration. Unfortunately, the atmosphere also functions as
dumping ground for many air pollutant materials. Air pollutant materials
could be broadly classified into : [3]
a. Particulate or primary particle which is detrimental to respiration of
the organism. Examples are pollen, dust, fly ash etc.
b. Secondary particles, are those created from gas reactions. Examples
of secondary particles are smog particles, sulfuric acid droplets and
salt such as ammonium sulfate.
c. Toxic inorganic gases which include sulfur dioxide, nitric oxide (NO
and NO2), carbon monoxide, hydrogen sulfide, hydrogen chloride,
hydrogen fluoride and ammonia. These gaseous inorganic pollutants
enter the atmosphere as a result from human activities.
d. Photochemical smog such as ozone, organic oxidants (peroxyacetyl
nitrate), aldehydes, etc. These are formed when nitrogen oxides and
hydrocarbon in air masses are subjected to sunlight radiation to
undergo photochemical reactions.

The toxicological profile and the exposure effect of hydrogen sulfide gas and
ammonia gas on human health are presented in detailed in chapter 3. More
comprehensive discussion regarding the aspect of qualitative and quantitative
determination of these compounds in forensic science and investigation will
be addressed. Hydrogen sulfide gas and ammonia gas are chosen since both
gases are one of the most important gases in industrial and manufacturing area.
The proposed method of detecting hydrogen sulfide gas and ammonia gas is
extremely important in preventing accident due to inhalation of hydrogen
4

sulfide gas and ammonia gas in high concentration and prolonged time. It also
offers significant portability and enable in-situ practical applications in
accidental scene.
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Chapter 2
Simple and efficient synthesis of iron oxide coated
silica gel adsorbents for arsenic removal application:
adsorption isotherm and kinetic study
Nomenclature
Co

initial arsenic concentration before adsorption process (mg  L-1)

Ce

equilibrium arsenic concentration after adsorption process (mg  L-1),

qe

equilibrium adsorption capacity (mg  g-1)

qt

equilibrium adsorption capacity at a given time (mg  g-1)

t

time (min)
Polanyi potential

R

molar gas constant (kJ  mol-1 ∙ K-1)

T

absolute temperature (K)

K1-ads

pseudo-first-order rate constant (min-1)

K2-ads

pseudo-second-order rate constant (g  mg-1 ∙ min-1).

b

Langmuir constant related to adsorption intensity (L  mg-1)

Qo

Langmuir constant reflecting the theoretical maximum adsorption
capacity (mg  g-1).

Qs

Saturated Sips model adsorption capacity (mg  g-1)

as

Sips isotherm constant (dimensionless)

ns

Sips isotherm exponent (dimensionless)

KF

Freundlich constant related to adsorption capacity [(mg  g-1) (L  mg-1)1/n]

N

Freundlich constant related to adsorption intensity (dimensionless)

Qd

Saturated Dubinin Radushkevich model adsorption capacity (mol  kg-1),

KD-R

Dubinin Radushkevich constant (mol2  kJ-2)

ED-R

Dubinin Radushkevich model mean free energy of sorption (kJ  mol-1)
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2.1 Introduction

Arsenic is of serious concern due to its toxicity even at very low concentration.
Clean water as one of the most fundamental elements for human survival is
decreasing as global population already surpassed six billions people. The
demand of clean water cannot be fulfilled by currently available surface water
leading to increased dependence of groundwater usage. Arsenic contamination
of surface and subsurface water has been reported in many parts of the world
and has become global environmental issue as millions of people which have
been exposed to contaminated drinking water develop several health problems
such as skin, kidney, lung, liver cancer and neurological damage. The
presence of arsenic, even at high concentration, is not accompanied by any
change in taste, odor and visible appearance which makes it difficult to detect
in drinking water. Arsenic can occur both organically and inorganically in the
environment where organic arsenic species are considered to be very much
less harmful to health compared to inorganic counterparts. The inorganic
hydrolyzed form of arsenic include H3As3O3, H2AsO3-, HAsO32-, AsO33-,
H3As3O4, H2AsO4-, HAsO42- and AsO43-

[1-4]

. Due to its toxicity and

carcinogenic effect on human health, World Health Organization has revised
the permissible safety limit of arsenic in drinking water from 50 g  L-1 to 10
g  L-1 in 1993. According to new directive, all drinking water supply system
in European Union would had complied with this new limit while United
States Environmental Protection Agency (USEPA) has also adopted the
maximum arsenic contaminated level of 10 g  L-1 which has been enforced
since 2006 [5,6].

There is an urgent need to improve current water treatment technology since
both dissolved arsenite and arsenate ion are simultaneously present in the
contaminated groundwater, Adsorption has become as an attractive and
promising technology for arsenic removal due to its simplicity and safety, ease
of operation, maintenance and handling, sludge-free operation, potential for
7

regeneration and possibility of the use of low-cost adsorbent. It has been
considered as the most effective treatment process for the removal of arsenic
from aqueous environment at a lower cost applicable to individual sites
serving households or small communities [4,7].

Due to its great affinity towards arsenic, various kinds of iron-based
adsorbents have been developed for arsenic removal such as MnFe2O4 and
CoFe2O4 magnetic ferrite nanoparticles
[9]

[8]

, Fe-Mn binary oxide nanoparticles

, mixed magnetite-maghemite nanoparticles

akaganeite nanocrystals

[10]

, magnetite nanoparticles [11],

[12]

[13]

, hydrous ferric oxide

, iron powder

[14,15]

,

[16]

hematite and goethite

, etc. Extended x-ray absorption fine structure

spectroscopy has provided evidence that arsenic can form inner sphere
monodentate or bidendate-binuclear complexes with iron oxides during
adsorption process

[11,17]

. Despite its effectiveness in removing arsenic due to

its larger surface area and high reactivity, their occurrence in fine or nanosized
powder form causes difficulties when it comes to their separation in arseniccontaminated water treatment process. This problem might be partly solved
when using magnetic nanoparticles by installing magnetic separator at the
expense of increasing the system cost. Their use in fixed-bed column
operation may also be limited due to low hydraulic conductivity. Direct
application of adsorbents in fine powdery form may cause fast loss of
adsorbent and iron pollution in drinking water (leaching) due to its tiny
particle size. Therefore, it is necessary to load the adsorbent material on an
inorganic or organic supporting material for the treatment of arsenic
contaminated drinking water [18-20].

Various organic or inorganic supporters have been applied to improve arsenic
adsorption capacity and to solve the aforementioned limitation such as cement
[21]

, sand

carbon

[22]

[27]

, slag

[23]

[24]

, resin

and chitosan

, bead cellulose

[25]

, alumina

[26]

, activated

[28,29]

. However some system suffered from multiple

preparation steps, time-consuming process or requirement of reactor system to
prepare the supporting matrices or matrix-supported adsorbant. For example,
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cement matrix

[21]

was prepared by mixing commercially available white

cement with CaCl2.2H2O to accelerate hydration of silicate. For drying and
setting, the slurry was then kept in ambient temperature for 48 h followed by
curing (hardening) process for 7 days. The mixture of cement and ferric
nitrate solution was kept in the oven at 100 °C for 16 h to obtain iron oxide
coated cement. Iron oxide coated sand

[22]

available from nitrate removal

system by zero-valent iron was generated from fluidized and air-aerated bed
reactor. Iron oxide coated sand pellets were formed, discharged from the
fluidized bed reactor, reclaimed and used for arsenic removal application.
Amorphous FeOOH was loaded onto solid waste melted slag [23] via chemical
processes and high temperature coating technique. The slag was generated
from a municipal solid waste incinerator at a melting temperature of 1400–
1600 °C. After aging the mixture of slag and NaOH for 48 h at 80oC, FeCl3
solution was added and aging process was extended for another 12 h at 25 oC
to obtain neutral adsorbent. The slurry was filtrated and heated at 105 °C for
2 h and then 550 °C for 1 h. Upon cooling, the composite was broken to
separate the grains and sieved, vacuum-dried at 105 °C for 24 h and stored in
a capped bottle for use. Bead cellulose loaded iron oxyhydroxide

[25]

was

prepared by dropwise addition of NaOH into mixture of FeCl3 solution and
wet bead cellulose. Fe was continuously loaded into the cellulose bead in the
form of akaganéite and the Fe content could be increased by repeating the
loading process. The bead cellulose was prepared via several steps (2-3 days),
i.e preparation of alkalized cotton, cellulose esterification, and purification of
esterified cellulose through heating and filtering to obtain white-colored
cellulose bead. Iron oxide modified activated carbon

[27]

was prepared by

precipitation of FeCl3 solution with NaOH followed by heating the mixture at
105oC overnight. The activated carbon was previously oxidized by strong acid
solution at room temperature. Zero valent iron modified carbon was prepared
by reduction of Fe2+ by NaBH4 on coal-derived activated carbon previously
pre-treated in nitric acid for 24 hour.

Silica as supporter materials for arsenic adsorbents had been less reported.
9

Silica-containing iron oxide adsorbent for arsenic removal application

[30]

had

been prepared based on simultaneous in-situ generation of hydrous ferric
oxide (FeOOH) sol and Si(OH)4 sol (via reaction of sodium silicate and
hydrochloric acid) in one reactor in one reactor in which detailed study on
adsorption behavior was not discussed. Goethite coated silica

[31]

had been

prepared by adsorption and precipitation method for nickel ion removal
application, in which the preparation time varied from one to several days
depending on experimental parameters. This study aims to systematically
investigate the adsorption kinetics and adsorption isotherm of arsenic by iron
oxide coated silica gel. In addition, a simple, efficient and reproducible
method to prepare iron oxide coated silica gel is presented. Micron-size silica
gel, commonly used in the purification and separation of organic mixtures in
chromatography, was chosen due to its good adsorption capability, high
surface area and porosity. Silica may act as a binding agent through Fe-Si
complexes which would enhance physical and binding strength of the
adsorbent produced. The effectiveness and applicability of iron oxide coated
silica gel to remove arsenic from real life ground water will be discussed.

2.2 Experimental section

2.2.1 Preparation of the ferrihydrite coated silica gel (SiO2-Fh)
Ferrihydrite was prepared based on the method commonly employed in our
laboratory. Briefly, 20 g of silica gel and 2.8 g of Fe(NO3)3.9H2O and 50 mL
de-ionized water were loaded into 250 mL flask. The pH of the mixture was
increased to neutral pH (7) by adding NH4OH solution. The mixture was
stirred for 2 hours at room temperature. The solid was then washed and
purified with de-ionized water using low speed centrifugation to remove free
ferrihydrite from the mixture. The dried ferrihydrite coated silica gel was
obtained by vacuum drying at 60 oC for 2 hours and the solid were stored in a
glass vial for further use.
10

2.2.2 Preparation of the hematite coated silica gel (SiO2-Hm)
The hematite coated silica powder was prepared via annealing of purified
ferrihydrite coated silica gel in ambient atmosphere at 600 oC for 4 hours.
After cooling down to room temperature, the hematite coated silica gel was
then stored in a glass vial for further use.

2.2.3 Preparation of the magnetite coated silica gel (SiO2-Mt)
Magnetite was prepared according to commonly employed method in our
laboratory. Briefly, 20 gram of silica powder, 2.7 g of FeCl3.6H2O, 1 g of
FeCl2.4H2O, 4.34 g of CH3COONa and 100 mL ethylene glycol were loaded
into 250 mL flask. Reflux was performed in N2-protected atmosphere over
night. The solid was then washed with de-ionized water and purified by low
speed centrifugation to remove free magnetite from the mixture. The dried
magnetite coated silica gel was obtained by vacuum drying at 60 oC for 2
hours and the solid was stored in a glass vial for further use.

2.2.4 Batch adsorption isotherm and adsorption kinetic experiment

Adsorption isotherm and kinetic studies of arsenic on iron oxide coated silica
gel were performed in plastic tube containing 1.5 g of oxide coated silica gel
and 30 mL arsenic solution. The mixture was then shaken at 250 rpm with at
room temperature. No pH adjustment was made for all batch adsorption
experiments. Adsorption isotherm studies were conducted by varying initial
arsenic concentration from 1-80 mg  L-1 for As (III) and 5-120 mg  L-1 for
As(V). Reaction was allowed to proceed for 3 hours at room temperature. The
3 hours reaction time was found to be adequate for equilibrium to be attained.
Time-dependant As (III) and As(V) adsorption kinetics were investigated by
varying contact time from 5, 15, 25, 45, 60, 120 and 180 min. using initial
arsenic concentration of 10 mg  L-1 at room temperature. Effect of co-existing
11

anions such as SO42-, HCO3-, PO43-, SiO32-, Cl- and NO3- was analyzed with
initial arsenic concentration of 3 mg  L-1. This arsenic concentration was
higher than those commonly found real natural groundwater so that complete
removal of arsenic could be avoided and the effect of competing anions could
be observed. The molar concentration of competing anion was prepared 25
and 250 times higher than that of arsenic. The experimental procedure was
similar to those of batch isotherm experiment with addition of competing
anion.

