PHOTODEGRADATION FOR FORMALDEHYDE REMOVAL BY
ADDING TITANIUM DIOXIDE IN ACRYLIC PAINT: A STUDY
IN STATIC AIR CHAMBERS

NARUT SAHANAVIN

A THESISSUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTSFOR
THE DEGREE OF MASTER OF SCIENCE
(ENVIRONMENTAL SANITATION)
FACULTY OF GRADUATE STUDIES
MAHIDOL UNIVERSITY
2008

COPYRIGHT OF MAHIDOL UNIVERSITY



Thesis
Entitled

PHOTODEGRADATION FOR FORMALDEHYDE REMOVAL BY
ADDING TITANIUM DIOXIDE IN ACRYLIC PAINT: A STUDY
IN STATIC AIR CHAMBERS

Mr. Narut Sahanavin
Candidate

Assoc.Prof.Pisit Vatanasomboon,
M.Sc.
Major-Advisor

Assoc.Prof.Piangchan Rojanavipart, Asst.Prof.Kraicr antrakarnapa
M.H.S. Ph.D

Co-Advisor Co-Advisor

Prof.Banchong Mahaisavariya Assoc.Prof.Pisit Vasamboon,
M.D. M.Sc.

Dean Chair

Faculty of Graduate Studies Master of Sciencgmfrmame in

Environmental Sanitation
Faculty of Public Health



Thesis
Entitled

PHOTODEGRADATION FOR FORMALDEHYDE REMOVAL BY
ADDING TITANIUM DIOXIDE IN ACRYLIC PAINT: A STUDY
IN STATIC AIR CHAMBERS

was submitted to the Faculty of Graduate Studieshilibl University
for the degree of Master of Science (Environme&taiitation)
on
October 29, 2008

Mr. Narut Sahanavin
Candidate

Assoc.Prof.Udom Kompayak,
M.P.H.
Chair

Assoc.Prof.Pisit Vatanasomboon,

M.Sc.

Member
Assoc.Prof.Piangchan Rojanavipart, Asst.Prof.Kraic antrakarnapa
M.H.S. Ph.D
Member Member
Prof.Banchong Mahaisavariya Assoc.Prof.Phitayar@@onphol,
M.D. D.V.M., M.D., Dip of Thai Board of
Dean Clinical Preventive Medicine.
Faculty of Graduate Studies Dean
Mahidol University Faculty of Public Health

Mahidol University



ACKNOWLEDGEMENTS

The success of this thesis can be attributed to the extensive support and
assistance from my major advisor, Assoc. Prof. Pisit Vatanasomboon. | deeply thank
him for his valuable supports, advice, guidance and writing improvement in this
research.

| would like to thank my co-advisors, Assoc. Prof. Piangchan Rojanavipart and
Asst. Prof. Kraichat Tantrakarnapa for their valuable advice and guidance in this
research.

| wish to thank Assoc. Prof. Udom Kompayak, who was the chair examiner of
the proposal examination and the external chair examiner of the thesis defense, for
kindness in his advice in research methodology and examining both the proposal
examination and the thesis defense.

| would like to thank Dr.Tanasri Sihabut and Mr. Anuphan Siangyai for their
kindness in providing suggestions support in laboratory instrument and chemical
agents for samples analysisin laboratory.

| would like to thank Faculty of Graduate Studies of Mahidol University for
partial supporting of Thesis Grant.

| am grateful to al the lectures and staff of the Environmental Sanitation
Department for their valuable advices and aso thank to my friends for their kind
supports.

Finally, | am grateful to my family for their supports, entirely care, financial

support and love. The usefulness of this thesis, | dedicate to my family and all the
teachers who have taught me since my childhood.

Narut Sahanavin



Fac. of Grad. Studies, Mahidol Univ. Thesis/iv

PHOTODEGRADATION FOR FORMALDEHYDE REMOVAL BY ADDING
TITANIUM DIOXIDE IN ACRYLIC PAINT: A STUDY IN STATIC AIR
CHAMBERS

NARUT SAHANAVIN 4836542 PHES/M
M.Sc.(ENVIRONMENTAL SANITATION)

THESISADVISORS: PISIT VATANASOMBOON, M.Sc.(ENVIRONMENTAL
HEALTH), PPANGCHAN ROJANAVIPART, M.H.S.(BIOSTATISTICS),
KRAICHAT TANTRAKARNAPA, Ph.D. (ENVIRONMENTAL ENGINEERING)

ABSTRACT

The objective of this research was to determine the effects of influencing
factors: the percentage of titanium dioxide added in acrylic paint (2, 5, 10 and 15%),
initial formaldehyde concentration (50, 100 and 150 mg/m®) and irradiation time (90,
180, 270 and 360 min), and their interaction effect on formaldehyde photodegradation
process. This research was a 3x4x4 factorial design and it was conducted in static air
chambers.

The result showed that influencing factors affected formaldehyde removal (%6).
It showed that the formaldehyde remova (%) increased when the percentage of
titanium dioxide increased and dlightly decreased at 15% of titanium dioxide, the
formaldehyde remova (%) decreased when the initial formaldehyde concentration
increased and the formal dehyde removal (%) dlightly increased with the increasing of
irradiation times but slightly decreased at 360 min. The formaldehyde removal (%) did
not always increase when the percentage of titanium dioxide increased; it depended on
the initial concentration of formaldehyde. The irradiation time aso depended on the
initial concentration of formaldehyde as well; a higher initiad formaldehyde
concentration, the photodegradation proceeded to mass transfer limit earlier than at
lower initial formaldehyde concentration. The results showed that 10% of titanium
dioxide at 50 mg/m?® of initial formaldehyde concentration and 360 min of irradiation
time was the condition of highest formaldehyde removal efficiency (60.08%). This
research can be applied to the treatment of formadehyde and aso to guidelines
regarding the suitable amount of titanium dioxide that should be added into acrylic
paint for formaldehyde removal.

KEY WORDS: TITANIUM DIOXIDE/PHOTODEGRADATION /
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CHAPTER|
INTRODUCTION

1.1 Background

Nowadays, human and other living things on the avtidve been threatened
by air pollution. Pollutants in the air create snawgl acid rain, decrease ozone layer in
the upper atmosphere, and cause cancer or otleetetb human health. Air pollution
comes from many different sources: stationary ssirsuch as factories; mobiles
sources such as cars, planes, buses and traifi théise are the causes of air pollution.
Especially the industries activities create thession more than any other sources.
The emission from industries such as,SRO, CO, particulate matter, heavy metals
and volatile organic compounds are problems to muemwironment and ecology (1).

In general, there are many pollutants or emissioreitdoor environment, so
many people try to avoid exposing them. Even se,itiloor environment is a risk
place from air pollutants and may be higher riskntloutdoor because the human use
more 16 hours in house or workplace and can exfhesendoor pollutant easily. The
common indoor air pollutant can be found in houseworkplace such as carbon
monoxide fumes from adjacent garage, combustioesgaad volatile organic based
chemical products (2-4).

Volatile organic compounds (VOCs) are common palis which are
produced by a variety of industries and are enwiremtal concerns. Especially,
formaldehyde is a common volatile organic compoand close to the human life
because formaldehyde can be found in households asismoke of cigarettes and
tobacco products, furniture containing formaldehipdsed resins, building materials
containing urea-formaldehyde resins (5). Furtheendhe increasing temperature
from climate change problem may cause increasimgdtwiehyde evaporation rate

from formaldehyde based material and be harmfautoan.
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Formaldehyde can cause headaches; irritation ofs,eymse and the
formaldehyde is classified as a probable humanr@gen by the U.S. Environmental
Protection Agency and as having sufficient evidenkat formaldehyde causes
nasopharyngeal cancer in humans by the Internathgency for Research on Cancer
(6). Formaldehyde is pollutant in environmentaliségions in many countries. In
Thailand, Formaldehyde in workplace must be leas thppm or 6.15 mgfand less
than3 ppm or 3.69 mg/fifor 8-hour time weight average (7).

From this problem, many researchers try to devétepadvance technologies
to remove pollutants by using absorption or adsomptechnologies. But these
theories are only transfer pollutants from the gasephase to solid or liquid phase
which eventually cause the disposal problem (8).

In recent years, the new method for removing thiatile organic compound
was discovered. That method is photooxidation witsi@h degrade organic pollutants
to CG, and HO by a catalyst and light (3, 9-11). The catalystdimostly in many
studies is titanium dioxide (TP because it's inexpensive, high efficiency and low
toxic. This catalyst will oxidize and degrade thdlytant in 20 — 210 min (10-17).
Nevertheless, the use of T many studies was the coating on column fortimga
the pollution; this design is suitable for treatmanthe end of pipe and not compatible
for use in indoor environment (8).

One of traditional methods for using TiQo depollute the indoor air
environment is adding Tignto acrylic paint and coated on the walls (16). 18 this
method, it easier and compatible for use in wortg@lar household but this method is
necessary to study the suitable volume of;Ta@ded in acrylic paint for high removal
efficiency of volatile organic compounds and stulay possible factors that affect the
photodegradation of the volatile organic compoulglsising TiQ added into acrylic
paint.

In this research, the experiment was performethénstatic air chamber that
contaminated with formaldehyde as a common inddorpallutant in order to
determine the percentages of 7i@ acrylic paint for the removal efficiency of
formaldehyde. The related factors affecting phogodéation of formaldehyde at
different initial concentrations of formaldehyde dairradiation times were also
studied.
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Eventually, the benefit of this research was ttiermation of TiQ application
for treating formaldehyde. The result was the glindeof TiO, amount (percentage)
added into acrylic paint for the highest efficieranyd the pollutant concentration level
that can be treated by Ti@dding acrylic paint.

1.2 Objectives of the Study

1.2.1 General objective
To study the influencing factorpercentage of titanium dioxide added
in acrylic paint; initial formaldehyde concentratjdarradiation time, on formaldehyde
removal by TiQ photodegradation in the static air chamber.

1.2.2 Specific objectives

1. To determine the formaldehyde removal (%) in thatistair
chamber at different percentages of F&dded in acrylic paint.

2. To determine the formaldehyde removal (%) by using, added
in acrylic paint at different initial formaldehyd=ncentrations in
the static air chamber.

3. To determine the formaldehyde removal (%) in thatistair
chamber by using Ti©added in acrylic paint at various irradiation
times.

4. To determine the formaldehyde removal (%) in thatistair
chamber at different percentages of Fi@ded in acrylic paint,

initial formaldehyde concentrations and variouadration times.
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1.3 Hypotheses of the Study

1. The formaldehyde removal (%) increases when theepéage of TiQ
added in acrylic paint increases.

2. The formaldehyde removal (%) at low initial formald/de concentration
is higher than at high initial formaldehyde concatibn.