2.2.5 Characterization

All experiments were triplicately performed and similar results were obtained
within 5 % difference range. All batch samples from adsorption isotherm and
kinetic experiment were collected by centrifugation and the supernatant was
filtered through nylon cellulose filter. The remaining arsenic concentration
was then analyzed by Inductive Couple Plasma – Atomic Emission
Spectrometer (Shimadzu ICPS-7510) with arsenic detection limit of 10 g  L1

. Morphology of uncoated silica gel and iron oxide coated silica gel were

characterized by Scanning Electron Microscope (Hitachi S-4300). Crystal
structure of iron oxide phase present on the surface of silica gel was analyzed
using powder X-Ray Diffractometer (M18XHF-SRA). Nitrogen adsorptiondesorption isotherm and pore size distribution measurement were measured
by Micromeritics ASAP 2020. All adsorption data were analyzed using
Microsoft Excel 2007 and Origin Pro 8.0 Software.

2.3 Result and discussion
2.3.1 Characterization of iron oxide coated silica gel adsorbent.
The physical appearance of the iron oxide coated silica gel is shown in the Fig.
2-1. The original white color of silica gel turned yellow-brown, dark redbrown, and black after being coated with ferrihydrite, hematite, and magnetite,
12

respectively, confirming the coated iron oxide phases by their characteristic
colors [32].

Fig 2-1. Physical appearance of coated silica gels with (a) ferryhydrite, (b)
hematite, and (c) magnetite
The morphology of the adsorbents was characterized using scanning electron
microscope (SEM) and was found to have irregular granular shape as shown
in Fig. 2-2. The iron oxide coated silica gel (b-d) had rougher surface and was
covered by nanometer sized aggregate structure (f-h) compared to the
uncoated silica gel with smooth surface in the absence of any noticeable
nanometer-sized features, implying the successful coating of silica gel with
various iron oxide phases.

Fig 2-2. SEM images showing the surface morphology of silica gels of (a and
e) untreated, (b and f) ferrihydrite coated, (c and g) hematite coated, and (d
and h) magnetite coated samples
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The iron content on the surface of silica gel was determined by acid treatment
of the iron oxide coated silica gel followed by quantitative analysis of iron by
ICP-AES. The phase of iron oxides coated on the surface of silica gel was
analyzed using powder X-Ray diffraction. However, only broad peak of silica
gel between 2 of 20~30º was observed since the actual amount of iron oxides
was very small compared with the silica. Pure iron oxide phases were then
prepared using the same method previously described in the absence of the
silica gel. These iron oxide phases were analyzed using powder X-Ray
diffraction (figure 2-3) and were confirmed as ferrihydrite, hematite, and
magnetite phases based on the JCPDS card reference of number 00-029-0712,
04-003-2900 and 01-076-0957, respectively.
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Fig. 2-3 Powder XRD spectrum of hematite (top left), magnetite (top right)
and ferrihydrite (bottom) sample (black) with their corresponding reference
spectrum in color.

2.3.2 Effect of iron oxide phase on arsenic removal
Preliminary experiment was carried out in order to determine which iron
oxide phase had the largest arsenic adsorption capability at equilibrium
15

condition. It can be seen from Fig. 2-4a that the hematite coated silica gel has
the largest equilibrium adsorption capacity and could effectively removed
both arsenite and arsenate compared to those of ferrihyditre or magnetite
coated silica gel. Magnetite coated silica gel has the smallest arsenic
equilibrium adsorption capacity despite its highest iron content (Table 2-1). It
is interesting to observe that the magnetite coated silica gel could be
employed to remove arsenite while arsenate ions could not be adsorbed
effectively. These results might be related with the crystallinity and porosity
of magnetite structure prepared at different conditions.

Table 2-1. Measured amount of iron or iron oxide within coating materials on
silica gel by ICP-AES (Fh = ferrihydrite (Fe5HO8·4H2O), Hm = hematite
(Fe2O3), Mt = magnetite (Fe3O4)
Fe coating

Fe-oxide coating

(mg  g-1 of SiO2)

(mg  g-1 of SiO2)

SiO2-Fh

21

37

SiO2-Hm

21

31

SiO2-Mt

34

47

Material

Uncoated silica gel was also tested as a reference and it was found that more
than 99% of arsenic ion still remained in the solution (Table 2-2). Uncoated
silica gel did not possess the ability to remove or adsorb the anionic form of
arsenic oxyacids which further emphasized its role as a supporter in the
system. Hematite coated silica gel was chosen for further adsorption kinetics
and adsorption isotherm batch-mode experiments since it has the largest
arsenic adsorption capacity over ferryhydrite or magnetite coated silica gels.

Table 2-2. Arsenic removal by bare silica gel
Co (mg.L-1)

Ce (mg.L-1)

Removal (%)

Arsenite

1.130

1.127

0.26

Arsenate

1.060

1.050

0.94
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2.3.3 Effect of pH

It is evident from Fig. 2-4b that both arsenite and arsenate adsorption onto
hematite coated silica gel was independent over a wide range of pH from 3 to
8 which is beneficial for practical real field application. Speciation of both
arsenite and arsenate in aqueous solution is known to be a function of pH.
Arsenate exists as H3AsO4 at pH lower than 2, H2AsO4- (at 2< pH < 7),
HAsO42- (at 7 < pH < 11) and As3O4 pH higher than 11 while arsenite is stable
as neutral species H3AsO3 at pH lower than 9 and H2AsO3- at pH between 9
and 12

[2]

. It has also been previously reported

[33]

that point of zero charge

(Pzc) of hematite falls between pH from 8.8 to 9.5 below which the adsorbent
has net surface positive charge and net surface negative charge above the Pzc.
Arsenate anion was readily adsorbed to adsorbent surface through boundary
of solid/liquid interface via electrostatic interaction at pH range from 3 to 8
while arsenite adsorption occurred through Lewis acid-base reaction onto
non-ionized surface functional group. Arsenite adsorption is governed by
deprotonation of H3AsO3 below Pzc,

[20]

where electrostatic attraction did not

play important role since arsenite dominantly occurs as neutral species at pH
range from 3 to 8. Both arsenite and arsenate adsorption significantly
decreased at pH between 10 to 11 due to electrostatic repulsion between
arsenic anions and net negatively-charged adsorbent surface in the presence of
hydroxyl group.
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Fig 2-4. (a) Comparison of equilibrium adsorption capacities achieved by
ferrihydrite, hematite, and magnetite coated silica gel (treated volume: 50 mL,
arsenic concentration: 1 mg  L-1, total mass of iron oxide coated silica gel: 5 g,
and treated time: 2 h); (b) Effect of pH on arsenic adsorption on hematite
coated silica gel (treated volume: 30 mL, initial arsenic concentration: 5 mg 
L-1, and treated time: 2 hrs)
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2.3.4 Adsorption kinetics

Time-dependence equilibrium adsorption capacity of the hematite coated
silica gel for both arsenite (up) and arsenate (down) adsorption at room
temperature and neutral pH condition is shown in Fig. 2-5a. Both arsenite and
arsenate adsorption kinetics profiles can be divided into 2 stages; the first
stage where rapid adsorption occured with increasing contact time up to 45
minutes and 25 minutes for arsenite and arsenate, respectively, and the second
stage at which adsorption process reached plateau condition and no significant
increased in equilibrium adsorption capacity was observed even though the
contact time was further extended to 3 h. Silica gel (for column
chromatography),

used in this study, possesses both high porosity (pore size

of 60 angstrom) and high surface area (approximately 500 m2/g) (see
appendix), therefore it is highly probable that the iron oxide (hematite phase)
was present in both the exterior and interior pores of the silica gel. After most
of active adsorption sites on the outer part had been occupied during the initial
adsorption stage, diffusion barrier was created when arsenic anions started to
diffuse through the pore of silica gel. This process further decreased overall
diffusion rate with the increase of contact time under the studied initial arsenic
concentration and eventually arsenic anions got adsorbed by hematite phase
present in inner part of the silica gel. The decrease of diffusion rate was more
pronounced as the arsenic concentration in the solution decreased. Diffusion
process eventually stopped and adsorption process reached equilibrium
condition as gradient concentration of arsenic became significantly lower. The
much slower adsorption process may also have been attributed to coulombic
repulsion between initially adsorbed arsenic species on the adsorbent surface
and the remaining arsenic in the solution.[25, 34]

Various kinetics models was employed to describe the nature of arsenic
adsorption onto hematite coated silica gel. Pseudo-first-order and pseudosecond-order kinetic models are the most widely used and both had been
successfully applied to describe adsorption of various metal ions, dyes and
19

organic substance from aqueous solution. Recent mechanism study of arsenic
adsorption using ATR-FTIR

[33]

had indicated that protonated and

deprotonated bidendate bridging inner-sphere complexes dominate the
arsenate surface speciation with small additional fraction of outer-sphere
H2AsO4- while arsenite predominantly adsorbs as bidendate inner-surface
complexes on the hematite surface. The kinetic of arsenic adsorption onto
hematite coated silica gel can be simply written in general form as
Fe-OH (s) + As (aq)  Fe-As (s)

(1)

And the overall rate law of adsorption kinetics can be described as

(2)

where [ ] is the molar concentration of arsenic in aqueous solution, a and b are
constant representing the order of reaction and Kads is adsorption kinetic rate
constant. The adsorption kinetics can be viewed as ath order with respect to
Fe-As(s) and bth order with respect to As(aq). The sum of power of
concentration terms involved in the rate law expression is defined as the total
rate [(a+b)th] of reaction.

Assuming that the adsorption sites is present in the large excess compared to
the concentration of arsenic in the solution, the availability of surface
adsorption sites is virtually unchanged during the adsorption process,
therefore, the rate law can be treated as pseudo-order reaction [35]. The change
of available surface adsorption site can be ignored throughout the reaction
such as [Fe-As(s)] [Fe-As(s)]initial and the rate equation simplifies to

(3)
where
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It has also been reported that adsorption followed by formation of innersphere complex are not much influenced by ionic strength and pH (shown in
Fig 2-4b). In order to analyze arsenic adsorption onto hematite coated silica
gel, the adsorption kinetic data was fitted against the linearized form of
pseudo-first-order kinetic model (Lagergren equation) and pseudo-secondorder kinetic model according to Eqs. (4) - (5), respectively [36].

(4)
(5)

The value of equilibrium adsorption capacity, initial sorption rate and
adsorption kinetic reaction rate constant can be experimentally determined
from the slope and intercept of adsorption kinetic plot shown in Fig. 2-5b and
2-5c and the result was summarized in Table 2-3. Both pseudo kinetic models
was tested against least-square regression analysis to determine which model
better describe the adsorption behavior and standard error of estimation was
calculated for each model to provide a degree of agreement between
calculated and experimentally obtained values.

21

22

Fig 2-5. Time-dependant arsenic adsorption on hematite coated silica gel (a),
pseudo-first-order (b), and pseudo-second-order (c) model for adsorption
kinetics of arsenic onto hematite coated silica gel

The correlation coefficient of the pseudo-second-order kinetic model for both
arsenite and arsenate adsorption were above 0.999 and the calculated values
of equilibrium adsorption capacity (4.434 mg · g-1 and 6.624 mg · g-1) agreed
well with the experimental values (4.458 mg · g-1 and 6.631 mg · g-1) for
arsenic and arsenate, respectively, compared to those obtained from the
pseudo-first-order kinetic model. The higher value of initial sorption rate (h)
and pseudo- second-order constant (K2-ads) of arsenate adsorption indicates
that it required shorter time for arsenate adsorption to attain equilibrium
condition than arsenite adsorption. The higher correlation coefficient values
and lower value of standard error of estimate for both arsenic adsorption and
agreement between experimental and calculated values of equilibrium
adsorption capacity provided evidence that the adsorption process could be
well described by the pseudo-second-order kinetic model. This model
assumes that adsorption occurs on localized sites with no interaction between
23

arsenic anions, maximum adsorption represents saturated monolayer
adsorption and negligible rate of desorption compared to adsorption rate
leading to the chemisorptions through sharing or exchange of valence
electrons between hematite coated silica gel and arsenic anions via covalent
bond formation [37,38]. The amount of removed arsenate anion was higher than
that of arsenite which was also supported by the data from adsorption
isotherm.