3. The formaldehyde removal (%) is positively relatedhe irradiation times.

4. The formaldehyde removals (%) at different percgegaof TiQ added in
acrylic paint,initial formaldehyde concentrations and variousdration

times are different.

1.4 Variables of the Study

1.4.1 Independent Variable
- Percentages of Tiadded in acrylic paint.
- Initial formaldehyde concentrations in the istair chamber.
- Irradiation times.

1.4.2 Dependent Variable
- Formaldehyde removal (%) in the static airrobar.

1.4.3 Control Variable
- Light sources.
- Size of the static air chamber.

- Volume of acrylic paint.

1.5 Definition of Terms
1. Formaldehyde removal (%): the percentage of formaldehyde in air
between before and after the treatment by, B@ded in acrylic paint. The

calculation of formaldehyde removal (%) was follows

G -Gy
Formaldehyderemoval (%) = C, X 100

Where; Gis the initial concentration of Formaldehyde.

G is the final concentration of Formaldehyde.



Fac. of Grad. Studies, Mahidol Univ. M.Sc.( Enmineental Sanitation) / 5

2. Acrylic paint: the fast-drying paint containing pigment suspehde an
acrylic polymer emulsions that is used for paintimgrior building.

3. Photodegradation: the process of photocatalysis oxidation whichsuse
TiO, and light to degrade formaldehyde.

4. Titanium dioxide (TiO,): the semiconductor as catalyst in degradation
process. It was added in acrylic paint at the lefeR, 5, 10, and 15 %
(weight by weight) and coated on media and put stagic air chamber. In
this study used Degussa Ti©25.

5. Static Air chamber: the close-system chamber for Photodegradation
experiment and made from glass with a sampling pad mixing fan
inside.

6. Media: use 40 x 40 cm cerocrete and was coated by &dded acrylic
paint and measured the TH®ading by digital balance.

7. Irradiation Time: a time of photodegradation reaction period at 1D,
270 and 360 min.

8. Light source: the 18W fluorescence lamp.

1.6 Scope of the Study

1. This study was conducted in the laboratory asidguthe synthetic polluted
air by adding formaldehyde in static air chamber.

2. The irradiation times were studied at 0, 90,, 23® and 360 min.

1.7 Limitation of the Study

1. This experiment used impinger for collecting aample to analyze
concentration of formaldehyde by chromotropic acitethod. Therefore, the
formaldehyde removal (%) in this experiment wagstplbgraph for each time.

2. The intensive wavelength from 18W fluorescelarep in this experiment
assumed as stable.

3. The initial formaldehyde concentrations in tegperiment were slightly
more or less. From the controlling, the error afiah formaldehyde concentration was

not more than 5% of accuracy.
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1.8 Conceptual Framework

Independent Variables

- Percentages of TiOadded in
acrylic paint.

2%

5%

10 %

15 %

- Initial formaldehyde

concentrations in static air

chamber. Dependent Variables

A 4

50 mg/nd - Formaldehyde removal (%)

100 mg/nd
150 mg/ni

- Irradiation times
90 min
180 min
270 min
360 min
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CHAPTERIII
LITERATURE REVIEW

2.1 Titanium dioxide (TiOy)

Titanium dioxide, also known as titanium (IV) oxideTitania, is the naturally
occurring oxide of titanium, chemical formula BiQ9). The physical appearance of
TiO; is white powder as shown in figure 2.1(a), anddtnacture of TiQ as shown in
figure 2.1(b).

Figure2.1 (a) Titanium dioxide (b) and the structure
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The physical-chemical properties of Li@s shown in table 2.1

Table 2.1 Physical-chemical properties for THO

Descriptions Value
Molecular mass 79.87 g/mol
Appearance White solid
Odor Odorless
Taste Tasteless
Density 4.23 glend
Melting point 1855°C (3371°F)
Boiling point 2750°C (4982°F)
Solubility Insoluble in cold water
Stability Stable

Source: Pollution Control Department (20)

The most industrial use titanium dioxide which isl@y used as a pigment for
paint, coating ink, paper, plastic, cosmatic prasluc catalyst supports,
photoconductors and so on because of its very méstg outstanding hiding property
and low toxicity that L3, of titanium dioxide is more than 24,000 mg/Kg at {21).

The titanium dioxide occurs in three forms (22-24):

(1) Rutile, a tetragonal mineral usually of prisrodiabit, often twinned

(2) Anatase or octahedrite, a tetragonal minerdipyramidal habit

(3) Brookite, an orthorhombic mineral. Both anatasd brookite are relatively

rare

The structures of three crystal forms anataseeratid brookite as shown in
figure 2.2
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Z
X

a) (b)

(€)

Figure 2.2 Crystal structures of Ti©(a) Anatase, (b) Rutile, (c) Brookite.

The properties of the three crystal forms anatasmkie and rutile as shown

in table 2.2.

Table 2.2 Properties of the three modifications of titanidioxide

Properties Anatase Brookite Rutile
Density (g/cc) 3.90 4.13 4.27
Hardness (Mohs’scale) 5.5-6.0 5.5-6.0 6.0-6.5
Melting Point £C) Change to rutile Change to rutile ~ 1840+10
Entropy S,es.16(cal/deg/m) 11.93 - 12.01
Refractive Index ne, 2.5612 n, 2.5831 n, 2.6124
(25°C) n. 2.4880 ng 2.5843 n.2.8993
(. = 5893A) n, 2.7004
Dielectric Constant €=48 e=178 €av~ 110
(powder) g =180
el =89

Source: Clark (19)
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Titanium dioxide photocatalysis has been studiettrestvely as a potential
technique for treatment of pollutants and microargas because titanium dioxid can
degrade pollutant in low temperature, less time lamdtoxic than other method, and
highly remove pollutant efficiency. The TiOn the anatase form is a photocatalyst
under ultraviolet light. Although recently it hasdm found that titanium dioxide when
spiked with nitrogen ions, will also react as a tolkatalyst under lamp light. The
strong oxidative potential of the positive holesdizes water to create hydroxyl
radicals. It can also oxidize oxygen or organicamats directly. Titanium dioxide is
thus added to paints, cements, windows, tiles, theroproducts for sterilizing,
deodorizing and anti-fouling properties and is alsed as a hydrolysis catalyst. It is
also used in the Graetzel cell, a type of chensokr cell (9).

The photocatalyst used in many studies is ;TR25 (Degussa Company,
Frankfurt, Germany) (25) because it's able to higtthotocatalyst when compare the
other and easy to used (26-29). The physical-chEnpcoperties for Degussa

Titanium dioxides P25 to shown in table 2.3

Table 2.3 Physical -chemical properties for Degussa Titandioxides P25

Description Value
BET surface area 50+15 nf/g
Average particle size 30 nm
Moisture <1.5%
Ignition loss <1.5%
pH in 4% agqueous suspension 3-4
Structure ratio (Anatase: Rutile) 80:20
Density 3.98 glcnd
Titanium dioxide >99.5 %
Aluminum oxide <0.3 %
Silica <0.01 %
Iron oxide <0.01 %
HCI <0.3 %

Source: Degussa (25)



Fac. of Grad. Studies, Mahidol Univ. M.Sc.( Envineental Sanitation) /11

2.2 Properties of formaldehyde

Formaldehyde is the chemical compound with the tdan€HO. The simplest
aldehyde, it was first synthesized by the Russihendist Aleksandr Butlerov but was
conclusively identified by August Wilhelm von Hofma The structures of

formaldehyde as shown in figure 2.3.

O

Figure 2.3 The structure of formaldehyde

Generally, formaldehyde has been widely used inymagplications; it has
medical applications as a sterilant and is usea @®servative in consumer products,
such as food, cosmetics and household cleaning &en

There are several indoor environmental sources ¢ha result in human
exposure including cigarettes and tobacco produdisiniture containing
formaldehyde-based resins, building materials déoimg urea-formaldehyde resins,
adhesives containing formaldehyde used for plastidaces and parquet, carpets,
paints, disinfectants, gas cookers and open ficeglé&, 5).

Indoor areas of special importance are hospitadsszientific facilities where
formaldehyde is used as a sterilizing and presgragent, and living spaces, such as
schools, kindergartens, and mobile homes or apattmghere there may be
uncontrolled emissions of formaldehyde from tobas@mking, building materials and

furniture (5).
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2.2.1 Physical and chemical propertiesof formaldehyde
The physical and chemical properties of formaldehtydshown in table 2.4

Table 2.4 The physical and chemical properties of formaldiehy

Properties Descriptions

Synonym formic aldehyde; methyl aldehyde; methylanal;
methylene oxide; oxomethane; oxymethylene

Boiling point -19.5°C (-3.1 °F)

Melting point -92 °C (-133.6 °F)

Molecular weight 30.03

Vapor pressure 1.33 kPa @ -88 °C

Flash point 50 °C (122 °F) (closed cup aqueous solution withh15

methyl alcohol) appearance: colorless gas; aqueous
solutions with methyl alcohol are clear liquid vapo
density: 1.08 (air = 1.0)

Molecular formula CH,O

Odor pungent, slightly musty

Explosive limit 7 to 73% by volume

Solubility very soluble in water, up to 55% soluble in alcohol
ether

Source: NIOSH (6)

2.2.2 Toxicology of formaldehyde

1) Acute exposure

The formaldehyde gases cause the irritation in msicoembranes, nose, eyes
and upper respiratory tract. Ingestion of formaldkh cause severe injury to
gastrointestinal tract. The molecules of formaldEhygan interact with human cell
membranes and body tissues or fluids (proteins MADand disrupt that functions

which the results cause cell death (5).
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CNS
The formaldehyde can cause the malaise, headaldepirg) disturbances,

irritability, and impairment of dexterity, memoryé equilibrium of body (5, 6).

Respiratory

At the low concentrations of formaldehyde can prmdtapid onset of nose and
throat irritation, causing cough, chest pain, stess of breath, and wheezing. The
higher concentration can cause the inflammationth&f lower respiratory tract,
swelling of the throat, inflammation of the windpimnd bronchi, narrowing of the
bronchi, inflammation of the lungs, and accumulatiof fluid in the lungs. The

exposure more than 12 hours may cause pulmonamyi(t).

Metabolic

The accumulation of formic acid (product of formethgde) can cause an
anion-gap acid-base imbalance. If formaldehyde nggested, the absorption of the
methanol may contribute to the imbalance of anmbady (6).

| mmunologic
The inhalation and skin contact of formaldehyde ncayse skin disorders,
asthma-like symptoms, anaphylactic reactions anabhesis (6).