Table 2-3. Estimated value of several kinetic models parameters for arsenic
adsorption on hematite coated silica gel

2.3.5 Determination of rate-limiting step during arsenic adsorption onto
hematite coated silica gel

The kinetic data was tested against intraparticle diffusion and liquid film
diffusion model to determine the rate-determining step of arsenic adsorption
onto hematite coated silica gel[36] Retention of arsenic on the active sites
followed by surface complexation reaction is assumed to be very rapid and
can be considered negligible. The intraparticle diffusion model assumes that
solute uptake varies almost proportionally with square root of time rather than
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contact time (t) while neglecting the effect of pore size or radius on adsorption
process. This model was widely found in many adsorption cases and is given
by simple equation:

(6)

The liquid film diffusion model states that the flow of adsorbate through the
liquid film surrounding the adsorbent particle is the slowest stage in the
adsorption process which determines the kinetics of the whole process and
can be written as:

(7)

Lines from both models in Fig. 2-6 did not pass through the origin which
implies that the rate-limiting step of arsenic adsorption process on the
hematite coated silica gel might be governed by both liquid film diffusion and
intraparticle diffusion simultaneously. The larger values of correlation
coefficient from liquid film diffusion model suggested that arsenic adsorption
onto hematite coated silica gel was mainly governed by liquid film diffusion
process(more contribution toward rate-determining step) with additional
contribution from intraparticle diffusion process.
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Fig 2-6. Intraparticle diffusion (left) and liquid film diffusion (right) model
for adsorption kinetics of arsenic onto hematite coated silica gel
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Table 2-4. Estimated value of intraparticle diffusion and liquid film diffusion
model parameters for arsenic adsorption on hematite coated silica gel

Where
Ki

intraparticle diffusion constant (mg  g ∙ min0.5)

Klf

liquid film diffusion constant (min-1)

F

ratio between qt and qe (dimensionless)

qt

equilibrium adsorption capacity at a given time (mg  g-1)

t

time (min)

2.3.6 Adsorption isotherm

Equilibrium arsenic adsorption data onto hematite coated silica gel was fitted
against three-parameter Sips isotherm model and two-parameter Langmuir
and Freunlich isotherm models

[39]

as shown in Figs 2.7. Langmuir isotherm

model assumes that monolayer adsorption process takes place at specific
homogenous sites of equal energy on which there is no interaction between
adsorbed species. Adsorption forces is similar to that of chemical interaction
and once sorption sites was occupied by adsorbate species, no further
adsorption can take place at that same site. The Freundlich isotherm model is
the oldest known empirical model describing the adsorption process. It
assumes that multilayer adsorption process occurs on the heterogeneous
surface with exponential distribution of adsorption active sites and non
uniform heat of adsorption over the adsorbent surface. Three-parameter Sips
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isotherm model

[18]

, a combination of both Langmuir and Freundlich model

having features of both, was developed to improve the performance of both
Langmuir and Freundlich models over a wide range of arsenic concentration.
The mathematical representation of these isotherm models are given in Eqs. (8)
- (10):

(8)

(9)

(10)

The estimated parameters from each isotherm model are summarized in Table
2-5. The determination of optimal parameters from each isotherm model was
performed using a non-linear optimization approach. This is particularly
important for Langmuir isotherm model in which the term 1/Ce in the
linearized-form underweights data from high initial arsenic concentration in
the overall optimization. The three-parameter Sips model provides better fit to
experimental data compared to two-parameter isotherm model indicated by
higher value of correlation coefficient (R2) and lower statistical error (2).
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Fig 2-7. Isotherm plots for arsenic adsorption onto hematite coated silica gel
based on (a) Langmuir, (b) Freundlich, (c) Sips, and (d) Rubinin-Raduskevich
model.
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Table 2-5. Estimated value of several isotherm parameters for arsenic
adsorption on hematite coated silica gel

The performance of the hematite coated silica gel in removing both arsenite
and arsenate was compared with other adsorbents from other literature works
and the result was summarized in Table 6. Some adsorbents should be applied
at certain pH range (acid or base) to attain maximum adsorption capacity. Our
adsorbent offers several advantages such as: (i) its quick, simple and straightforward preparation which can be easily scale-up for large scale production,
(ii) neither pH nor temperature adjustment is needed during the adsorption
process yet it still maintains high adsorption capacity which is advantageous
for practical field applications.
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Table 2-6. Comparison of Langmuir adsorption capacity of different
adsorbent materials

While both Langmuir and Freundlich adsorption models predicted favorability
of the arsenic adsorption onto the hematite coated silica gel, the adsorption
energy (E) calculated from Dubinin-Radushkevich (D-R) isotherm could
provide important information regarding the physical or chemical nature of
adsorption process. The mathematical representation of D-R isotherm and the
calculation of adsorption energy (ED-R) is given by Eqs (11) - (13):

(11)

(12)
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(13)

The adsorption process of arsenic onto hematite coated silica gel implies
chemisorption nature with estimated value of adsorption energy (
10.00 and 12.70 kJ  mol-1 for arsenite and arsenate respectively

) of

[34]

. Chemical

adsorption results in the formation of a monolayer of adsorbate on the surface
through residual valence forces of surface molecules.

2.3.7 Affinity of arsenic towards hematite coated silica gel

The affinity between adsorbent material and the adsorbate could be estimated
from value of dimensionless separation factor (RL)[45] which would determine
the efficiency of the overall adsorption process. Separation factor is simply a
ratio of unused adsorption capacity to the maximum adsorption capacity. The
separation factor is related to Langmuir model adsorption intensity (b) by a
simple equation:

(14)

The value of RL determines whether the adsorption process is favorable or
unfavorable. According to the value of RL, the adsorption process is
considered to be favorable if 0 < RL < 1, unfavorable if RL > 1, linear if RL = 1
and irreversible if RL = 0. All values of separation factor are within the range
of 0 and 1 suggesting the favorable adsorption for both arsenite and arsenate
within the studied initial arsenic concentration. The favorability of adsorption
process could also be tested from the adsorption intensity (1/n) value from
Freundlich isotherm model. The 1/n value was less than unity implying
favorable adsorption of both arsenite (1/n = 0.492) and arsenate (1/n = 0.253)
onto the hematite coated silica gel[46,47].
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Fig 2-8. Affinity of arsenic toward hematite coated silica gel was expressed in
value of separation factor

2.3.8 Effect of competing anions

The effect of co-existing anions on arsenic adsorption onto the hematite
coated silica gel was investigated. Since both arsenite and arsenate dissociate
and occur in anionic form in aqueous solution, the adsorption competition
onto active sites on the surface of adsorbent materials should mainly arise
from anions especially the oxyanions while the effect of cations can be
neglected. The effect of competing anions on arsenic adsorption process was
summarized in the Fig. 2-9. Sulfate, chloride and nitrate did not inhibit both
arsenite and arsenate adsorption process even though they coexisted at very
high concentration suggesting that they had low affinity toward the adsorbent.
Phosphate anions exerted the highest negative effect while bicarbonate and
silicate anions gave moderate negative effects in adsorption process during
which the amount of both adsorbed arsenite and arsenate were greatly reduced
when they were present at very high concentration. Phosphate and arsenic ion
34

always compete with each other in aqueous system (in this case for sorption
sites on the hematite adsorbent surface) since they belong to the same group
in the periodic table therefore having similar chemical properties and atomic
structure resemblance. In addition, arsenate, phosphate and silicate are all
tetrahedral anions which compete with each other for active adsorption sites
on the adsorbent surface resulting in a decreased of equilibrium adsorption
capacity

[25,48]

. Incomplete arsenic removal is more pronounced in case of

arsenate than arsenite when phosphate anions are present at very high
concentration. Excess iron oxide should be used to ensure complete removal
of arsenic in the presence of strongly competing anions.
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Fig 2-9. Interference effect of coexisting anions on adsorption process of (a)
arsenite and (b) arsenate onto hematite coated silica gel

2.3.9 Arsenic removal from artificial arsenic-contaminated groundwater

The applicability of our adsorbent to remove both arsenite and arsenate from
natural system was tested using artificial arsenic-contaminated groundwater
prepared from distilled water spiked with arsenic and other commonly found
cations and anions as shown in Table 2-7.
Table 2-7. Composition of artificial arsenic-contaminated groundwater [49]

Triplicate experiment of one liter of artificial arsenic-contaminated
groundwater spiked with either arsenite or arsenate (0.6 mg  L-1) along with
various cations and anions was treated with 20 grams of hematite coated silica
gel adsorbent for 2 h of equilibration time in batch-mode experiment. The
treated water was then separated from adsorbent material by filtration through
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nylon cellulose membrane and the remaining arsenic concentration was
determined from ICP-AES. The result of remaining arsenic concentration for
both arsenite and arsenate was “ND” (not detectable) implying that our
adsorbent was successfully applied to effectively remove both arsenite and
arsenate from artificial groundwater to WHO drinking water permissibility
safety limit of arsenic concentration of below 10 g  L-1. (The ICP-AES has
detection limit of arsenic of 10 g  L-1). Excess adsorbent was needed to
ensure complete removal of arsenic as the concentration of remaining arsenic
became smaller in the presence of competing anions in solution which has
also been observed when NHITO was employed as adsorbent to remove
arsenic from aqueous solution [50].

2.4 Conclusion

A study on the removal of arsenic from aqueous solution using iron oxide
coated silica gel, in particular hematite coated silica gel, was presented.
Arsenic removal was investigated through adsorption at neutral pH condition
at room temperature in equilibrium-batch mode system. Equilibrium data
were fitted against Langmuir, Freundlich and Sips isotherm and various model
parameters were evaluated. Adsorption energy calculation from DubininRadushkevich isotherm indicated chemisorptions and arsenic adsorption
kinetics could be well described by the pseudo-second order kinetic model.
The presence of competing anions such Cl-, NO3-, SO42- and CO32- did not
greatly interfere on arsenic adsorption while the presence of PO43- and SiO32significantly decreased the arsenic adsorption. One liter of artificial arseniccontaminated artificial groundwater was successfully treated with 20 gram the
hematite coated silica gel yielding groundwater which complied with WHO
drinking water arsenic permissible limit of 10 g  L-1. It is expected that this
adsorbent material can be applied for removing arsenic compound from
aqueous environment at a lower cost applicable to individual sites in rural
communities or small-scale water treatment system.
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Appendix
BET analysis for determination of surface area and pore size of bare
silica gel

Fig. S1. BET surface area measurement of uncoated silica gel

Fig. S2. BET pore size measurement of uncoated silica gel

BET Surface Area :

504.3349 m²/g

Total pore volume : 0.753110 cm³/g
Adsorption average pore width/size):

59.7309
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Chapter 3
Colorimetric detection of S2- anion, H2S gas and NH3 gas
by metal ion-modified silica gel
3.1 Toxicological profile of H2S gas and S2- anion
Hydrogen sulfide is the second most common cause of fatal gas inhalation
exposures in the workplace at 7.7% second after carbon monoxide at 36%.
Toxicological behavior of hydrogen sulfide gas is unusual, distinctive and has
similarities from one case to another.[1] As in most such incidents, casualties
usually occur in two seconds or more as would-be rescuers rush to save their
coworkers and in their haste neglect to protect themselves with a selfcontained breathing apparatus. Aside being produced at industrial area,
hydrogen sulfide gas is also present in nature such as geothermal area, oil and
gas area, swamp, and is released to air from interaction between sulfatereducing bacteria and exogenous sulfate as well as the bacterial degradation of
sulfur-containing protein and amino acids.[2] Human exposure to hydrogen
sulfide gas occur almost exclusively through inhalation, while dermal or
ocular exposure could also happen in lesser extent and exposure through
repeatable ingestion of hydrogen sulfide gas is unlikely to happen. It is a
highly toxic colorless gas with rotten egg odor, flammable, readily spread in
air to environment, corrosive to some metals and possesses high toxicity
similar with hydrogen cyanide and carbon monoxide gas.[3]

H2S is a poison that can paralyze your breathing system and kill in minutes.
When a person breathes H2S, it goes directly through the lungs and into the
blood stream. To protect itself, the body oxidizes (breaks down) the H2S as
rapidly as possible into a harmless compound. If the individual breathes in so
much H2S that the body cannot oxidize all of it, the H2S builds up in the blood
and poisons the individual. Oxygen is absorbed into the blood and then
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transported to organs by the red blood cells, However, in the presence of
hydrogen sulfide gas, the oxygen are refrained from bonding with red blood
cells causing oxygen deprivation. H2S is also transported to the brain by red
blood cells. In the brain, H2S attacks respiratory / olfactory system and
eventually shut it down. It acts as an inhibitor of a critical respiratory enzyme,
cytochrome oxidase. This enzyme is necessary for cellular respiration, and
when it is inhibited, the brain is deprived of molecular oxygen required for its
normal functioning. Gas deadens the sense of smell by paralysis of the
olfactory nerve. The nerve centres in the brain which control breathing are
paralyzed, the lungs stop working and the person is asphyxiated. It is wise not
to depend on smelling ability to detect hydrogen sulfide gas. Occupational
Safety and Health Administration has defined the Permissible Exposure Limit
(PEL) and Immediately Dangerous to Life and Health (IDLH) for hydrogen
sulfide gas of 10 and 100 ppm, respectively. Permissible Exposure Limit is
maximum air concentration a person can be exposed to in an 8 hours period,
40 hours per week without respiratory protection.[3,4] The effect of exposure to
hydrogen sulfide in various concentration is given in table 3-1.
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Table 3-1 various effects on human health due to exposure of hydrogen
sulfide gas concentration at different concentration[1]

Inhalation of high concentration of hydrogen sulfide causes blood poisoning,
burst or blistering of lung’s alveoli and deadening of human sensing and
smelling ability. Sulfide anion exists widely in industrial location such as
petroleum and refineries, pulp and other manufacturing plants either as
reactant or by-product of industrial cases. It is highly toxic to organism and its
ability to removed dissolve oxygen and produce hydrogen sulfide gas is
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highly undesirable in the ecosystem or environment.[5] A high concentration of
sulfide ion human blood can be lethal and be a cause of death. The sulfide
level in blood of clinical cases varies from 30-3,000 ppb and fatal cases
usually have up to 600 ppb of sulfide.[6] Toxicological analysis of 17 autopsy
cases of hydrogen sulfide gas poisoning from the inhalation of intentionally
generated hydrogen gas showed the sulfide and thiosulfate concentration in
the victim’s blood ranged from 0.11 to 31.84 ppm and from 2 to 8.59 ppm,
respectively as determined by gas chromatography / mass spectroscopy.[7]
Toxicological analysis of four victim’s blood of fatal hydrogen gas poisoning
at a dye works revealed the sulfide concentration in blood of from 0.32 to 9.36
ppm using alkylation technique combines with gas chromatography and mass
spectroscopy which is 6 to 187 times higher than sulfide concentration in
blood of healthy person.[8] Due to its toxicity even at very low concentration,
the detection of sulfide has gained much attention from biological and
industrial point of view. Therefore, there is an urgent need for the
development of rapid, highly sensitive, reliable and portable system for
detection and determination of toxic gases or liquids not only from security
perspective but also for other applications in clinical, forensic and industrial
area. Several techniques have been developed to determine sulfide ion
concentration[2] such as titrimetric, spectroscopic, electrochemical and
chromatography techniques. Titrimetric method utilizes simple apparatus but
less sensitive while chromatography techniques require expensive equipment
and complicated sample pre-treatment and preparation. Spectroscopic and
electrochemical techniques require complex chemical compound for sulfur to
react with such as determination of sulfide ion using methylene blue
technique[9] or another spectroscopic method developed by Department of
oceanography at University of Washington by using N-dimethyl-pphenylenediamine[10] The major disadvantages of this optical spectroscopy
method are fluorescence interference arising from auto-fluorescence or light
scattering from the matrices and the use of toxic or cancer-causing reagent.[5]
Recently, sulfide sensor based on room temperature phosphorescence (RTP)
of PbO/SiO2[2] and ZnO/SiO2[5] has been reported. The phosphor composite
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was prepared by sol-gel route and it emits highly emissive broadband RTP
under UV irradiation upon reaction with sulfide anion. Hydrogen sulfide gas
sensor based on chemiluminescene using self-assembled SnO2 has also been
reported. The sensor detects gas on the basis of chemiluminescence during
oxidation of the gas while passing by the sensor materials.[11]

3.2 Toxicological profile of ammonia gas

Ammonia is found throughout the environment, from air, water, soil, animals
and plants. It does not last long in the environment since it is rapidly taken by
living organisms. Ammonia is colorless gas with suffocating odor, has
alkaline properties and highly corrosive at high concentration Ammonia is
also one of the important gases used in manufacture industry such as
automotive, plastic industry, chemical (textiles, pesticides, dye, etc) industry
and is also commonly used in household cleaning solution. It occurs naturally
from the decomposition of organic matters (plant and animals) as well as in
biological system as a precursor for production of amino acid and
nucleotide.[12,13] The necessity for ammonia gas analysis in different area is
summarized in table 3-2.[14]

Table 3-2 Requirement of ammonia gas sensors at various fields
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Although there no report on health effects to humans exposed to
environmental concentration of ammonia, exposure of high concentration of
ammonia gas is hazardous and can cause fatal death. Human exposure to
ammonia mainly occurs through inhalation of ammonia vapor, followed by
dermal and ocular exposure. Inhalation of high concentration of ammonia gas
results in Irritation and chemical burns to nose, throat and other respiratory
organ, Airway obstruction, respiratory distress, Brochiolar and alveolar edema
in lung and fatal in minutes scale at very high concentration. Permissible
Exposure Limit and Immediately Dangerous to Life and Health level of
ammonia gas exposure to human is 50 ppm and 300 ppm, respectively as
defined by Occupational Safety and Health Administration. Health effect of
ammonia exposure at different concentration to human is summarized in table
3-3 below. On the other hand, dermal and ocular exposure may cause various
effects ranging from skin iiritation, blisters, burning, tissue liquifications,
inflamed eyes, blurred vision, corneal abrasions and permanent blindness.[15]

Table 3-3 various effects on human health due to exposure of hydrogen
sulfide gas concentration at different concentration
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Various ammonia gas detection methods[14] had been developed such as metal
oxide gas sensors, catalytic ammonia sensors, conducting polymer sensors,
spectroscopic method and indirect analyzer using non-selective detectors. The
metal oxide gas sensors and conducting polymer gas sensors operates on the
change of conductance due to interadtion between ammonia gas and sensing
layer. These methods are suitable for resistometric or amperemetric detection
of ammonia gas. The catalytic ammonia sensor works on the principle of
change of carrier concentration in of sensing materials upon interaction with
ammonia gas while specific reaction with ammonia gas causes color change
of the analytes could be detected using spectroscopy techniques. Feature of
each technique is summarized in table 3- 4[14] below.

Table 3-4 Development of various ammonia gas sensors

3.3 Portable sensor for detection of S2-anion, H2S gas and NH3 gas
A simply prepared, low cost yet highly sensitive colorimetric sulfide ion,
hydrogen sulfide gas and ammonia sensor was developed.

The sensor

consists of metal cation-modified sulfonated silica gel sandwiched in between
commercial silica gel placed in a glass tube whose color changed upon
precipitation reaction or complex formation reaction in the presence of sulfide
ion, hydrogen sulfide gas or ammonia gas. The simple preparation method
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eliminates time-consuming sample preparation and pre-treatment, the need for
special reaction condition, expensive and complicated laboratory apparatus.
The sensor is not affected by environment condition such as temperature or
humidity and offers straightforwardness, fast response time, high sensitivity
and portability which can be applied directly on-site or in-situ in real
application.

3.4 Experimental section

3.4.1 Reagents and chemicals

Lead nitrate (Pb(NO3)2, 99%), silver nitrate (AgNO3, 99%), cupric nitrate
hydrate

(Cu(NO3)2.2.5H2O,

98%)

and

sodium

sulfide

nonahydrate

(Na2S.9H2O, 98%) were purchased from Sigma Aldrich. Ammonia solution
(NH4OH, 28-30 wt%) and sulfuric acid (H2SO4, 98%) were obtained from
Samchun Chemicals. Silica gel 60 for column chromatography (SiO2, 0.0630.2 mm) and sulfonated or aminated silica gel for column chromatography
(SiO2-SO3-H or SiO2-NH, 45-70m) were obtained from Merck Chemicals
and Fuji Silysia Chemical Ltd respectively. All reagents and chemicals were
used as-received without further purification.

3.4.2 Preparation of Pb-, Ag-, and Cu-modified sulfonated silica gel

10 mmol of lead nitrate / silver nitrate / copper nitrate was dissolved in 50 mL
de-ionized water in 50 mL one-neck round bottle flask. After the metal salt
was completely dissolved in the water, 6 gram of sulfonated silica gel was
added and the mixture was stirred at room temperature for 3 hours. The solid
was then washed and purified with de-ionized water using centrifugation at
low rpm (2,000 rpm, 10 minutes each for 3 times) to remove free metal cation.
Dried lead-, silver-, and copper-modified sulfonated silica gel was obtained by
vacuum drying at 60oC for 3 hours and the solid were stored in a glass vial for
further use.
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3.4.3 Sulfide anion detection in human blood plasma

Glass column with internal diameter of 3 mm and cotton wool at the bottom
was loaded sequentially with silica gel 60, lead-modified sulfonated silica gel
and silica gel 60. Matrix solution was prepared by diluting blood plasma with
sodium hydroxide solution (volume ratio of blood plasma to de-ionized water
was 1:16). Sodium hydroxide solution was prepared by dissolving sodium
hydroxide into de-ionized water. Stock solution containing 100 ppm S2- ion
concentration was prepared by dissolving 30 mg Na2S.9H2O in 40 mL of
matrix solution. Test solution containing various concentration of sulfide ion
was prepared by diluting 100 ppm S2- stock solution with certain volume of
matrix solution. 5 mL of test solution was allowed to flow down through the
column with assistance of nitrogen gas blowing from the top of the column.
The length of black lead sulfide precipitate was measured and documented.
All experiments were performed not longer than 30 minutes after preparation
of test solution in order to minimize sulfide ion oxidation due to exposure to
ambient atmosphere.

3.4.4 Hydrogen sulfide detection gas detection

Certain amount of Na2S.9H2O powder was loaded into 500 mL 2-neck round
bottle flask. One neck was connected with previously prepared glass column
loaded sequentially from the bottom with cotton wool, silica gel 60, silvermodified sulfonated silica gel, silica gel 60 and cotton wool. The other neck
was closed by rubber septum. 1 mL of concentrated sulfuric acid was then
injected into the flask to generate hydrogen sulfide gas. Long needle
connected to argon gas line was then injected into the flask and positioned
slightly above the bottom of the flask to push hydrogen sulfide gas out
through the packed column to form black precipitate of silver sulfide. Excess
argon was used to ensure that all generated H2S gas flow out leave the flask.
The band length of silver sulfide precipitate was measured and documented.
52

3.4.5 Ammonia gas detection

Certain amount of ammonia solution was loaded into 500 mL 2-neck round
bottle flask. One neck was connected with previously prepared glass column
loaded sequentially from the bottom with cotton wool, silica gel 60, coppermodified sulfonated silica gel, silica gel 60 and cotton wool. The other neck
was closed by rubber septum. Ammonia gas was generated by heating the
flask at 85-90oC. Long needle connected to argon gas or air line was then
injected into the flask and positioned slightly above the bottom of the flask to
push ammonia gas out through the packed column to form copper ammonia
complex compound with royal blue color. Excess argon or air was used to
make sure that all generated ammonia gas flow out leave the flask. The band
length of royal blue copper-ammonia complex was measured and documented.

3.4.6 Characterization

The size and morphology of metal cation treated sulfonated silica gel was
characterized by Scanning Electron Microscope Hitachi (S-4300). The
presence of lead, silver and copper after surface modification of sulfonated
silica gel was confirmed by Energy Dispersive Spectrometry Carl Zeiss Supra
55VP.

3.5 Result and discussion

Preparation of metal ion-modified sulfonated and aminated silica gel is shown
in scheme 3-1. The color of lead-, silver-, and copper-modified sulfonated
silica gel was white, white and sky blue respectively and turned into black,
black and dark royal blue after reacting with sulfide ion, hydrogen sulfide gas
and ammonia gas respectively. The presence of lead, silver and copper was
confirmed by energy dispersive spectroscopy as shown in figure 4. The
platinum peak arises from pre-treatment sputtering process of the sample
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before EDX spectra were taken. SEM images show that the size and shape of
silica gel are maintained after modification as well as after being used as
sensor materials. Most of the silica gel has spherical shape with size
distribution from 45-70 µm and some silica gel has broken spherical structure.