Gastrointestinal

Ingestion of aqueous solutions of formaldehyde camse corrosive injury to
the esophagus and stomach. Nausea, vomiting, daratbdominal pain, inflammation
of the stomach and ulceration and perforation efdfopharynx, epiglottis, esophagus
and stomach may occur. Both of formaldehyde andrbthanol stabilizer are easily

absorbed and can contribute to systemic toxicity.
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Ocular

The exposure of low formaldehyde concentrationsowvapan cause eye
irritation which abates within fewer minutes aftexposure. The splashed of
formaldehyde to the eyes can cause corneal uloaraticloudiness of the eye surface,

death of eye surface cells, perforation, and peemloss of vision.

Dermal
The exposure to formaldehyde vapor or formaldelsalations can cause skin
irritation and burns. In sensitized persons, cdandacmatitis may develop at very low

exposure levels.

2) Chronic exposure

The major concerns of repeated formaldehyde expostg sensitization and
cancer. In sensitized persons, formaldehyde casecasthma and contact dermatitis,
prolonged inhalation of formaldehyde at low levisl€ause chronic pulmonary injury
(6). Adverse effects on the central nervous systech as increased prevalence of
headache, depression, mood changes, insomniapility, attention deficit, and the
long-term exposure can cause impairment of deytentemory and equilibrium.
Chronic exposure may be more serious for childrecabse of their potential longer

latency period.

Carcinogenicity
The formaldehyde is carcinogen agent (5). In humfmmmaldehyde exposure
has been weakly associated with increased rislkas@lrcancer and nasal tumors were

observed in rats chronically inhaling formaldehyde.

Reproductive and developmental effects

The formaldehyde causes adverse reproductive sffétte TERIS database
states that the risk of developmental defects ¢oetktposed fetus ranges from none to
minimal. Formaldehyde is not includedReproductive and Devel opmental Toxicants,
a 1991 report published by the U.S. General Acangrdffice (GAO) that lists 30
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chemicals widely acknowledged having reproductivend a developmental
consequences (5).

There have been reports of menstrual disorders oamem occupationally
exposed to formaldehyde, but they are controverSiaidies in experimental animals
have reported some effects on spermatogenesis.aktehyde has not been proven to
be teratogenic in animals and is probably not a dnureratogen at occupationally
permissible levels. Formaldehyde has been showhat@ genotoxic properties in
human and laboratory animal studies producing rsisteomatid exchange and

chromosomal aberrations (5).

2.2.3 Routes of exposure

Inhalation

Formaldehyde vapor be absorbed in the lungs. lesca$é acute exposure,
formaldehyde will be detected by smell; howeverrspas who are sensitized to
formaldehyde may experience headaches and mincareyairway irritation at levels
below the odor threshold (odor threshold is 0.8.t ppm; OSHA PEL is 0.75 ppm)
(6). For sensitized persons, odor is not an adequaticator of formaldehyde's
presence and may not provide reliable warning afaldous concentrations. Odor
adaptation can occur. Low-dose acute exposure esultrin headache, rhinitis, and
dyspnea; higher doses may cause severe mucous ar@nipritation, burning, and
lacrimation, and lower respiratory effects suchbasnchitis, pulmonary edema, or
pneumonia. Sensitive individuals may experienchragtand dermatitis, even at very
low doses. Formaldehyde vapors are slightly heathan air and can result in
asphyxiation in poorly ventilated, enclosed, ordlging areas.

Skin/Eye contact

Formaldehyde can absorbed through intact skin aay cause irritation or
allergic dermatitis and formaldehyde vapors canseathe eye irritation and
lacrimation. Formaldehyde solutions may cause teahgliscomfort and irritation or

more severe effects which depend on the formaldebgdcentration.
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I ngestion

The ingestion of 30 ml of 37% formaldehyde solut@an cause an adult to
death (6). Ingestion may cause corrosive injuryh gastrointestinal mucosa, with
nausea, vomiting, pain, bleeding, and perforati@orrosive injuries are usually most
pronounced in the pharyngeal mucosa, epiglottis @mbhagus. Systemic effects
include metabolic acidosis, CNS depression and coespiratory distress, and renal

failure.

2.3 Principle of photocatalysis reaction

The word “photocatalysis” is composed of two patte prefix photo, defined
as "light”, “catalysis” is the acceleration of tbleemical reaction by the substance that
known as “catalyst” when it received the activati@mergy. Thereforethe
photocatalysis is mean the reaction which used tmglactivate a substance (catalyst)
which modifies the rate of a chemical reaction withbeing involved itself (9).

The principle of photocatalysis can be descrilbetbdow. A semiconductor is
characterized by an electronic band structure #mat occupied valence band and
unoccupied conductance band. These two bands @aeased by the energy gap called
the “band gap” (k). When the semiconductor is illuminated with liginat has energy
equal or higher the band gab, an electron fromnealeband is promoted to the
conductance band, the semiconductor can be excheegeon with other substance
(30).
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Reduction

b = :
s ; Q Oxidation
hy

Figure 2.4 The reaction of photocatalysis when the semicotwdweas illuminated

The semiconductor used as a photocatalyst shoulahbexide or sulfide of
metals such as TKYCdS and ZnO. The energy band gap of the photysathould
match the energy gained from light source (31) #me band positions of some

semiconductor as shown in table 2.6.

Table 2.5 The band positions of some semiconductor

_ Valence band Conductance Band gap Band gap
Semiconductor
(eV) Band (eV) (eV) wavelength (nm)
TiO, +3.1 +0.1 3.1 380
SnG +4.1 +0.3 3.9 318
ZnO +3.0 -0.2 3.2 390
ZnS +1.4 -2.3 3.7 336
WO; +3.0 +0.2 2.8 443
Cds +2.1 -0.4 2.5 497
CdSe +1.6 -0.1 1.7 730
GaAs +1.0 -0.4 1.4 887
GaP +1.3 -1.0 2.3 540

Source: Rungnuch (31)
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TiO, is a popular semiconductor because the band g&pligV. It can be
activated in the near ultraviolet light (~380 nrmjadiation of TiQ with light of least
the energy of the semiconductor bandgap resultsharge separation within the
particle, with an electron getting promoted frontevae band to the conduction band.
The resulting electron ¢§) and hole (") rapidly migrate to trap sites within the

particle, but can also simply recombine with re¢eas heat on the nanosecond
timescale.

TiO,+hv —> @ +hy  (Light absorption)
&b +hy — heat (Recombination)

If an electron donor (D) is adsorbed on semicotalugurface, it will the hole

and oxidation reaction occurs.

D+h,’  —> D (Oxidation)
On the other hand, if an electron acceptor (Adsorbed on the surface, it will

receive an electron and the reduction reactionrsccu
A+gg —» A (Reduction)

The oxidation reaction is important in photocasadydegradation process by
semiconductor such as TiOThe toxic organic pollutants can undergo mineedion
process and transform to @@nd water by oxidation reaction.

ho ' +HO _ , OH+H'

ho' + OH —> OH-

OH- + organic pollutants 00— CQ@+ H,O
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In equation, it shown that the hydroxyl radicaheean organic pollutant and
transform to C@ and water because the hydroxyl radical are exiyeneactive and
one of strongest oxidants. It can oxidize orgamd morganic substrates (M, R-H ...)
by electron transfer reaction, hydrogen abstractiot eletrophilic addition (9-12, 15,
24).

2.4.1 Factorsinfluencing the photocatalysis rate of degradation

The Photocatalysis rate can be affected by variadlich pH, initial
concentration of pollutant, light source, humidigynount of catalyst and temperature.
Therefore, the study for photocatalysis must conéid factors affecting of the
photocatalysis reaction to organic compounds. Thliastrs are reported as follow
(24, 28):

Catalyst

An amount of catalyst is one of affected factarsphotocatalysis process.
Generally, the available for degradation increagé watalyst loading due to higher
surface area of catalyst. An optimum value is presevhile above a certain
concentration, the solution opacity increases (@umcreased light scattering of the
catalyst particles) causing a reduction of lighhgteation in the solution and a
consequent rate decreaselditionally, at high-TiQ concentrations, terminal reactions
could also contribute to the diminution of Phota@detzation rate. The formed

Hydroperoxyl radical is less reactive than the*téQe:

H +HO" —» O,

H,O, + HOO—> HO + HO,

In slurry photoreactors, the optimal catalyst desagported lies in a wide
range (from 0.15 to 8 g/l) for different Photocgtetl systems and photo reactors,
increasing with increasing light intensity. The iogl catalyst dosage or effective
optical penetration length, under given conditioissyery important in designing a

slurry reactor for effective use of the reactorcgpand catalyst. If the solution layer
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thickness exceeds the optical penetration lengémwaigiven illumination intensity and
catalyst concentration, the photoreactor will beerrutilized. For TiQ immobilized
systems, there is also an optimal thickness ot#talyst film. The interfacial area is
proportional to the thickness of catalyst, as thme is porous. Thus, thick films favour
catalytic oxidation. On the other hand, the intemass transfer resistance for both
organic species and photogenerated electrons/heiésincrease with increasing
thickness. This increases the recombination pdggibf the electron/hole pair and, as
a consequence, the degradation performance isedd@8).

Light source

For the photocatalysis process, light source is @née important factors
because the photocatalysis process need energpyyeaking electron, and this energy
come from the suitable UV wavelength. In table 26&hown each catalyst need a
different wavelength for example, a suitable warngth for SnQis 318 nm but TiQ
is 380 nm (30).

The effect of light intensity can be divided intoe®jions. The degradation rate
is first order with respect to low intensity. Attémmediate, the reaction rate to begin
and increase the reaction rate until the reacanass transfer limited. The Increasing

intensity increases the recombination processrésé® the normal oxidation (32-33).

Concentration of pollutant

In the photocatalysis process occurs on the suidatiee solid photocatalyst.
Therefore, a high adsorption capacity is associaiéit reaction favoring because the
most of the reactions follow an adsorption isothefbangmuir-Hinsherwood
equation) (11, 28).

—d[X] _ kK[ X]
dt 1+ K[X]

Where: — dd[tX] = the degradation rate of substance

k = the reaction rate constant
K = the adsorption coefficient of starse
[X] = the concentration of substance
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For high concentration of the pollutant, where s#ttan coverage of adsorbent
surface is achieved (K[X] >> 1), the LH isothernuatjon simplifies to a zero-order
rate equation.

—d[X]
dt

For very low concentration of substance (K[X] <<, Ihe LH isotherm
eguation changes into a pseudo first-order kirlatic

—d[X]
dt

With k’'= kK being the pseudo first order rate ctamg. Therefore, at a high

= KX

initial concentration, the degradation of substaobeys the zero order kinetic while
the degradation kinetic at low concentration canrberpreted as an example of the

first order kinetics.

Temperature

The photocatalytical oxidation rate is not mucheeféd by minor changes in
temperature. This dependence of the degradatienomttemperature is reflected by
the low activation energy (a few kJ/mol) comparedtdinary thermal reactions. This
is caused by the low thermal energy (KT = 0:026a¢\Yoom temperature), that has
almost no contribution to the activation energy(the wide band gap) TiOIn the
other hand, these activation energies are quiteecko that of hydroxyl radical
formation, suggesting that the Photodegradatiortheke organics is governed by
hydroxyl radical reactions (24, 28).

The effect of temperature on the rate of oxidanoay be dominated by the
rate of interfacial electron transfer to oxygentefhatively, the more rapid desorption
of both substrates and intermediates from the ysitat higher temperatures are
probably an additional factor, leading to a largective surface area for the reaction.
At lower temperatures, desorption becomes the liraieng step of the process.
Changes in relative positions of the Fermi levelTi®, powders at temperatures

between 21 and 78C have been reported as relatively small (0.04 dw), still
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improved interfacial electron-transfer kinetics ateserved when the temperature is
increased (24, 28).

Irradiation time

The Photodegradation efficiency and irradiationetihave be relationship, the
Photodegradation rate increase when increaseslitmination time because the
photocatalytic degradation reaction of organic ygalhts occurs on the surface of
TiO,. Under UV illumination, electron—hole pairs areated on the Ti@surface.
Oxygen adsorbed on the TiO2 surface prevents tbemination of electron—hole
pairs by trapping electrons, the OFadicals are formed from holes reacting with
either HO or OH adsorbed on the TiGurface (12, 34).

TiO, + hv » & +hp'
hw" + HO » OH+H'
hw + OH » OH

In result, the process give th@H radicals which strong enough to completely

oxidize organic pollutant.

OH- + organic pollutants + 00— CQ+ H,O

However, the long illumination time no always ineses the Photodegradation
rate. Each organic pollutant needs time for treatedifferent such as 25 hours for
remove dimethyl sulfide or 30 min for remove methykanol. The time for suitable
depend on the any factor such as organic pollutantperature, flow rate (in case of

pack column) and initial pollutant concentration.
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2.6 Related resear ch about photodegradation by TiO,

Alberici R.M. (10) studied the gas-phase photogataldestruction of 17
VOCs over illuminated titanium dioxide (Degussa®)-2The study was investigated
by using a plug flow reactor with the following etpmental conditions: 200 ml mm -|
flow rate, 23% relative humidity, 21% oxygen and amganic compound
concentration range of 400-600 ppm. At steady staitgh conversion yields were
obtained for trichloroethylene (99.9%), isoocta®®.9%), acetone (98.5%), methanol
(97.9%), methyl ethyl ketone (97.1%), t-butyl mdthyether (96.1%),
dimethoxymethane (93.9%), methylene chloride (90,4ftethyl isopropyl ketone
(88.5%), isopropanol (79.7%), chloroform (69.5%9 aetrachloroethylene (66.6%).

Zhao J. and Yang X. (3) concluded about the ,Ti® their studies-
photocatalytic oxidation for indoor air purificatiothe literature indicated that the
TiO, was widely used as a photocatalyst due to itsrgupeharacteristics because it
was inexpensive, safe and very stable showing pigbtocatalytic efficiency, it
promoted ambient temperature oxidation of the mel@sses of indoor air pollutants,
complete degradation of a broad range of pollutantdd be achieved under certain
operating conditions and no chemical additives werpiired. So the TiOwas the
choice of heterogeneous support materials for Pbwigation air pollutants.

Poon C.S. et al (14) studied the affected factbié@ removal by TiQ adding
into waste concrete paving block. The factors wem®sity of block, the type of waste
material used and percentage of FiDhe results showed that the photodegradation of
NO positive was related to the porosity of blockd gercentage of Ti§) and it was
also found that the crushed recycled glass usadptrt of concrete block was benefit
to NO photodegradation rate.

Maggos Th. et al. (16) studied photocatalytic ddgtian of NQ gases using
TiO,-containing paint: a real scale study. The researchvered the surface of car
park with 10% TiQ-containing white acrylic paint and studied the ogal of NG,
gases in there under UV lamps irradiation for 5reoilihe result showed a significant
photocatalytic oxidation of NQOgases. The photocatalytic removal of NO and,NO
was calculated as 19% and 20%, respectively, whiephotocatalytic rate ranged
between 0.05 and 0.13 pgaT for NO and between 0.09 and 0.16 udsthfor NO..
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Carp O. (28) explained the TiOphotodegradation mechanism. The
photoinduced process, operational parameter wtifelotad the photodegradation rate
and the application of TiDwas also discussed in detail in this review, Ingt tain
theme was focused on the photocatalytic activitgegrade the organic and inorganic
compounds which were found in wastewater or in air.

Jeong JY. et al (32) studied the Fighotodegradation of toluene efficiency by
comparing the effect of short-wave length light meu(254+128 nm) and other light
sources: black light (365 nm) and germicidal lig265 nm). The result showed that
the photodegradation by using short-wave lengtht kgpurce was high conversion.

Jeong JY. Et al (33) studied the decompositionattaristic and identified the
by-product of toluene and benzene photodegradayoniO, with short-wave length
light source (254+128 nm). The result was foundt tie by-products from the
photodegradation of toluene and benzene with tleetstave length light source
(254+128 nm) were C£ CO and some water-soluble organics were also gdrm
under the reaction condition.

Hong Q. et al. (34) studied the formaldehyde degfrad by UV/TIQ/Os
process by using continuous flow reactor. It wasntb that the @ combination
affected to the formaldehyde photodegradation as®d from 39% to 94.1% whery O
content increased from 0 to 144 md/mNevertheless, the result showed the
formaldehyde degradation increased with prolongesidence time.

Juliana C.G. and Kaito T. (35) studied the photoaégtion of imazaquin by
using aqueous suspension of T.i@he factors of the sonication effect: time, ogtl
loading, initial concentration amazaquin, hydrogen peroxide and pH, temperature
and radiation source, were also examined. The treaas found that the
photodegradation at pH 3—-11 range were highly,pthetocatalytic effect was more
efficient in a suspension containing 2.0 g/l Ti@ith 1 hour sonication time in the
dark rather than with 20 min sonication beforediasion at temperature 20-4D.

Nogushi T. et al. (36) studied the Langmuir-Hinglad model to analyze the
decomposition rate of gaseous formaldehyde on,Tikn film. The studied
decomposition rate of formaldehyde was also contparniéh the decomposition rate
of acetaldehyde (standard test reactor). The regadt found that the constant rate

adsorption constari,pp, of formaldehyde onto TiQwas larger than acetaldehyde.
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Thus in the low concentration, the reaction of faltkehyde was greater than the
acetaldehyde. Finally, this study concluded thatTiO, was the good adsorbent and a
photocatalyst for the elimination of gaseous fodealde.

Ching W.H. et al. (37) studied solar photocatalydegradation of gaseous
formaldehyde by sol—gel TiGthin film for enhancement of indoor air qualityhd
tested photoreactors were made of a borosilicassgtube with the inner surface
coated with a sol-gel TiOthin film because that could be applied for cagton
windows or glass building for indoor air purifioati. The researcher found that
reactant respected with the solar UVA irradiancg exposure time. When comparing
the apparent photonic efficiency between the solFge, thin film and Degussa P25
TiO, coating, it was found the sol—gel Ti@hin film had a lower apparent photonic
efficiency of solar photocatalysis than a Degus®a PO, coating and the maximum
reaction rate constant of sol-gel thin film was4&1min® under an exposure to
sunlight. However, the findings of this study coblel designed to apply the indoor air
purification by TiQ-coating.

Norman S.A. et al. (38) studied the degradation stadilization of polymers
and coatings: nano versus pigmentary Titania peartithe researcher showed the
experiment to analyze the stabilization of Ti@anosize (30-50 nm) and microsize
(0.24-0.29um) containing with acrylic paint filmader the artificial weathering
(irradiation using a number of light sources, tb& films in hot air oven at 90 and
110°C, hydroperoxide analysis). It was found that ti@®;Thanosize films was more
photoactive and could play a major role for the tpbatalyst more than microsize.
Under the artificial weathering, the nanosize wasarstable than microsize because
the microsize had Van der Waals force lower tharoe&e.

Ao C.H. (39) studied the photodegradation of foe@lyde by photocatalyst
TiO,- effects on the presences of NO,,%M0d VOCs. The researcher used 5% of,TiO
(Degussa P25) suspended with water that coatedytasa fiber filter (Whatman). The
catalyst was fixed horizontally with a verticaktdince of 5 cm between the UV lamp
in a continuous flow reactor with a volume of 18térs and flowed the vapor of
formaldehyde, N@ SQ, and other VOCs (BTEX) for studying the effect ddbNSQ
and VOC:s to the formaldehyde degradation. It wasdathat NO was achieved by the
OH radicals generated from the Photodegradatid¥that promoted the conversion
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of formaldehyde, Under the presence of,S@e formation of sulfate ion was
observed and competed with formaldehyde for adsorsites on the Ti@surface so
the presence of SQvas inhibited the formaldehyde conversion and rotf@Cs also
decreased the conversion of formaldehyde becauseakkehyde and benzyl alcohol
were generated from the Photodegradation of BTEXes€ intermediates block the

active sites of TiQand inhibited the conversion of formaldehyde.
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CHAPTER 111
MATERIALSAND METHODS

3.1 Resear ch Design

This study was a 3x4x4 factorial design with 3 iegilons, which consisted of
3 factors: initial formaldehyde concentrations lve tstatic chamber (50, 100 and 150
mg/nt); percentages of TiKin acrylic paint (2, 5, 10 and 15%); irradiatiomes (90,
180, 270 and 360 min). It was designed: (a) tordetee the effect of percent T3O
added to acrylic paint; (b) to study the effectrofial formaldehyde concentration for
treating the formaldehyde; (c) to study the fornsalgtle removal (%) in the static air

chamber by used Tiadded in acrylic paint at various irradiation tene

3.2 Place of the Study

The experiment was performed at the laboratorythd department of

Environmental Health Sciences, Faculty of Publicalle Mahidol University,
Bangkok, Thailand.