Scheme 3-1. Preparation of metal cation-modified sulfonated silica gel for
sulfide ion, hydrogen sulfide gas and ammonia gas detection

Fig 3-1 EDX spectra showing the presence of lead (left), silver (middle) and
copper (right) after surface modification of sulfonated silica gel with metal
cation.
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Fig 3-2 SEM images showing the morphology of original sulfonated silica gel
(left), sulfonated silica gel modified with silvercation (middle) and sulfonated
silica gel after formation of Ag2S band (right)

Fig 3-3 SEM images showing the morphology of original sulfonated silica gel
(left), sulfonated silica gel modified with lead cation (middle) and sulfonated
silica gel after formation of Ag2S band (right)

Fig 3-4 SEM images showing the morphology of original sulfonated silica gel
(left), sulfonated silica gel modified with copper cation (middle) and
sulfonated silica gel after formation of Cu[(NH3)4]2+ complex band (right).
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3.5.1 Detection of sulfide ion using conventional method
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National Forensic Service (NFS) agency has dealt with lots of cases of death
due to sulfide ion poisoning. Various sulfur ion conventional detection method
is shown in scheme 3-2 which includes dialysis membrane filtering, Conway
microdiffusion method combined with either UV-VIS spectroscopy or ion
chromatography and gas chromatography / mass spectroscopy method. These
methods are routinely used at National Forensics Service. Conway micro
diffusion method employs a special microdiffusion dish, variously termed
as Conway cell, Conway dish or Conway vessel. This unit consists of a
shallow circular glass vessel, 40–70 mm in diameter, containing a central well
and with a closely fitting lid sealed with grease; the lid closes the outer
annular space but does not touch the wall of the central well. The blood
plasma was placed in the outer annulus, and a gas‐absorbing reagent (NaOH)
is placed in the centre well. The sulfuric acid was added is added to blood
plasma, the lid was closed, and diffusion of the evolved gas (hydrogen sulfide
gas) to NaOH solution was allowed to proceed for 3 hours. 2 mL of NaOH
solution containing trapped hydrogen sulfide gas was then analyzed using ion
chromatography or methylene blue method. In methylene blue method, light
blue color development in the presence of sulfide ion could be observed by
naked eye and traced using UV-VIS spectroscopy with absorption peak at 660
nm. Although the acid treatment is simple, large variation of hydrogen sulfide
gas collection yield due to sample loss which leads to low reproducibility
poses a major limitation for this method. The amount of sulfide ion could be
quantitatively determined by using ion chromatography method, however,
errors and sample decomposition during filtering process lead to low
reproducibility of this method. Overall, the commonly used method for
determination of sulfide ion is time-consuming process, requires multiple step
and complicated sample pretreatment (especially in GC/MS method), requires
complex equipment such as ion chromatography, mass spectroscopy, therefore,
it lacks portability, has low reproducibility due to sample loss or
decomposition during pre-treatment process. The results of sulfide ion
57

determination using Conway microdiffusion method combined with ion
chromatography and by using dialysis membrane filtering method are shown
in figure 3-5 and 3-6, respectively.

Fig 3-5 Sulfide ion determination in human blood sample by Conway microdiffusion method and its corresponding correlation coefficient value
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Fig 3-6 Sulfide ion determination in human blood sample by dialysis
membrane filter method and its corresponding correlation coefficient value
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3.5.2 Detection of sulfide ion, hydrogen sulfide gas and ammonia gas
using metal-modified sulfonated / aminated silica gel

The new portable sensor consists of glass tube (with inner diameter of 3 and 5
mm) with one end blocked by cotton. The sensors materials were packed in
the glass tube in sandwich style form in between normal silica gel used for
chromatography, i.e chromatography silica gel – sensors materials –
chromatography silica gel. The packing of metal ion-modified sulfonated or
aminated silica gel is the utmost important in preparation for the whole sensor
materials. The adequate preparation (or packing) of sensor materials will
ensure the uniform and neat color development resulting from the chemical
reaction between the sensor material and compound to be detected, in this
case sulfide ion, hydrogen sulfide gas and ammonia gas.

When the hydrogen gas poisoning occurs at the accident scene, analysis of
blood and urine of the victim is to be performed on-site since the compound is
highly unstable and undergoes metabolism in human body. Scene
investigation (includes sample collection and quantification) is often difficult
since air environment at the accident scene changed when the victim is
transported out from the accident scene. The portability of the new sensors
along with its lightweight and simple operating principles could be employed
to solve the aforementioned problems.

The sulfide ion and hydrogen sulfide gas sensors work on the basis of simple
chemical precipitation reaction between metal ion with lead or silver ion
presence on the surface of sensor materials according to :
Pb 2+ (ion) + S2- (aq)  PbS (s)

(1)

Ag (ion) + H2S (g)  Ag2S (s)

(2)
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The sensor is highly sensitive that it immediately changed color from white to
black color due to low solubility product constant of lead sulfide and silver
sulfide. The color change is readily observed by naked eye therefore it could
find application as colorimetric sensor. The sensitivity of the portable sensors
could be enhanced by using glass tube with smaller diameter which would
produce longer / higher lead sulfide or silver sulfide band at the same sulfide
ion or hydrogen gas concentration.

The human blood plasma was diluted with alkaline solution (sodium
hydroxide dissolve in de-ionized water) to prevent the oxidation of sulfide ion.
This solution is then called the matrix solution. Preparation and dilution of
solution containing various amount of sulfide ion concentration was carried
out by using this matrix solution. The linear dependence of lead sulfide band
length as a function of sulfide ion concentration and the digital images of lead
sulfide band is shown in figure 3-7 below. The new method offers simplicity
and straightforward result yet gives higher correlation coefficient value
compared with the conventional method and could find application as portable
sulfide ion sensors for forensic application.
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Fig 3-7 Digital images of PbS band formed after 5 mL human blood plasma
containing various concentration of sulfide ion passed through glass column
packed with lead-modified sulfonated silica gel (left). Linear dependency of
PbS band length as a function of sulfide ion concentration in human blood
plasma (right). Inset shows the fresh frozen blood plasma obtained from
Korean Red Cross organization.

This detection method could also be extended for detection of sulfide ion in
aqueous solution as well as toxic industrial gas such as hydrogen sulfide gas
and ammonia gas. Sulfide is often found in groundwater or sediment as a
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product of decomposition of organic matter or product of sulfate reduction by
microorganism. It could also be found as by-product in industrial or municipal
wastewater. The presence of high concentration of sulfide ion in aqueous
system is detrimental to organism in the ecosystem. The result of sulfide ion
detection from aqueous solution using lead-ion modified sulfonated silica gel
is shown in figure 3-8 below.

Fig 3-8 Digital images of PbS band formed after 3 mL of water containing
various concentration of sulfide ion passed through glass column packed with
lead-modified sulfonated silica gel (left). Linear dependency of PbS band
length as a function of sulfide ion concentration in human blood plasma (right)
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The presence of high concentration of hydrogen sulfide gas and ammonia gas
in industrial and manufacturing area could pose several health problems to the
workers in the surrounding area. In case of ammonia gas detection, the sensor
works on the principles of simple chemical reaction through complex
formation reaction according to
Cu (ion) + NH3(g)  [Cu(NH3)4]2+

(3)

The copper based sensor change colors from sky blue color to royal (dark blue)
color upon reaction with ammonia gas. Both detections of hydrogen gas
sulfide gas and ammonia gas sensors could be performed at concentration
below PEL and IDLH limit defined by OSHA as shown from figure 3-9 to 311 below. The workers in the chemical industries can determine the
concentration of hydrogen sulfide gas or ammonia gas by naked eyes
observation with the change of color of metal ion-modified sulfonated or
aminated silica gel thus help protecting the safety of the workers and
preventing of accident at the workplace due to inhalation of toxic industrial
gas. The black color of silver sulfide precipitate and dark blue color of
copper-ammonia complex remained stable over prolonged time (several
months) without any length loss and change to other colors which is
advantageous for investigators from forensic science area for the purpose of
documentation.
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Fig 3-9 Digital images of Ag2S band formed after 500 mL of hydrogen sulfide
gas with various concentration passed through glass column packed with
silver-modified sulfonated silica gel (left). Linear dependency of Ag2S band
length as a function of hydrogen sulfide gas concentration (right)
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Fig 3-10 Digital images of Cu[(NH3)4]2+ band formed after 500 mL of
ammonia gas passed through glass column packed with copper-modified
sulfonated silica gel (left). Linear dependency of Cu[(NH3)4]2+ band length as
a function of ammonia gas concentration (right)
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Fig 3-11 Digital images of Cu[(NH3)4]2+ band formed after 500 mL of
ammonia gas passed through glass column packed with copper-modified
aminated silica gel (left). Linear dependency of Cu[(NH3)4]2+ band length as a
function of ammonia gas concentration (right).
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3.6 Conclusion
A simple and low-cost colorimetric sensing method to detect sulfide ion,
hydrogen sulfide gas and ammonia gas was developed. The sensor material is
metal-modified sulfonated silica gel sandwiched in between commercial silica
gel packed in the glass column. Detection of various toxic substances is
expected simply by changing the moiety present on the surface of silica gel
via surface modification. This method offer straight-forwardness, reproducible
and easy understanding result, high sensitivity (respond time) and selectivity,
eliminates the requirement of complex and expensive equipment, complicated
sample preparation (microdiffusion, extraction, etc) and, most importantly,
offers portability which can be directly used on-site/in-situ for forensic
application.
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Appendix 1

The distance-dependent fluorescence enhancement
phenomena in uniform size
Ag@SiO2@SiO2(dye) nanocomposites
A1.1 Introduction

Fluorescence has become a dominant technique in medical testing and
diagnostics, forensics, cellular and molecular imaging, biotechnology, and
basic science research for the last decades. Fluorescence detection is sensitive,
easy to use, offer high potential of multiplexing and alleviates the need of
handling radioactive tracer for most biochemical measurements. However,
this technique is usually limited by the photostability of the fluorophore,
autofluorescence of the sample and the presence of unwanted background
signals (noise).[1] In these regards, there has been a great interest of using
metallic nanostructures to modify the spectral properties of the fluorophores.
The intrinsic properties of metal nanostructures are highly dependent on their
size, shape, composition and its crystallinity. Surface plasmon resonance (SPR)
is the collective oscillation of electron cloud on the metal surface or localized
in small volume of metal nanoparticles caused by the interaction of the metal
with incident light

[2,3]

which leads to absorption and scattering of photons of

certain wavelength and is responsible for wide range of color of metal
nanoparticles colloid.[4] Additionally, interaction between noble metal
nanoparticles and organic adsorbates can give rise to a variety of interesting
phenomena such as surface-enhanced Raman scattering (SERS) and metalenhanced fluorescence (MEF). Ray and co-workers employed layer-by-layer
(lbl) techniques of poly(styrene sulfonate) (PSS) and poly(allylamine
hydrochloride) (PAH) to study the distance dependence nature of metalenhanced fluorescence from sulforhodamine B (SRB) assembled on the silver
islands films and a maximum of a ~6 fold increase in the fluorescence
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intensity from a monolayer of the SRB at a distance of

9 nm from the silver

island surface was observed.[5] Aslan and co-workers utilized a simple and
rapid wet-chemical technique for the deposition of silver triangles and silver
nanorods on conventional glass substrates. They found that these new surfaces
are a significant improvement over traditional silver island films for
applications in metal-enhanced fluorescence. A routine 16-fold and 50 foldenhancement in emission intensity was typically observed, for proteinimmobilized indocyanine green deposited on silver triangle coated substrate
and silver nanorod coated substrate, respectively.[6,7] Despite the numerous
reports on MEF phenomenon on solid substrate, these systems may find
difficulties to be applied in biological applications.

Fluorescent nanoparticles are now currently attracting much attention due to
its promising application in biological applications such as sensing and
imaging. These applications required that the fluorescence nanoparticles
should be monodisperse, size controllable, photostable, bright and versatile to
surface modification for specific conjugation of biomolecules and / or
fluorophores as well as to be arranged in higher order structures. Core@shell
structures based on silica nanoparticles fulfills all these requirements by
providing robust platform for combining diverse functionalities into single
nanocomposite system.[8] Prevention of dissolution of toxic elements by
encapsulating the nanocomposite in biologically inert silica shell is an
effective method to minimize the toxicity effect and improve chemical
stability in aqueous media.[9] Furthermore, silica is “generally considered as
safe” (GRAS) by the US Food and Drug Administration (FDA).[10]

Example of this system is a model consisting of spherical Au/Ag alloy
surrounded by 5 nm silica shell to which is ruthenium dye (Ru(dpp)32+) is
electrostatically attached on the surface of the silica and fluorescence
enhancement dependence of core size was investigated.[11] Fabrication of 2chloro-1,3-dibenzothiazolinecyclohexane (DBZTC)/Ag@ SiO2 for detection
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of superoxide anion was described by Na Li et.al.[12] where optimal
fluorescence enhancement with a maximum enhancement factor of 3.1 and
1.82 was obtained with silica shell thickness of 20 nm and 50 nm, respectively.
Ag@SiO2 was treated with aminosilane compound and the DBZTC was
loaded onto Ag@SiO2 surface through reaction between –NH2 and Clfunctional

group.