3.3 Equipment used

The equipment was used in this study as follow:

1. Static air chamber ( self construction by applyrfrprevious

researches (13, 15))
18W fluorescent lamp (Sylvania F18WT8/154 gy
Impinger (Duran)
Personal sampling pump (Escort, MSA)
Spectrometer (Thermo electron corporation)

o o M w0 D

Cuvettes
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7. Thermometer, Hygrometer and Barometer
8. Digital balance (Oertling RB153)

9. Micropipette (Eppendorf)

10. Power supply and 7 cm-diameter fan

3.4 Chemical used
The chemical reagent was used in this studiedviodis:

1. Titanium dioxide (TiQ), Degussa P25- TO

2. Formaldehyde (HCHO) 40% (analytical grade), Carlzae

3. Chromotropic acid disodium salt dehydratgof€gNa,OgS,2H,0)
(analytical grade), Merck.

4. Sulfuric acid (HSQy) 95 — 97% (analytical grade), Merck.

5. Distilled, Deionized water

3.5 Experiment Methods

3.5.1 Catalyst Preparation

The catalyst used in this studied was Ji@eroxide P25 Ti@ Degussa
Germany). It was added into white acrylic paint @offor control), 2, 5, 10, and 15%
weight by weight. After added TiDthe paint was coated on 40 x 40 cm cerocrete at
the room temperature and then the paint film wasddand repeated coating for 2

times. The weight of acrylic paint will be measulgddigital balance.

3.5.2 Preparation of the static air chamber

The air chambers in this study were made of glésse.chamber volume was
216 liters (60 cm x 60 cm x 60 cm) and had a sargpdort in front of the chamber. A
7 cm-diameter fan was installed inside the chanfdremixing air and put a cerocrete
with TiO, added acrylic paint inside. The chamber was iatadi with an 18W
fluorescence lamp that was installed outside ad &ré distance from a catalyst and
the chamber was covered by future board and blé&dtip bag to protect any light

source unless 18W fluorescent lamp.
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In this study, 4 chambers were used: 1 chambecdotrol (no TiQ added in
acrylic paint) and 3 chambers (3 replications)drperiment. The experiment set up is

shown in figure 3.1

<+— 18W Fluorescence lamp

V4
/4*— Chamber cover

Sampling port O

Mixing fan

o ;Z TiO, coating plate

Figure 3.1 The air chamber used in this study

After the static air chambers were used, the edl chambers would be
cleaned by tap water and then the chamber coveop&sed for one night to remove
the formaldehyde gas that still remained in thendbers. Before implementing the
experiment, the chambers would be cleaned again sponge; then covered and

sealed the chambers with glue tape for preventia@ir leak.

3.5.3 Experimental conditions

Studying the degradation of formaldehyde in theicstair chamber, the
temperature, atmospheric pressure and humiditglenshamber were measured by
thermometer, barometer and hygrometer respectif@lycalculating the reference
condition (temperature at 2& and Atmospheric pressure 760 mmHg). In this study
it was investigated Ti@percentage added in acrylic paint and the effédnital
formaldehyde concentration on formaldehyde rem{l

The initial formaldehyde concentrations at 0 (fantol), 5, 100 and 150
mg/nt were developed by adding formalin by micropipétt® the chamber. The

volume of formaldehyde (ml) would be calculatedusing the perfect gas law (40):
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 — 244 760 (t + 273.2]
p | 2982

Where: ppm = the concentration of formaldehydehamber (ppm)
w = weight of formaldehyde (g)
M.W. = molecular weight of formaldeie

Vv = volume of air (l)

\% = molar volume of mixture at temperature and
tmaspheric pressure (I/mole)
p = aspheric pressure (mMmHgQ)
t =rperature C)

3.6 For maldehyde Sampling and Analysis

3.6.1 For maldehyde sampling method

The method of formaldehyde sampling in this st@miowed the analytical
method of NIOSH. The method of laboratory sampbyd impingers (each impinger
with 20 ml distilled water (41)) was set the floate at 1 I/min for 5 min. The samples
were taken to analyze at O (for calculated peroemioval), 90, 180, 270 and 360 min
of irradiation times. The sample was analyzed gy wisible absorption spectrometer
that would be used chromotropic acid and sulfucid éor developing the color which
the accuracy of this method is +18% (41) whereas abcuracy of HPLC (High
performant liquid chromatography) is £19% (42).
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3.6.2 Sample preparation

1) Transferred of each impinger solution to a cleary, 26 ml graduated
cylinder. Recorded the volume of solution from frampinger, Mf (ml)
and backup impinger, Mb (ml).

2) Pipetted 4 ml aliquots from each sample solutioto i5 ml glass-
stoppered flasks.

3) Added 0.1 ml 1% chromotropic acid to the flask ams.

4) Added 6 ml conc. k5O, slowly to the flask. Replaced the stopper gently.
Gently swirl the solution to mix.

5) Allowed the solution to cool at room temperatureZdo 3 hours.

3.6.3 Standard curve of formaldehyde

1) Formaldehyde standard solution dilute 2.7 ml of 37% formalin solution
to 1 liter with distilled water.

2) Formaldehyde standard solution B: Dilute 1 ml ahfaldehyde standard
solution A to 100 ml with distilled water.

3) Pipetted 0, 0.1, 0.3, 0.5, 0.7, 1 and 2 ml of statidolution B

4) Diluted to 25 ml with distilled water

5) Analyzed together with samples and blank by 580petisometer.

6) Prepared calibration graph (absorbance vs. pg tdehgde/ml)

3.6.4 Analytical method
1. Set spectrophotometer according to manufacturecsmmmendations and fill
1-cm cuvette with sample
2. Read sample absorbance at 580 nm.
3. Calculated the massg of formaldehyde in each front impinger fgMback
impinger (M,) and average reagent blankgM
4. Calculated the concentration, C, of formaldehydé¢hm air volume sampled,
V(l):
c M, +M,-2M

B 3
,mg/m
\Y
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3.6.5 The calculation of formaldehyde concentration at refer ence condition

The actual condition of experiment was adjustedht® reference condition
(temperature at 28C and atmospheric pressure 760 mmHg) by gas laeryth@9).
The equation was illustrated below:

C, -V — C,-V,
T T,

Where: G = Concentration of pollutant
V1 = Atmospheric pressure
T, = Temperature
C, = Concentration of pollutant at reference conditio
V, = Atmospheric pressure at reference conditior’ (25

T, = Temperature at reference condition (760 mmHg)
3.7 Statistical Analysis

3.7.1 Descriptive Statistics

The data of the formaldehyde removal (%) for eamhddion: percentages of
TiO, added in acrylic paint (2, 5, 10 and 15%); initahcentrations of formaldehyde
in the static air chamber (50, 100 and 150 nipand irradiation times (90, 180, 270
and 360 min) were analyzed and illustrated as teampercentage and standard
deviation.

3.7.2 Inferential Statistics

A research design of this experiment was a 3x4gtbfal design. The mean
percentage differences of the formaldehyde rema@a) for each conditions
(percentage of Tipadded in acrylic paint and initial concentratidnfarmaldehyde)
in the air - depended on irradiation times- weralyed by using the Analysis of
Variance (43) and nonparametric kruskal-wallis {@g}). The significant difference
was compared by multiple comparisons for testirg different pair by using least
significant difference method (LSD). The signifitdevel would be determined at
level of 0.05.
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3.8 Flow Diagram

Air in chambers
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Measuring: Temperature and Atmospheric pressy

=

e

Initial of formaldehyde
concentration:
0 mg/nT (control)
50 mg/n?
100 mg/nd
150 mg/nd

TiO, added in
acrylic paint:
0% (control)

2%

5%

10%

15%

Irradiation times:
0 min (for calculated
percent removal)

90 min

180 min

270 min

360 min

\ 4

Sampled and measured the Formaldehyde concentration

A 4

Changed the data to reference condition (temperait®5°C
and Atmospheric pressure 760 mmHg)

A 4

Analyzed mean percentage difference of the Fornmatdie removal (%)
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3.9 Resear ch Diagram

Initial _ ) Time (min)
TiO, added in
formaldehyde ) _
. acrylic paint 90 180 270 360
concentration
2% - - - -
50 H— 5% - - - -
mg/m®  — 10% ; - - ;
L—  15% - - - -
2% - - - -
100 — 5% - - - -
mg/nt — 10% - ] ) ]
— 15% - - - -
— 2% - - - -
150 — % - - - -
mg/n? — 10% - - - -
— 15% - - - -
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CHAPTER IV
RESULTS

In this research, the experiment was set up fatystg the influencing factors:
percentage of titanium dioxide (T#Dadded in acrylic paint at the levels of 2, 5, 10,
and 15 % (weight by weight); initial formaldehydencentrations at 50, 100 and 150
mg/nt; irradiation times at 90, 180, 270 and 360 minfamaldehyde removal (%)
by TiO, photodegradation in the static air chamber.

The static air chamber in this study used 4 chasybmre for control and 3
chambers as replications of treatment. Each foretgide concentration value of 3
replications was subtracted by control value foe thctual percent removal of
formaldehyde that degraded by BiO

4.1 Descriptive statisticsresults

The formaldehyde removal (%) was determined by waling the
formaldehyde concentration in air chamber betwesfork and after the treatment by
TiO, added in acrylic paint. The summary results of rdata of formaldehyde
concentration in the static air chamber at differparcentages of Ti#Dadded in
acrylic paint, initial formaldehyde concentratioasd irradiation times are shown in

Appendix C.
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The results showed that the formaldehyde in théics&r chamber was
degraded by Ti@added in acrylic paint between 2.11 — 60.08%, Wwiidepended on
the influencing factors (percentage of 7iGsed, initial formaldehyde concentration
and various irradiation times) and the grand mefaforonaldehyde removal (%) by
using TiQ added in acrylic paint was 28.81%.

The total means of formaldehyde removal was 16.48%n used 2% Tig
which the mean formaldehyde removals were 13.948/859%, 17.88% and 17.08%
when using 90, 180, 270 and 360 min of irradiatimnes respectively. The mean
formaldehyde removals when used 2% Ji@ 50, 100 and 150 mg?nof initial
formaldehyde concentration were 24.55%, 17.09%5298% respectively.

The total means of formaldehyde removal was 26.60%n used 5% Tig)
which the mean formaldehyde removals were 26.17P62%, 25.91% and 26.59%
when using 90, 180, 270 and 360 min of irradiationes respectively. The mean
formaldehyde removals when used 5% Ji@ 50, 100 and 150 mg?nof initial
formaldehyde concentration were 37.70%, 27.97%1dnti2% respectively.

The total means of formaldehyde removal was 36.84%n used 10% Ti{)
which the mean formaldehyde removals were 28.6B&2%6, 40.17% and 39.37%
when using 90, 180, 270 and 360 min of irradiationes respectively. The mean
formaldehyde removals when used 10% T#d 50, 100 and 150 mg/nof initial
formaldehyde concentration were 54.25%, 35.14%22704% respectively.

The total means of formaldehyde removal was 35.94%n used 15% Ti©
which the mean formaldehyde removals were 31.5%8%736, 38.00% and 37.50%
when using 90, 180, 270 and 360 min of irradiatimnes respectively. The mean
formaldehyde removals when used 15% T#d 50, 100 and 150 mg/nof initial
formaldehyde concentration were 48.02%, 36.57%28123% respectively.

As can be seen from table 4.1, it showed thatahedldehyde removal (%) by
using 10% TiQ at 50 mg/m of initial formaldehyde concentrationas highesand
the formaldehyde removal (%) by using 2% at 150mmigsf initial formaldehyde
concentratiorwas lowest. The results are also shown in figute 4.
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4.1.1 Theformaldehyderemoval (%) at different percentagesof TiO, added

in acrylic paint

As shown in figure 4.2, the total means of formhaigke removals (%) at 2%
5% 10% and 15% TiPwere 16.13, 26.60, 36.61 and 35.94 respectivdig rEsults
showed that the trend of formaldehyde removal (Po)the static air chamber at
different percentages of T¥added in acrylic paint increased when theTa@ded in
acrylic paint increased until 10% TiCadding, and after that the formaldehyde
removal (%) slightly dropped.

formaldehyde

removal (%)
40

35 36.61 5.94
30
25 -
20
15 - 16.13
10
5 -
0 i \ \ \
0% 2% 5% 10% 15%

6.6

percentage of Ti@added in acrylic paint

Figure 4.2 The total means of formaldehyde removal (%) ded#int percentages of

TiQadded in acrylic paint

As shown in table 4.2, when the factor on percent#gl'iO, added in acrylic
paint interacted with the factor on initial formald/de concentration, it was found that
the formaldehyde removals (%) at 50 mg/mitial formaldehyde concentration by
using 2%, 5%, 10% and 15% Ti@ere 24.55, 37.70, 54.25 and 48.02 respectively.
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The formaldehyde removals (%) at 100 my/rinitial formaldehyde
concentration by using 2%, 5%, 10% and 15%,T@re 17.09, 27.97, 35.14 and
36.57 respectively. The formaldehyde removals (%) 150 mg/mi initial
formaldehyde concentration by using 2%, 5%, 10% Hsftb TiQ, were 5.93, 14.12,
22.04 and 23.23 respectively. The data are shouabie 4.2 and figure 4.3.

Table 4.2 The mean formaldehyde removal (%) at differenteetages of TiQadded
in acrylic paint and initial forhd@hyde concentrations

Initial formaldehyde Percentage of Tigadded in acrylic paint
concentration 2% 5% 10% 15%
50 mg/n? 24.55 37.70 54.25 48.02
100 mg/n 17.09 27.97 35.14 36.57
150 mg/n 5.93 14.12 22.04 23.23
formaldehyde
removal (%)
60
50

40
30
20 -
10 -

04

2% 5% 10% 15%
percentage of Ti@

W 50 mg/ni B 100 mg/m O 150 mg/ni

Figure 4.3 The mean formaldehyde removal (%) at different etages of TiQ

added in acrylic paint and idif@maldehyde concentrations
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As shown in figure 4.3, it was found that the faidehyde removal (%) at 2%
TiO, added in acrylic paint and the initial formaldebycbncentration of 150 mgfm
was lowest (5.93%) whereas the formaldehyde rem(alat 10% TiQ added in
acrylic paint and the initial formaldehyde concation of 50 mg/m was highest
(54.25%).

Although the formaldehyde removal (%) at 10% an%IB0, adding slightly
increased from 35.14 to 36.57 at the initial fomeslyde concentration of 100 mg/m
and from 22.04 to 23.23 at the initial formaldehymmcentration of 150 mgfnthe
formaldehyde removal (%) slightly decreased fronb840 48.02 at 50 mg/hof the
initial formaldehyde concentration.

In addition, from table 4.3 and figure 4.4 when fhetor on percentage of
TiO, added in acrylic paint interacted with the faaarirradiation time, it was found
that at 90 min of irradiation time, the mean fordeddlyde removals at 2%, 5%, 10%
and 15% TiQ adding were 13.94%, 26.17%, 28.69% and 31.59%ectisely. At 180
min of irradiation time, the mean formaldehyde reals at 2%, 5%, 10% and 15%
TiO, adding were 15.59%, 27.62%, 38.22% and 36.67%eotisply. At 270 min of
irradiation time, the mean formaldehyde removalR%t 5%, 10% and 15% TiO
adding were 17.88%, 25.91%, 40.17% and 38.00% c&spl. At 360 min of
irradiation time, the mean formaldehyde removal2%t 5%, 10% and 15% TiO
adding were 17.08%, 26.59%, 39.37% and 37.50% ctspby.

Table 4.3 The mean formaldehyde removal (%) at differenteetages of TiQadded
in acrylic paint and various inatbn times

o Percentage of TiPadded in acrylic paint
Irradiation times

2% 5% 10% 15%
90 min 13.94 26.17 28.69 31.59
180 min 15.59 27.62 38.22 36.67
270 min 17.88 25.91 40.17 38.00

360 min 17.08 26.59 39.37 37.50
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formaldehyde
removal(%o)

45
40 =
35 —
30 —
25 —
20 —
15+ —
10+ —

5 . -

O u

2% 5% 10% 15%
percentage of TiQ

@ 90 min® 180 mind 270 mind 360 min

Figure 4.4 The mean formaldehyde removal (%) at different etages of TiQ

added in acrylic paint and vasauadiation times

As the results of formaldehyde removal (%) at défeé percentages of TyO
added in acrylic paint and irradiation times, itsfaund that the mean formaldehyde
removal (%) at 2%, 10% and 15% Thi@dding increased with increasing irradiation
times but the formaldehyde removal (%) decreaseg6atmin. Lastly, at 5% Ti©
added in acrylic paint the formaldehyde removal (#)s nearly stable although the

irradiation times increased.

4.1.2 Theformaldehyderemoval (%) at different initial formaldehyde

concentrations

The results showed that the formaldehyde removal i®the static air
chamber decreased with initial formaldehyde come#inhs increased. The means of
formaldehyde removals (%) at 50, 100 and 150 mginitial formaldehyde
concentrations in the static air chamber were 412829 and 16.33 respectively. The

formaldehyde removal trend is shown in figure 4.5.
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formaldehyde
removal(%)
50
40 41.12
30 - 28.99
20 16.33
10 -
0 ‘ !
50 100 150
intial formaldehyde concentration in the staticaiamber

Figure 4.5 The mean formaldehyde removal (%) at differerttahi

formaldehyde concentrationshia $tatic air chamber

As the results of mean formaldehyde removal (%) ddterent initial
formaldehyde concentrations (figure 4.5), when fhetor on initial formaldehyde
concentration interacted with the factor on peragatof TiQ added in acrylic paint, it
was found that the formaldehyde removals (%) bypgi&% TiQ at 50, 100 and 150
mg/nt of initial formaldehyde concentration were 24.5%,09 and 5.93 respectively.
The formaldehyde removal (%) by using 5% T#& 50, 100 and 150 mg?mf initial
formaldehyde concentration were 37.70, 27.97 andl2l4respectively. The
formaldehyde removals (%) by using 10% Ti&@ 50, 100 and 150 mg?nof initial
formaldehyde concentration were 54.25, 35.14 and0422respectively. The
formaldehyde removals (%) by using 15% Ti&@ 50, 100 and 150 mg/nof initial
formaldehyde concentration were 48.02, 36.57 and3®Rspectively. The results are
shown in table 4.4 and figure 4.6.
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Table 4.4 The mean formaldehyde removal (%) at differentahfbrmaldehyde

concentrations and percentagds@f added in acrylic paint

Percentage of Tigadded in Initial formaldehyde concentration
acrylic paint 50 mg/nt 100 mg/ni 150 mg/nt
2% 24.55 17.09 5.93
5% 37.70 27.97 14.12
10% 54.25 35.14 22.04
15% 48.02 36.57 23.23

formaldehyde
removal (%)
60

50
40
30
20
10

0 -

50 mg/ni 100 mg/m 150 mg/m

initial formaldehyde concentration

B2%TiO, BM5%TIO, O 10% TiG, O 15% TiG

Figure 4.6 The mean formaldehyde removal (%) at differentahformaldehyde

concentrations and percentagd3@4f added in acrylic paint

As shown in figure 4.6, the total means of formhigke removal (%)
decreased when initial formaldehyde concentratiowreased and the mean
formaldehyde removal (%) increased when percenthdeO, added in acrylic paint
increased. At 50, 100 and 150 md/wf initial formaldehyde concentrations, the
formaldehyde removals (%) between 2%, 5% and 10%% ere obviously different
but the formaldehyde removal (%) at 50 mybhinitial formaldehyde concentrations
with 15% TiQ, using was slightly lower than the removal with 10%, using.
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When the formaldehyde removal (%) at 50 my/fof initial formaldehyde
concentration with using different percentages d,Twere compared, the mean
formaldehyde removal (%) at 50 mg/rof initial formaldehyde concentration and
using 10% TiQ added in acrylic paint was highest (54.25%).

In addition, when considering the interaction ot thitial formaldehyde
concentration factor and the irradiation time facidhe formaldehyde removals (%) at
90 min of irradiation time with 50, 100 and 150 mg/of initial formaldehyde
concentration were 37.42, 25.18 and 12.71 respgtiThe formaldehyde removals
(%) at 180 min of irradiation time with 50, 100 ab60 mg/m of initial formaldehyde
concentration were 39.66, 31.94 and 16.98 resmdygtiThe formaldehyde removals
(%) at 270 min of irradiation time with 50, 100 ab80 mg/m of initial formaldehyde
concentration were 43.14, 29.71 and 18.63 respdygtiThe formaldehyde removals
(%) at 360 min of irradiation time with 50, 100 ab60 mg/m of initial formaldehyde
concentration were 44.25, 29.16 and 17.00 respgtivhe results are shown in table
4.5 and figure 4.7.