Metal-enhanced

fluorescence

and

up-conversion

photoluminescence properties of carbon dots adsorbed on the surface of
Ag@SiO2 with maximum enhancement factor of 4 using silica shell thickness
of 20 nm. The enhancement factor decreased when the thinner (~10 nm) or
thicker (~30 nm) silica shell was employed[13]. However, in these examples,
the position of fluorophore on the silica surface might be susceptible to
irreversible degradation due to exposure to environment. Metal-enhanced
FRET between donor-acceptor pairs in hybrid assemblies of diblock
copolymer micelles, quantum dots, dyes and silver nanoparticles on solid
substrate[14] and in multilayered core-shell particles[15] had been recently
reported. FRET enhancement study in multilayered core-shell particles
utilized silver nanoparticles prepared by citrate reduction method. This
preparation method usually yields silver nanoparticles with wide distribution
of size and shape[16,17] which may result in not-uniform silica shell coating;
bigger particles have thinner shell while small ones have thicker silica shell.
This could result in difficulty in determining optimum distance for
fluorescence enhancement.
In this work, fluorescence enhancement of fluorescein moieties at the vicinity
of silver nanoparticles separated by different silica spacer layer thickness in
uniform Ag@SiO2@SiO2(FITC) nanocomposite prepared by simple polyol
process is investigated. The first silica shell allows us to study the distance
dependence of fluorescence enhancement of fluorescein moiety in the
presence of silver nanoparticles while the second silica shell provides
protection to the FITC molecules against irreversible photodegradation when
they are exposed to application environment and offers versatility needed for
biomolecules conjugation especially in biological application.
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A1.2 Experimental

A1.2.1Chemical

Silver nitrate (AgNO3, 99.9999%, Aldrich), 3-aminopropyltriethoxysilane
(APS, 99%, Aldrich), polyvinylpyrrolidone (PVP K-15, average molecular
weight of 10,000, Aldrich), ethylene glycol (EG, 99.5%. Samchun Chemicals),
ethanol (EtOH, 95%, Samchun Chemicals), acetone (99.5%, Samchun
Chemicals),

fluorescein

isothiocyanate

(FITC,

>90%,

Sigma),

tetraethylorthosilicate (TEOS, TCI), potassium cyanide (KCN, >96%, Sigma
Aldrich), anhydrous ethanol (99.9%, J.T. Baker) and ammonia solution (28%,
Dae Jung Chemicals) were all used to prepare the nanocomposite samples. All
chemicals and reagents were used as received without further purification.

A1.2.2 Preparation of Ag nanoparticles
Ag nanoparticles were prepared according to a well-known polyol process.[18]
Briefly, 10 g of PVP was dissolved in 75 mL of EG in a 250 mL 1-neck round
bottle flask (RBF) under vigorous stirring. After complete dissolution of PVP
in the EG, 800 mg AgNO3 was then added into PVP/EG solution and the
mixture was heated to 120 oC with heating rate of 4 oC/min. The mixture was
maintained at 120 oC for another 30 min and was rapidly quenched to room
temperature by placing it into the water bath to immediately stop the growth
of the Ag nanoparticles. The mixture was purified by centrifugation at 4,000
rpm by adding excess amount of acetone to remove unreacted AgNO3 and
excess PVP. The process was repeated 5 times and the Ag nanoparticle was
redispersed and stored in EtOH.

A1.2.3 Preparation of Ag@SiO2
Synthesis of Ag@SiO2 core@shell nanoparticles were carried out

by Stöber

method.[19] Briefly, 1 mL of Ag-PVP nanoparticles solution (204 mg/mL) was
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diluted into 30 mL EtOH in a 100 mL 1-neck RBF followed by addition of
different amount of TEOS (8, 15, 30 50 and 80 µL) under constant magnetic
stirring at 400 rpm. After stirring for 10 min, 0.3 mL of ammonia solution (2830 wt%) was then added into the mixture to initiate the formation of SiO2
shell. The reaction was maintained at room temperature for 6 h. The resulting
Ag@SiO2 suspension was purified by centrifugation at 18,000 rpm for 15 min
(3 times) and 3,000 rpm for 10 min followed by redispersion in 30 mL of
EtOH.

A1.2.4 Preparation of Ag@SiO2@SiO2(FITC)
Fluorescein-conjugated silane coupling agent was first synthesized to
covalently bind the dye molecules inside silica matrix to prevent dye leakage
from the second silica shell and maintain its luminescence. 6 mg of FITC
(15.4 mol) and 7.2 L of APS (30.8 mol) were dissolved in anhydrous
ethanol inside N2-protected glove box. The mixture was stirred in darkness for
8 h under inert atmosphere to allow the coupling reaction between the amine
and isothiocyanite groups to proceed and form the reaction product of APSFITC. The formation of second silica shell to prepare Ag@SiO2@SiO2(FITC)
followed a modified Stöber method as described by Imhof et.al.[20] Briefly, 1
mL of APS-FITC solution (0.5 mg/mL) was added into 30 mL of as-prepared
Ag@SiO2 suspension (with varying first silica shell thickness) followed by
addition of 50 L TEOS under constant magnetic stirring at 400 rpm. After
stirring for 10 min, 0.1 mL of ammonia solution (28-30 wt%) was added into
the mixture to initiate the formation of second SiO2 shell. The reaction was
allowed to proceed at room temperature for 6 h. The resulting
Ag@SiO2@SiO2(FITC) suspension

was purified by centrifugation at 18,000

rpm for 15 min (3 times) and 3,000 rpm for 10 min to remove unreacted APSFITC followed by redispersion in 30 mL EtOH for further characterization.
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A1.2.5 Preparation of hollow@SiO2@SiO2(FITC)
The coreless nanocomposites were prepared by dissolving the silver core with
KCN aqueous solution. Briefly, 0.5 mL of 0.01 M KCN aqueous solution was
added into 4 mL of as-prepared Ag@SiO2@SiO2(FITC) nanocomposite
suspension under moderate stirring at room temperature. The reaction was
monitored by UV-Vis spectrophotometer and was stopped until surface
plasmon peak of silver core could no longer be observed in the spectrum. The
mixture was purified by centrifugation at 18,000 rpm for 15 min (3 times)
with excess water to remove cyanide and silver ions followed by redispersion
in EtOH for further characterization.

A1.2.6 Characterization

Purification of all samples was performed by using Hanil Supra 22K high
speed centrifuge. TEM images of nanoparticle and nanocomposites samples
were recorded with Hitachi H-7600 Transmission Electron Microscope at an
accelerating voltage of 100 kV. All samples were first diluted in ethanol,
dropped and dried on carbon-coated grid (200 meshes) for TEM observation.
Absorption and emission spectra of all nanoparticle and nanocomposites
samples were measured with Scinco S-3100 UV-Vis Spectrophotometer and
JASCO FP-6500 Spectrofluorometer, respectively.

A1.3 Results and Discussion

Polyol process was chosen to prepare silver nanoparticles despite the green
nature of citrate reduction method due to the necessity for better stability,
control over surface chemistry and obtaining uniform size nanoparticles. The
main feature of this process is that the kinetic control of the precipitation is
possible and non-agglomerated metal nanoparticles with controlled size, well
defined shape and narrow size distribution can be obtained depending on
experimental condition.[21] The metal colloids are formed by involving the
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following steps: 1) dissolution of the precursor, 2) reduction of the dissolved
species by the polyol, and 3) nucleation and growth of the metal species from
the solution. Ethylene glycol, silver nitrate and polyvinylpyrrolidone serve as
polyol, silver precursor and polymeric capping agent, respectively. The
reductant is continuously generated insitu upon heating of ethylene glycol. In
typical polyol process, silver atoms were obtained by reducing silver nitrate
precursor with ethylene glycol,[22] and PVP plays a critical role in producing
silver nanostructures with good stability as well as uniform size and shape.[23]
Figure A1-1 shows as-made silver nanoparticles having an average size of 30
 2 nm with main surface plasmon peak centered at 412 nm as shown in UV
absorption spectrum. Previous studies have shown that both oxygen and
nitrogen atom of pyrrolidone unit promotes the adsorption of PVP chain onto
the surface of the silver nanoparticles therefore stabilize the particles in the
solution. [24,25]

Fig A-1 (a) TEM image of as-made silver nanoparticles and (b) their
corresponding surface plasmon absorption peak at 412 nm
Aside from functioning as capping agent, PVP also serves as promoting agent
for the silica coating process instead of commonly used sodium silicate
coupling agent. PVP is non-ionic, amphiphilic polymer which adsorbs onto a
broad range of different materials such as metals (Au, Fe), oxides (Fe3O4,
Al2O3, TiO2), polystyrene, etc.[26] PVP coated colloids can be directly
transferred into a mixture of ethanol and ammonia where smooth and
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homogenous silica shell of varying thickness can be grown upon addition of
silicon alkoxides precursor. PVP present on the surface of silver from the
initial synthesis procedure has an appropriate molar mass for the direct growth
of smooth silica shell. The combination of the polyol process with the direct
silica coating provides a quick and simple way to obtain well-defined silica
coated silver colloids. The silica coating process followed the method
described by Stöber

[19]

which consists of hydrolysis and condensation of

silicon alkoxides precursor in alcoholic solution in the presence of ammonia
as basic catalyst. Figure A1-2 shows silica coated silver nanoparticles with
uniform silica shell thickness of 7.56  1.5 nm, 12.44  1.6 nm, 17.85  1.4
nm, 23.75  1.5 nm and 31.98  1.5 nm. Silica was chosen as spacer materials
since it offers several advantages such as versatile chemistry for
bioconjugation of biomolecules, low cytotoxicity and chemical inertness.
Silica shell of varying thickness was first grown on the surface of silver
nanoparticles followed by the growth of second silica shell in which
fluorescein isothiocyanate (FITC) dye was incorporated in the second silica
shell matrix. The first silica shell thickness on silver nanoparticles can be
precisely tuned by carefully controlling the silver nanoparticles concentration,
the amount of TEOS and ammonia solution. The first silica shell with varying
thickness allows us to study the distance dependence of fluorescence
enhancement of FITC in the presence of silver nanoparticles along with
preventing fluorescence quenching by non-radiative pathways (electronic
interaction by donating excited electrons) to silver nanoparticles. The second
silica shell in Ag@SiO2@SiO2(FITC) structure as shown in Figure A1-3
prevents collisional quenching between FITC molecules and provides
protection to the FITC against irreversible photobleaching when the
fluorescent nanoparticles were exposed to working environment. Furthermore,
the silanol (Si-OH) groups on the silica surfaces can be easily modified by
alkoxysilane derivatives for facilitating the introduction of biomolecules in
bioapplication.[9]
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Fig A1-2 TEM images of Ag@SiO2 nanocomposites with different silica shell
thickness : 7.56  1.5 nm (a), 12.44  1.6 nm (b), 17.85  1.4 nm (c), 23.37 
1.5 nm (d) and 31.98  1.5 nm (e).
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Fig A1-3 TEM images of Ag@SiO2@SiO2(FITC) nanocomposites prepared
from Ag@SiO2 with different silica shell thickness : 7.56  1.5 nm (a), 12.44
 1.6 nm (b), 17.85  1.4 nm (c), 23.37  1.5 nm (d) and 31.98  1.5 nm(e).