Table 4.5 The means formaldehyde removal (%) at differenigifformaldehyde

concentration and various irradiatimes

o Initial formaldehyde concentration
Irradiation times

50 mg/nt 100 mg/m 150 mg/m
90 min 37.42 25.18 12.71
180 min 39.66 31.94 16.98
270 min 43.14 29.71 18.63

360 min 44.25 29.16 17.00
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formaldehyde
removal (%)
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Figure 4.7 The mean formaldehyde removal (%) at differerttahformaldehyde

concentrations and various irradratimes

As the study results, it was found that the forrehigdie removals (%) by TiO
added in acrylic paint under the interaction effeaft initial formaldehyde
concentration and irradiation time decreased whéral formaldehyde concentration

increased.
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4.1.3 Theformaldehyderemoval (%) at variousirradiation times

As the results in table 4.1, it showed that theralVeneans of formaldehyde
removal (%) at various irradiation times increasth increasing irradiation times but
slightly decreased at 360 min. The formaldehydeorah(%) at 90, 180, 270 and 360
min of irradiation times were 25.1, 29.53, 30.49 80.13 respectively. The results are

shown in figure 4.8.

formaldehyd
removal(%)

32 3049 1
0] 2053 . 3013
28 -
26 2
24 -
22
20 -
18 -
16 f ! !

90 180 270 360

irradiation time

Figure 4.8 The overall mean formaldehyde removal (%) at werioradiation times

When considering the overall means of formaldehyaeoval (%) under the
interaction effect of the factor on irradiation &rand the factor on percentage of 7iO
added in acrylic paint, it was found that the folueayde removals (%) at 2% TiO
with 90, 180, 270 and 360 min of irradiation tinvesre 13.94, 15.59, 17.88 and 17.08
respectively. At 5% Ti@ with 90, 180, 270 and 360 min of irradiation tima&ere
26.17%, 27.62%, 25.91% and 26.59% respectivelyl@® TiO, with 90, 180, 270
and 360 min of irradiation times were 28.69%, 3802240.17% and 39.37%
respectively. At 15% Ti@with 90, 180, 270 and 360 min of irradiation timesre
31.59%, 36.67%, 38.00% and 37.50% respectively.rébelts are shown in table 4.6
and figure 4.9.
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Table 4.6 The mean formaldehyde removal (%) at various igtain times and

percentage of Ti@dded in acrylic paint

Percentage of Ti© Irradiation times

added in acrylic paint 90 min 180 min 270 min 360 min
2% 13.94 15.59 17.88 17.08
5% 26.17 27.62 25.91 26.59
10% 28.69 38.22 40.17 39.37
15% 31.59 36.67 38.00 37.50

Formaldehyde
removal (%)
45
40 — — —
35 N —
30 ] —
25+ —
20+ —
15+ —
10+ —
5 - I
O _
90 min 180 min 270 min 360 min
irradiation time
@ 2% TiO, B 5% TiO, O 10% TiG, O 15% TiO,

Figure 4.9 The mean formaldehyde removal (%) at various iataah times and

percentages of Li@dded in acrylic paint

As the study results, it was found that the fodeblde removal (%) at 90 min
of irradiation times increased with the increasestcpntages of Ti© but the
formaldehyde removal (%) at 5%, 10% and 15% ;Tw@re slightly different. The
trend of formaldehyde removal (%) at 180, 270 a&@d Min of irradiation times were
nearly similar; but the formaldehyde removal (%1@% TiQ, was highest whereas at

15% TiO, the formaldehyde removal (%) decreased slightly.
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When considering the results of formaldehyde rerh@4g at the factor on
various irradiation times interacted with the facton initial formaldehyde
concentration, it was found that the formaldehyelmavals (%) at 50 mg/hinitial
formaldehyde concentration with 90, 180, 270 an@ B86n of irradiation time were
37.42, 39.66, 43.14 and 44.25 respectively. Thenétalehyde removals (%) at 100
mg/nt initial formaldehyde concentration with 90, 18002%hd 360 min of irradiation
time were 25.17, 31.94, 29.71 and 29.16 respegtiidle formaldehyde removals (%)
at 150 mg/minitial formaldehyde concentration with 90, 180,024nd 360 min of
irradiation time were 12.71, 16.98, 18.63 and 17r@8pectively. The results are
shown in table 4.7 and figure 4.10.

Table4.7 The means formaldehyde removal (%) at various iataxh times and

initial formaldehyde concentration

Initial formaldehyde Irradiation times
concentration 90 min 180 min 270 min 360 min
50 mg/m 37.42 39.66 43.14 44.25
100 mg/n 25.17 31.94 29.71 29.16

150 mg/nd 12.71 16.98 18.63 17.00
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Figure 4.10 The mean formaldehyde removal (%) at various igtoin times and
initial formaldehyde concetitvas

As figure 4.10, it was shown that the formaldehyelmoval (%) at 50 mg/fn
of initial formaldehyde concentration increasedhwihcreasing irradiation times;
except the formaldehyde removal (%) at 100 nig/af initial formaldehyde
concentration increased until 180 min of irradiatiome then it decreased, like the
formaldehyde removal (%) at 150 md/nof initial formaldehyde concentration

increased until 270 min of irradiation time anceathat it decreased.
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4.2 Inferential Statisticsresults

4.2.1 Theanalysis of variance

This study was a 3x4x4 factorial design. The meamgntage difference of the
formaldehyde removal (%) for each experimental doomd(percentage of TiPadded
in acrylic paint, initial formaldehyde concentratiand various irradiation times) was
analyzed by using the Analysis of Variance (ANOVAhe results of analysis of

variance are shown in table 4.8

Table 4.8 The result of analysis of variance

Factors P-value  Significant
Percentage of TiPadded in acrylic paint <.0001 Sig.
Initial formaldehyde concentration <.0001 Sig.
Irradiation time <.0001 Sig.

Percentage of Ti© added in acrylic paint* initial <.0001 Sig.
formaldehyde concentration

Percentage of Tigadded in acrylic paint* Irradiation time  <.0001 Sig.
Initial formaldehyde concentration* Irradiation #&m <.0001 Sig.
Percentage of Ti© added in acrylic paint* initial <.0001 Sig.
formaldehyde concentration* Irradiation time

Remarks: Compared using= .05, R Squared = .991 (Adjusted R Squared =).987

The summary of analysis of variance is shown ireadpx D.

The mean formaldehyde removal (%) values at eagerenental condition
(percentages of TiDadded in acrylic paint at the level of 2%, 5%, 10#6d 15%;
initial formaldehyde concentration at 50, 100 ais g/nT; irradiation time at 90,
180, 270 and 360 min) were significantly differentaddition, the results showed that
there were the interaction effects among all fagtahe percent formaldehyde
removals due to both the 2-factor and 3-factoradigons were significantly different.

As the significant results of main effects and riatéion effects of the study
factors, the multiple comparisons were analyzed determining the significant

difference in pair by using least significant diface method (LSD).
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4.2.2 The multiple comparisons of formaldehyde removal (%) at the

different percentages of TiO, added in acrylic paint

The multiple comparisons atlevel of 0.05 of formaldehyde removal (%) at
the 2%, 5%, 10% and 15% Ti@dded in acrylic paint were significantly diffeten
except the mean formaldehyde removal (%) at 10%1&9d TiQ added in acrylic

paint was non-significantly different. The resudte shown in table 4.9.

Table 4.9 The multiple comparisons of formaldehyde remova) &dhe

different percentages of gi@dded in acrylic paint

Pair wise P-value Sig
2% and 5% <.0001 Sig
2% and 10% <.0001 Sig
2% and 15% <.0001 Sig
5% and 10% <.0001 Sig
5% and 15% <.0001 Sig
10% and 15% .080 Non-Sig

Remarks: Compared usiag= .05
The summary of multiple comparisons is shown inesoiix E.

4.2.3 The multiple comparisons of formaldehyde removal (%) at different

initial formaldehyde concentrations.

The multiple comparisons of formaldehyde remova) (% using TiQ added
in acrylic paint at 50, 100 and 150 md/of initial formaldehyde concentrations were

significantly different at. level of 0.05, the results are shown in table 4.10
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Table 4.10 The multiple comparisons of formaldehyde removal (Bused TiQ

added in acrylic paint at diéfat initial formaldehyde concentration

Pair wise P-value Sig
50 and 100 mg/th <.0001 Sig
50 and 150 mg/th <.0001 Sig
100 and 150 mg/fh <.0001 Sig

Remarks: Compared usiag= .05

The summary of multiple comparisons is shown inespiix E.

4.2.4 The multiple comparisons of formaldehyde removal (%) at various

irradiation times

The multiple comparisons of formaldehyde remova) évarious irradiation
times showed that the removal of 90 min was sigaiftly different from the one at
180, 270 and 360 min of irradiation times catlevel of 0.05. The formaldehyde
removal (%) at 180 min was significantly differeftom the one at 270 min of
irradiation time afto level of 0.05, except the formaldehyde removal 0180 min
was not significantly different from the one at 3®&h as well as the removal at 270
min was not significantly different from the one380 min of irradiation time. The

results are shown in table 4.11.

Table 4.11 The multiple comparisons of formaldehyde remo®8) by using TiQ
added in acrylic paint at vagorradiation times

Pair wise P-value Sig
90 and 180 min <.0001 Sig
90 and 270 min <.0001 Sig
90 and 360 min <.0001 Sig
180 and 270 min .012 Sig
180 and 360 min 111 Non-Sig
270 and 360 min .350 Non-Sig

Remarks: Compared usig= .05

The summary of multiple comparisons is shown inesoiix E.
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4.2.5 The multiple comparisons of formaldehyde removals (%) under the
interaction effect between the different percentages of TiO, added in acrylic paint

and different initial formaldehyde concentrations

The multiple comparisons at level of 0.05 of formaldehyde removal (%)
under the interaction effect between the diffeggaricentages of TiOadded in acrylic
paint and different initial formaldehyde concentras showed the significantly
different pairs except the following pairs: therf@dehyde removal (%) by using 2%
TiO, at 50 mg/m of initial formaldehyde concentration was non-figantly different
from the removal by using 5% TGt 100 mg/m, 10% TiQ at 150 mg/mand 15%
TiO, at 150 mg/rﬁ of initial formaldehyde concentrations.

The formaldehyde removal (%) by using 5% Ti& 50 mg/m of initial
formaldehyde concentration was non-significantifedent from the removal by using
15% TiO, at 100 mg/m The removal by using 10% TiGat 100 mg/m of initial
formaldehyde concentration was non-significantijedent from the removal by using
15% TiQ, at 100 mg/m of initial formaldehyde concentrations.

The formaldehyde removal (%) by using 10% Ti@ 150 mg/m of initial
formaldehyde concentration was non-significantifedent from the removal by using
15% TiQ, at 150 mg/mof initial formaldehyde concentration.