The coreless / hollow nanocomposites shown in figure A-4 were prepared by
dissolving / etching the silver core from the Ag@SiO2@SiO2(FITC)
nanocomposites by using potassium cyanide aqueous solution to observe the
effect of silver nanoparticles on the fluorescent core@shell nanocomposites. It
should be noted that the FITC molecules incorporated into the second silica
shell matrix by covalent bonding were not removed by cyanide etching
process, therefore, it is possible to compare the emission intensity between
fluorescent Ag@SiO2@SiO2(FITC) and that of hollow@SiO2@SiO2(FITC) in
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quantitative manner. Dissolution of the core requires the transport of both
molecular oxygen and cyanide ions through silica shell and outward diffusion
of silver cyanide complex anions. Silica colloid formed from silicate
condensation or by TEOS hydrolysis have densities substantially below the
bulk value indicating the presence of present of micro and mesoporous cavity
ranging from 2 to 50 nm has been reported.[27,28] The metallic silver is attacked
by cyanide in the presence of air, oxidizing it to Ag(CN)2- according to
following reaction : [29]
4 Ag + 8 CN- + O2 + 2 H2O → 4 Ag(CN)2- + 4 OH-

(1)

Fig A1-4. Hollow@SiO2@SiO2(FITC) prepared from Ag@SiO2@SiO2(FITC)
with first silica shell thickness of 7.56  1.5 nm (a), 12.44  1.6 nm (b), 17.85
 1.4 nm (c), 23.37  1.5 nm (d) and 31.98  1.5 nm (e).
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The

absorption

spectra

and

emission

spectra

of

fluorescence

Ag@SiO2@SiO2(FITC) with first silica shell thickness of 7.56  1.5 nm and
31.98  1.5 nm together with the coreless nanocomposites as reference control
are shown in Figure A1-5. The UV absorption and emission spectra of other
nanocomposites with different first silica shell thickness are available in
supporting information. The fluorescence emission spectra were recorded
with excitation wavelength of 485 nm. The formation of coreless
nanocomposites was monitored by UV-Vis spectroscopy indicated by the
disappearance of surface plasmon peak of silver nanoparticles from the
absorption spectra and only FITC absorption peak centered at around 494 nm
was observed (Figure A1-5a). TEM analysis also confirmed the formation of
hollow nanocomposites without any change in size or shape compared to
fluorescence Ag@SiO2@SiO2(FITC) nanocomposites.
All absorption and emission spectrum of all FITC molecules in second silica
shell was recorded by UV-Vis and PL spectrophotometer. The FITC molecules
located on the surface of first silica shell would experience greater
enhancement effect compared to those located further from the surface of first
silica shell in the presence of silver core. Since we assumed that FITC
molecules are uniformly distributed inside the second silica shell, the average
separation distance dependent of fluorescence enhancement should be used.
The average separation distance between silver nanoparticles and FITC
molecules can be defined as the distance from the surface of silver core to the
center of second silica shell. The maximum fluorescence emission
enhancement

of

4.3

fold

(Figure

A1-5b)

was

obtained

by

Ag@SiO2@SiO2(FITC) nanocomposites with first silica shell thickness of
7.56  1.5 nm and average silver-FITC molecules separation distance of 10.86
nm. The enhancement factor decreases progressively as the thickness of the
first silica shell and average separation distance increases (Figure A1-5c). The
fluorescence

intensity

of

the

Ag@SiO2@SiO2(FITC)
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and

that

of

hollow@SiO2@SiO2(FITC) remained unchanged independent on the presence
of silver core as the thickness of the first silica shell and average separation
distance were increased to around 31.98 ± 1.5 nm and 35.68 nm, respectively.
At this point, it is expected that the separation distance is far enough that the
localized surface plasmon resonance from the silver core could no longer
affect the local field near the FITC molecules. However, it is unknown
whether

the

fluorescence

intensity

of

the

nanocomposites

of

Ag@SiO2@SiO2(FITC) with even thinner first silica shell would be further
enhanced or quenched since thinner first silica shell (e.g less than 7 nm) could
not be grown uniformly onto the surface of silver nanoparticles using the
current experimental procedure.
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Fig A1-5. UV absorption spectra (a) and fluorescence emission spectra (b) of
Ag@SiO2@SiO2 nanocomposites with first silica shell thickness was 7.56 
1.5 nm and average separation distance of 10.86 nm, and graph showing
enhancement factor as a function of distance between silver nanoparticles and
FITC (c). (box and circle correspond to Ag@SiO2@SiO2(FITC) and
hollow@SiO2@SiO2(FITC), respectively).
Metal colloids interact strongly with light with extinction coefficient value
can be 105 larger than that of the fluorophores.[30] Silver exhibits the highest
efficient of plasmon excitation[31] compared with gold or copper that also
display plasmon resonance in visible wavelength spectrum. Optical excitation
of plasmon resonances of silver nanoparticles is the most efficient by which
light interacts with matter. The light-interaction cross section of silver can be
about ten times that of cross section indicating that the particles captures
much more light that is physically incident on them.[32]

Metal nanoparticles can also give unusual effects on nearby fluorophores. The
spectral properties of fluorophores can be significantly modified by near-field
interaction where interactions between excited states of fluorophores and
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surface plasmon electrons polarize the metal and impose a reactive field on
the fluorophore.[33] Near-field interactions are interactions which occur within
a range of a wavelength distance from the excited fluorophores. Several
interactions between fluorophores and metal nanoparticles include changes of
radiative decay rates of the fluorophores, enhanced local electromagnetic field
and fluorescence quenching at short distances from the metal surface. The
presence of nearby metal nanoparticles can modify intrinsic radiative decay
rates of the fluorophores, in other words to change the rate at which the
fluorophore emit photons. Since the fluorescence quantum yield of FITC is
very high, that is almost unity (0.93)[34], additional radiative decay rates
cannot give significant enhancement of the quantum yield of the FITC.
Therefore, enhanced fluorescence should result from two competing
phenomena, the increased excitation rate of fluorophore and fluorescence
quenching. Quenching occurs by Forster energy transfer to surface plasmon
absorption of the metal. This effect decreases with the cube of the distance (r)
between the surface of metal nanoparticles and the fluorophores (r-3) and can
be understood by damping of dipole oscillation by the nearby metal
nanoparticles.[35] Since quenching effect decays more rapidly from the surface
of metal core than enhanced local electromagnetic field, there should be an
optimum separation distance from the metal surface where the fluorophore
will experience largest enhancement effect.

The fluorescence enhancement observed in current work can be understood as
a result from modification of local electromagnetic field intensity in the
vicinity of FITC molecules by the localized surface plasmon resonance at
silver nanoparticles surface. The local field is proportional to the incident light
field where the light intensity is proportional to the square of the field.
Additionally the excitation rate intensity is directly proportional to the square
of local field amplitude[11,33]. Upon excitation of surface plasmon by light,
charges will be concentrated at the metal-dielectric interface resulting in a
strong amplification of local electric field (known as “lighting rod effect”)
which greatly enhances the excitation FITC molecules in the vicinity of silver
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nanoparticles.[36] Enhanced local electromagnetic field in close proximity to
the metal nanoparticles accounts for the increased absorption of the
fluorophores which further facilitates enhanced fluorescence emission
intensity. The results are also in agreement with the fact that the position of
surface plasmon of silver nanoparticles coincides with the absorption
spectrum of FITC molecule.

A1.4 Conclusion
In summary, we were able to prepare a uniform Ag@SiO2@SiO2(FITC)
nanocomposites along with its corresponding hollow structures by using a
simple and versatile method. Our results shows that maximum fluorescence
emission intensity of 4.3-fold was obtained by using Ag@SiO2@SiO2(FITC)
nanocomposites with the thinnest first silica shell of 7.56  1.5 nm and
average silver-FITC separation distance of 10.86 nm. As the thickness of the
first silica shell was increased to 31.98  1.5 nm, the localized surface
plasmon from the silver nanoparticles no longer affect the fluorescence
intensity of the FITC. The enhancement is believed to be due to concentrated
local electromagnetic field in the vicinity of FITC molecules by the localized
surface plasmon resonance at the surface of silver nanoparticles which
enhances the excitation of FITC molecules and eventually leads to an increase
in the emitted fluorescence intensity. This nanocomposite could be useful in
imaging and sensing bioapplication as enhanced fluorescent label.
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Appendix

UV-Vis spectra of Ag@SiO2@SiO2(FITC) and hollow@SiO2@SiO2(FITC)
with different first silica shell thickness
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Figure S1. UV absorption spectra of Ag@SiO2@SiO2 nanocomposites (box)
with its corresponding hollow nanocomposites (circle) with first silica shell
thickness of 12.44  1.6 nm and average separation distance of 15.65 nm (a),
first silica shell thickness of 17.85  1.4 nm and average separation distance
of 21.43 nm (b), first silica shell thickness of 23.75  1.5 nm and average
separation distance of 28.16 nm (c) and first silica shell thickness of 31.98 
1.5 nm and average separation distance of 35.68 nm (d).
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Normalized photoluminescence spectra of Ag@SiO2@SiO2(FITC) and
hollow@SiO2@SiO2(FITC) with different first silica shell thickness
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Figure S2. PL emission spectra of Ag@SiO2@SiO2 nanocomposites (box)
with its corresponding hollow nanocomposites (circle) with first silica shell
thickness of 12.44  1.6 nm and average separation distance of 15.65 nm (a),
first silica shell thickness of 17.85  1.4 nm and average separation distance
of 21.43 nm (b) and first silica shell thickness of 23.75  1.5 nm and average
separation distance of 28.16 nm (c) and and first silica shell thickness of 31.98
 1.5 nm and average separation distance of 35.68 nm (d).
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Appendix 2
Organic – inorganic polymer nanocomposites
for electronic packaging application
(ZnO-based polymer nanocomposites)
A2.1 Introduction

Recent electronic devices and communication equipments are getting denser
and more powerful rapidly. The improved performance and increased power
output (power density) while the component parts shrink in size should result
in generation of greater amount of heat in smaller volume of space. Effective
means of extracting heat from the device is required to ensure optimum and
reliable device operation. These have created new challenges in electronic
packaging and insulating materials. The goal is to develop materials with high
thermal conductivity, high electrical conductivity, low dielectric constant, low
coefficient of thermal expansion and, most importantly, low cost[1-4]. High
electrical resistivity is required to prevent leakage current which may
introduce loss and non-functional circuit. Polymeric materials have attracted
great deal of interest due to their excellent proccessability and its low cost.
Common heat sink materials are commonly developed from metallic materials
and their composites such as Al-SiC, Al-Si, Cu-W, Al-diamond, Cu-diamond,
Cu-Mo and many others however they pose several limitations to applied in
electronic packaging area such as high cost and density (where lightweight
requirement is needed), high susceptible to corrosion and high electrical
conductivity. On the other hand, most polymeric materials are thermally
insulating and have a thermal conductivity between 0.1 to 0.5 W.m-1.K-1 as
can be seen in table A2-1[5]
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Table A2-1 Thermal conductivity of some polymers

Heat transfer involves transport of energy from one place to another by energy
carrier where phonon / lattice vibration is primary mechanism of heat
conduction in polymer since free movement of electron is not possible. Heat
transfer is a bulk property rather than a direct path property such as transfer of
electricity. Direct path is needed to conduct electricity however heat is
transferred in bulk where the entire volume of the body is employed for the
transfer. Therefore, consistency of the thermal conductivity of the entire
matrix of the composite body is essential for overall high thermal
conductivity.[6]
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One approach to enhance the thermal conductivity of polymer is to
incorporate high conductivity fillers into the polymer matrix such as metal
oxide (ZnO, BeO, MgO, Al2O3), ceramic (SiC, AlN, BN, Si4N3), carbon
materials (CNT, grapheme) or metallic materials (Ag, Au, Cu). Zinc oxide
was chosen as filler in this work due to its abundance, low cost and easy
synthesis. In general, an increase in volume fraction of filler improves the
thermal conductivity, but excessively high volume fraction of filler
incorporated into polymer matrix should yield poor processability. In industry,
well-balanced composite materials with high thermal conductivity and good
processability are desired.

A2.2 Synthesis of ZnO nanorods filler[7]

Synthesis of ZnO was carried out by thermolysis reaction in oleylamine
solution. Briefly, 35 mL 1-octadecene, 11.6 mL oleylamine and 11.1 gram
Zinc acetate dihydrate was loaded in 100 mL two-neck RBF connected to
condenser. The mixture was heated to 90oC with stirring at 600 rpm. Blowing
the mixture at argon gas was carried out for 1-1.5 hrs at 90oC. The
temperature was then raised to 240oC and the reaction was allowed to precede
at 240oC for40 mins. The product was collected at the bottom of flask, and the
supernatant (oleylamine and octadecene) was removed. Purification was
carried out by centrifugation at 2,000 rpm, 3 times (1st by water, 2nd and 3rd
step by EtOH). The product was stored in EtOH for further use.
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Fig A2-1. TEM image of ZnO prepared from thermolysis reaction (length 11.5 m, diameter 25-35 nm)

A2.3 Synthesis of ZnO-PC nanocomposite

Silane coupling agents are commonly used in the preparation of inorganic
filler- incorporated polymer nanocomposite. Hexadecyltrimethoxysilane and
phenyltrimethoxysilane were chosen to improve the dispersibility and
compatibility of ZnO filler in polycarbonate matrix, respectively. The
successful surface modification was confirmed qualitatively by transferring
and redispersing the modified ZnO in chloroform. The ZnO nanorods started
to precipitate out of the ethanol solution after 2 hours, reaction was stopped,
purification was carried out and redispersed the modified-ZnO in chloroform.

Scheme A2-1 Surface modification of ZnO nanorods with silane coupling
agent
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The ZnO-PC composite film as much as 5 vol% (20 wt%) and 10 vol% (34
vol%) was prepared by spin casting with following parameters : 0.1 mL
composite solution, 600 rpm and 1 min of spinning time. Aggregate of ZnO
could be easily observed, especially from the magnified images, from both
SEM and TEM images despite the improved dispersibility compared to those
of composite using bare ZnO.

Fig A2-2 SEM (top) images of ZnO(5vol%)-PC composites and TEM (bottom)
images of ZnO (5 vol% and 10 vol%) – PC composite
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Another type of coupling agent widely used in processing of polymer
composite is titanate and zirconate coupling agent. Unlike silane coupling
agent, they do not require the presence of water to react which means no
hydrolisis reaction was involved. It reacts with substrate’s surface proton at
the inorganic interface resulting in the formation of matrix compatible /
reactive organic monomolecular layer on the inorganic filler surface. The
chemical structure could be described as (Y-R-X-O)3-Ti-OR’ + MOH  (YR-X-O)3-Ti-OM + R’OH, where OR’ = hydrolyzable group, X determines
composite perfomance (carboxyl, sulfonyl, phenolic, phospate, etc) and Y-R
provide compatibility with polymer matrix. It is applicable to various kinds of
substrate / fillers

The as-purified ZnO nanorods were modified with titanate coupling agent
LICA 09 whose molecular structure is depicted in the scheme below. The
morphology of ZnO-PC composites as shown in the SEM and TEM images
confirmed much improvement compared to those treated with silane coupling
agent where the Zinc oxide structure was uniformly distributed and dispersed
in polymer matrix. The long alkyl chain and benzene group is believed to play
significant role in improving the dispersibility and compatibility of ZnO with
polymer matrix, respectively. The film was prepared by spin casting method
in the similar manner described in the previous part.

Scheme A2-2 Surface modification of ZnO nanorods with titanate coupling
agent LICA-09
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A2.4 Preparation of ZnO(LICA 09)-PC nanocomposite

5 and 10 vol% ZnO in PC matrix was prepared and the zinc oxide amount was
approximately similar to 20 and 34 wt% respectively. The concentration of PC
stock solution and ZnO-LICA 09 in chloroform was 250 mg/mL and 36
mg/mL respectively.
a. For 5 vol % ZnO-PC composite solution. Mix 0.36 mL ZnO-LICA09 with
0.2 mL PC in chloroform solution. For SEM sampling, drop 0.05 mL of
this composite solution onto slide glass, spin casted at 600 rpm for 1
minute. For TEM sampling, 2 drops of composite solution was dropped on
TEM grid, spin casted at 600 rpm for 1 minute.
b. For 10 vol % ZnO-PC composite solution. Mix 0.77 mL ZnO-LICA09
with 0.2 mL PC in chloroform solution. For SEM sampling, drop 0.05 mL
of this composite solution onto slide glass, spin casted at 600 rpm for 1
minute. For TEM sampling, 2 drops of composite solution was dropped on
TEM grid, spin casted at 600 rpm for 1 minute
c. Dilute composite solution with 5 vol% ZnO with chloroform so that it
has the same volume with composite solution containing 10 vol% of
ZnO.
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Fig A2-3 SEM images (top) and TEM images (bottom) of ZnO (5 and 10
vol%) – PC nanocomposite film. ZnO nanorods were modified with titanate
coupling agent LICA 09. The TEM images for each sample were taken from 3
different locations on TEM grid.
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A2.5 Thermal properties measurement of ZnO-liquid crystal polymer

A2.5.1 dry blending method

Sample preparation and thermal conductivity measurement of ZnO-LCP
(Sumikasuper LCP) was carried out in 제일모직. Due to limited amount of
ZnO fillers, dry blending method was chosen to prepare the polymer
composite sample. Compression molding was carried out at 360oC, (melting
point of LCP is 340oC). Both LCP and ZnO powder was mixed in plastic bag
and mixing was performed manually by shaking the plastic bag. The
composition of composite samples is shown in table A2-2 below

Fig A2-4 Chemical structure of Sumikasuper liquid crystal polymer.

Table A2-2 Composition of LCP-ZnO composites by dry-blending method

Thermal conductivity of the composite samples were improved with
increasing amount of ZnO filler however there were some problems :
a. At high filler loading (40 – 80 wt% ZnO), mechanical properties of
composite sample are reduced. Sample with 80 wt% ZnO could not
be produced since it disintegrated once it was removed from the mold.
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b. Reproducibility of thermal conductivity value. For example, samples
1 with 60 wt% ZnO filler has average thermal conductivity of 1.1
W/mK while samples 2 with the same composition and prepared
from the same batch has only thermal conductivity value of 0.51
W/mK.
c. Solid state blending (in my opinion) is not good method to prepare
polymer composite with uniformly dispersed filler inside the polymer
matrix.

Measurement was carried out using MATHIS TCI thermal analyzer based on
modified transient plane source. It uses a one-sided, interfacial, heat
reflectance sensor that applies a momentary, constant heat source to the
sample.

The filler concentration dependence on thermal conductivity of polymer
composite is shown in the graph below. The morphology of composite sample
consists of 20,50 and 60wt% are shown in figures below. The gray color area
represents the LCP while the whiter area represents ZnO nanorods. At higher
loading , lots of empty hole could be observed from cross section image.
Bundles of ZnO nanorods could be observed in every sample with different
filler loading, most probably due to poor mixing during the sample
preparation.
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Fig A2-5 Concentration dependence of average thermal conductivity of ZnOLCP composite
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Fig A2-6 SEM surface and cross section images showing the morphology of
ZnO-LCP composite prepared from dry blending method.
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A2.5.2 Wet blending method

Preparation of ZnO-LCP composite (50 wt% ZnO, 50wt% LCP) by wet
blending (melt compounding) method was carried out at 제일모직. 30 gram
of Titanium coupling agent LICA09 modified Zinc oxide nanorods (length 11.5 m) was prepared from 10 batches of thermolysis reaction in our lab. Melt
compounding /blending was carried out inside Haake mixer (capacity of 60
gram) at 360oC (melting point of LCP is 340oC for 10-15 minutes with
rotation speed of 80 rpm). After cooling rubber-like light brownish product
was obtained. Sample for thermal conductivity measurement was fabricated
using hot compression method at 360oC for certain period of time.

Fig A2-7 Melt compounding extruder and compression mold equipment used
to prepare ZnO-LCP composite

Surface morphology of samples was characterized by SEM. As predicted,
surface morphology of samples prepared from wet blending method showed
uniform distribution of zinc oxide nanorods inside the polymer matrix. On the
other hand, samples prepared from dry blending method consist of island-like
structure (white area) made up from cluster of zinc oxide nanorods and dark
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grey area of LCP matrix. Low magnification of cross section image of
samples prepared from wet blending method revealed smoother and dense
structure compared to those from dry blending method at same filler loading
concentration.
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Fig A2-8 Comparison of morphology of ZnO (50 wt%) – LCP polymer
composite prepared by both wet and dry blending method

However, despite better morphological structure of samples prepared from
wet blending method, thermal conductivity measurement result showed
similar value to those samples prepared from dry blending method, which is
around 1 W/mK (2.5 times higher than bare LCP). The reason for this
observation is still unknown. Zinc oxide may become one of candidates for
this application after optimizing the mixing ratio with polymer matrix.
Comparison of thermal conductivity value of LCP incorporated with various
filler materials is summarized in table below.
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Table A2-3 Comparison of thermal conductivity value of various LCP-based
nanocomposite

A2.6 Synthesis of ZnO-GO-PC nanocomposites

Graphene oxide was chosen instead of graphene and reduced graphene oxide
due to its electrical insulator nature which is one of main requirements for
materials to be used as electronic packaging application. The disruption of sp2
bond of graphene sheet makes the graphene oxide sheet electrically
insulator.[8,9]

Amine-functionalized ZnO nanorods were obtained by treating the ZnO with
aminopropyltrimetoxysilane (APS). The presence of amine on the surface of
ZnO was qualitatively confirmed by ninhydrin test. Ninhydrin reacts with
primary amine to generate chromophore of deep blue/purple color known as
Ruhemann purple.[10]
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Fig A2-9 Surface modification and qualitative determination of amine
functional group on surface of ZnO nanorods

ZnO reacted GO via electrostatic interaction between positively charged
amine functional group on ZnO surface with negatively charged carboxylic
acid on GO surface. Once the GO in ethanol solution was added into ZnO
solution, stable suspension of ZnO could not be maintained and ZnO-GO
stated to precipitate and settle down to the bottom of the flask due to large
size and weight. The addition of GO was stopped until all ZnO reacted with
the GO which was indicated by clear supernatant.
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Fig A2-10 Preparation of ZnO-GO through electrostatic interaction in solution
phase

ZnO-GO was treated with titanate coupling agent LICA 09 to improve the
dispersibility and compatibility with PC matrix. After surface modification,
ZnO-GO could be redispersed in chloroform solvent. The presence of GO
sheet on ZnO nanorods was confirmed by SEM in yellow arrow mark.

Fig A2-11. Surface modification and SEM images of ZnO-GO with titanate
coupling agent LICA 09
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The preparation of ZnO-GO-PC composite film was carried out using spin
casting method on 1 cm x 1 cm glass substrate. Composite solution with
different concentration of ZnO-GO is summarized in table 4. 0.1 mL of
composite solution was spin-casted at 600 rpm for 2 minutes. Center area of
the film on the glass substrate was characterized by SEM. No large or major
agglomeration was observed at all studied ZnO-GO concentration. We could
observed that the ZnO-GO was uniformly distributed inside PC matrix
especially at low ZnO-GO loading concentration (5 vol%). The coverage
density increased with increasing ZnO-GO loading concentration and
complete interconnected network structure could be observed at 15 vol%
loading concentration of ZnO-GO. It is expected that the ZnO-GO-PC
nanocomposite may find useful application in various engineering fields
which requires the careful control and uniform distribution of inorganic filler
inside the polymer matrix.

Table A2-4 composition of ZnO-GO-PC composite solution

110

111

References

[1] D. Yorifuji, S. Ando. J. Mater. Chem., 2011,21,4402
[2] C. Zhi, Y. Bando, T. Terao, C. Tang, H. Kuwuhara, D. Golberg. Adv.
Funct. Mater., 2009, 19, 1857
[3] K. Sato, H. Horibe, T. Shirai, Y. Hotta, H. Nakano, H. Nagai, K.
Mitsuishi, K. Watari. J. Mater. Chem., 2010, 20, 2749
[4] X. Huang, P. Jiang, T. Tanaka. IEEE Electrical Insulation Magazine,
2011, 4, 8.
[5] Z. Han, A. Fina. Prog. Polym. Sci. 2011, 36, 914
[6] Kevin A. Mc.Cullough, Thermally Conductive Composite Material,
United States Patent, 2000, Patent number : 6,048,919
[7] Z. Zhang, M. Lu, H. Xu, W. Chin. Chem. Eur. J 2007, 13, 632-638
[8] X. Huang, T. Iizuka, P. Jiang, Y. Ohki, T. Tanaka. J. Phys. Chem. C 2012,
116, 13629.
[9] D. Zheng, G. Tang, H. Zhang, Z. Yu, F. Yavari, N. Koratkar, S. Lim, M.
Lee. Compos. Sci. Technol. 2012, 72, 284.
[10] X. Xia, M. Yang, Y. Wang, Y. Zhng, Q. Li, J. Chen, Y. Xia. ACS Nano
2012, 1, 512

112

초록

환경화학은 화학반응, 이동현상, 그리고 화학 물질이 4 가지 환경적
계에서 (수권, 대기권, 지권, 생물권) 나타나는 현상을 다루고 그것
이 인간계 및 전체적인 생태계에 어떻게 작용하는지 살펴보는 복합
적인 과학분야다. 환경화학의 궁극적인 목표는 여러 화학적 원리를
종합적으로 다루어 깨끗하고 지속 가능한 환경을 만드는 것이다. 이
학위논문에서는, 마이크로 또는 나노 크기의 실리카 기반의 복합체
를 합성하고 이를 활용하여 독성 물질을 감지하는 연구를 자세히
기술하고자 한다. 간단하고 효율적인 방법으로 실리카 비드를 기반
으로 한 두 가지 나노 구조체를 제조하였고, 환경 분야와 범죄 과학
수사 분야에 응용하였다. 산화 철이 코팅 된 실리카 겔은 인공 지하
수에서 WHO에서 정한 허용 안전 제한치 까지 비소 산화음이온을
제거하는데 이용하였다. 또한 비소 흡착의 동역학, 열역학, 다양한
음이온으로부터의 방해 효과들도 논의되었다. 다양한 금속 이온으로
표면처리 된 실리카 겔은 황화 수소 가스나 암모니아 가스와 같은
산업용 독성 오염 물질에 대하여 간단한 색 변화로 검출이 가능하
게 했다. 이 방법은 사람의 혈장이나 수용액에서 황 이온을 검출하
는데 역시 사용될 수 있다. 여기서 제안된 방법은 복잡하고 비싼 장
비와 복잡한 시료 준비과정을 필요로 하지 않는다. 또한 언제 어디
에서든지 바로 사용할 수 있는 휴대성이 가장 큰 장점이다.

주요어 : 비소 제거, 흡착 등온 및 동력, 독성 가스 검출, 황화 이온
검출, 실리카, 수사 과학
학
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