As the study results, it showed that most of then&ddehyde removal (%)
under the interaction effect between the percestaf@iO, added in acrylic paint and
initial formaldehyde concentrations were signifitamifferent ato level of 0.05. The

results are shown in table 4.12.
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Table 4.12 The multiple comparisons of formaldehyde removéd} &t the different
percentages of Li@dded in acrylic paint and different initial

formaldehyde concentrations

E E E E
Percentage of Tigaddedin € 3 € » 2 2 » 2 2
g £ £ g £ £ S o o S o o
acrylicpaintandinital o 8 8 o 8 8 8 S 9 8 S 49
Yo} — — Te} — — - - - -
formaldehyde concentration® & ¢ & ¢ O ,9“ 9 9 9 9 9
= = = = = © © © © © ©
28 2 8 8 X & & & b b b
N [qV} N Lo Lo Te} — — — — — —
2% TiO,, 50 mg/m
2% TiO,, 100 mg/m +
2% TiO,, 150 mg/m + o+
5% TiO,, 50 mg/m + + o+
5% TiO,, 100 mg/m o + + +
5% TiO,, 150 mg/m + + o+ o+ o+
10% TiQ, 50 mg/nd + + o+ o+ o+ o+
10% TiQ,, 100 mg/m + + o+ o+ o+ o+ o+
10% TiG, 150 mg/m o + + + + + + +
15% TiQ, 50 mg/nd + + + o+ o+ o+ o+ o+ o+
15% TiQ,, 100 mg/m + + + 0 + + + o0 + +
15% TiO,, 150 mg/m o + + + + + + + 0 + +

+ = significantly different att level of .05

0 = non- significantly different ai level of .05

However, as the multiple-comparison results, isvi@nd that the total mean
formaldehyde removal (%) by using 10% TFi@dding at 50 mg/tof initial
formaldehyde concentration was highest (54.25%).
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4.2.6 The multiple comparisons of formaldehyde removals (%) at the

different percentages of TiO, added in acrylic paint and variousirradiation times

The multiple comparisons at level of 0.05 of formaldehyde removal (%)
under the interaction effect between the diffeggaricentages of TiOadded in acrylic
paint and various irradiation timefiowed the significantly different pairs as follows
the formaldehyde removals (%) by using 2% Jd# 90 min of irradiation time was
significantly different from 5% Ti@at 90, 180, 270 and 360 min, different from using
10% TiG, at 90, 180, 270 and 360 min, and different frommg45% TiQ at 90, 180,
270 and 360 min of irradiation times. The formalgtid removal (%) by using 2%
TiO, at 180 min of irradiation time was significantlyffédrent from the formaldehyde
removals (%) by using 5% Tpat 180 and 360 min, different from using 10% F&D
90, 180, 270 and 360 min, and different from ugibgo TiO, at 90, 180, 270 and 360
min of irradiation time. The formaldehyde removéls) by using 2% TiQat 270 and
360 min were significantly different from the foridahyde removals (%) by using
10% TiG at 90, 180, 270 and 360 min, and different fromm@gd5% TiQ at 90, 180,
270 and 360 min of irradiation time.

The formaldehyde removal (%) by using 5% 7#& 90 min was significantly
different from the formaldehyde removals (%) byngsi0% TiQ at 180, 270 and 360
min, and different from using 15% Ti@t 270 and 360 min of irradiation time. The
formaldehyde removal (%) by using 5% Gi@ 180 min was significantly different
from the formaldehyde removals (%) by using 10% ,Té#D 270 and 360 min of
irradiation time. The formaldehyde removal (%) bsing 5% TiQ at 270 min was
significantly different from the formaldehyde renads (%) by using 10% Tifat 180,
270 and 360 min, and different from using 15% & 180, 270 and 360 min of
irradiation time. The formaldehyde removal (%) ksing 5% TiQ at 360 min was
significantly different from the formaldehyde renab\(%) by using 10% at 180, 270
and 360 min, and different from using 15% 7i& 270 and 360 min of irradiation
time. The formaldehyde removal (%) by using 10% ;1@D90 min of irradiation time
was significantly different from the formaldehydsmovals (%) by using 10% Tt

270 min of irradiation time.
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As the study results, it showed that the formaldehsemovals (%) under the
interaction effect between the different percensagleTiO, added factor and various
irradiation times were significantly different at level of 0.05. But at the same
percentage level of Tiadded, the formaldehyde removals (%) at varioasliation
times were non-significantly different att level of 0.05. Furthermore, the
formaldehyde removal (%) at using 10% 7Ti@as non-significantly different ai
level of 0.05 from using 15% Tiadded although considering their interactions with

various irradiation time factor. The results arewsh in table 4.13.
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Table 4.13 The multiple comparisons of formaldehyde removéd} &t the different

percentages of Li@dded in acrylic paint and various irradiationgim

c [ c c c [ E E E c E E E
Percentageof 9 £ E E E £E E E E E 5 5 £ € E § &
. . o B R B o IR SIVIRBS IR S
added inacrylicpaint © <« o ®  § ~ ®» . o o o o o o
S S S s & s 0000 Q0 Q0 Q0 Q
andiradiationtime € 2 2 @ @8 Q@ Q@ F FEFEEFEEFE
A T T
SN > > > > > o> o> O O O O n n I W
(qV] AN AN n n n n — — — — — — — —
2% TiO,, 90 min
2% TiO,, 180 min o]
2% TiO,, 270 min 0O O
2% TiO,, 360 min O OO
5% TiO,, 90 min + 0 0 O
5% TiO,, 180 min + + 0 0 O
5% TiO,, 270 min + 0 0O 0 0 O
5% TiO,, 360 min + + 0 0 0O O O
10% TiO,, 90 min + + + + 0 0 O O
10% TiO,, 180 min + + + + + 0 + + O
10% TiO,, 270 min + + + + + + + + + 0
10% TiO,, 360 min + + + + + + + + 0 0 O
15% TiO,, 90 min + + + + 00 OOO OO OO
15% TiO,, 180 min + + + + 00 + 00 O OO OO
15% TiO,, 270 min + + + + + o0+ + 00O OO OO
15% TiO,, 360 min + + + + + o+ + 00O OO O OO

+ = significantly different att level of .05
0 = non- significantly different at level of .05

In addition, as the multiple comparison results,was found that the
formaldehyde removal (%) by using 10% Fi@dding at 270 min of irradiation time
was highest (30.49%).
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4.2.7 The multiple comparisons of formaldehyde removals (%) at the

different initial formaldehyde concentrations and variousirradiation times

The multiple comparisons at level of 0.05 of formaldehyde removal (%)
under the interaction effect betwetire different initial formaldehyde concentrations
and various irradiation times showed the signifigadifferent pair as followsthe
formaldehyde removal (%) by usifigO. added in acrylic paint at 50 mgrof initial
formaldehyde concentration with 90 min of irradvattime was significantly different
from the formaldehyde removals (%) at 100 miy/wf initial formaldehyde
concentration with 90 and 360 min of irradiatiomei, and different from 150 mgfm
with 90, 180, 270 and 360 min of irradiation tinffdne formaldehyde removal (%) at
50 mg/m of initial formaldehyde concentration with 180 nufirradiation time was
significantly different from the formaldehyde renads (%) at 100 mg/fhof initial
formaldehyde concentration with 90, 270 and 360 aofiimradiation time and different
from 150 mg/m with 90, 180, 270 and 360 min of irradiation tirfiéae formaldehyde
removal (%) at 50 mg/iof initial formaldehyde concentration with 270 maf
irradiation time was significantly different frorhd formaldehyde removals (%) at 100
mg/nt of initial formaldehyde concentration with 90, 18070 and 360 min of
irradiation time and different from 150 mgrof initial formaldehyde concentration
with 90, 180, 270 and 360 min of irradiation tinidne formaldehyde removals (%) at
50 mg/nt of initial formaldehyde concentration with 360 nafirradiation time was
significantly different from the formaldehyde renads (%) at 100 mg/fhof initial
formaldehyde concentration with 90, 180, 270 an@ 86n and different from 150
mg/nt of initial formaldehyde concentration with 90, 18070 and 360 min of
irradiation time.

The formaldehyde removal (%) by usiigO, added in acrylic paint at 100
mg/nt of initial formaldehyde concentration with 90 maf irradiation time was
significantly different from the formaldehyde renads (%) at 150 mg/hof initial
formaldehyde concentration with 90, 180 and 360 minirradiation time. The
formaldehyde removal (%) at 100 mg/mf initial formaldehyde concentration with
180 min of irradiation time was significantly difemt from the formaldehyde
removals (%) at 150 mgfhwith 90, 180, 270 and 360 min of irradiation tinfde
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formaldehyde removal (%) at 100 mg/mf initial formaldehyde concentration with
270 min of irradiation time was significantly difemt from the formaldehyde
removals (%) at 150 mg/hof initial formaldehyde concentration with 90, 1&¥0
and 360 min of irradiation time. The formaldehy@enoval (%) at 100 mg/mof
initial formaldehyde concentration with 360 min wagnificantly different from the
formaldehyde removals (%) at 150 md/of initial formaldehyde concentration with
90, 180, 270 and 360 min of irradiation time. Tasults are shown in table 4.14.

As the study results, the multiple comparisonshef formaldehyde removals
(%) under the interaction effect between initiarni@ldehyde concentration and
various irradiation times were the same as the iphellicomparison results of the
formaldehyde removals (%) under the interactiorafbetween the percentages of
TiO, added and various irradiation times, it showed tha formaldehyde removals
(%) at various irradiation times with similar i@itiformaldehyde concentration level

were non-significantly different atlevel of 0.05.
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Table 4.14 the multiple comparisons of formaldehyde removés} &t the different

initial formaldehyde concentoais and variance irradiation times

c c c - £ £ £ - £ £ £
c £ £ £ £ E E E £ E E E
Initial formaldehyde S § § § g S 2 g g S 2 g
. o (o] N~ (e} (@)) — AN ™ (@)) — AN ™
concentration and A =T T - = =
EEEE 355 355 > > >
irradiation time > » ©» @D g £ £ E E £ € E
o O o o o o o o Lo Ln Lo Lo
Lo Lo Lo Te} — — — — — — — —
50 mg/ni, 90 min
50 mg/ni, 180 min o
50 mg/mi, 270 min 0 o
50 mg/nd, 360 min 0O 0 O
100 mg/m, 90 min + + + 4+
100 mg/nd, 180 min o o + + o0
100 mg/m, 270 min o + + + 0 O
100 mg/m, 360 min + + + + 0 0 O
150 mg/nd, 90 min + + o+ o+ o+ o+ o+ o+
150 mg/m, 180 min + + + + + + + + o0
150 mg/m, 270 min + + + + 0 + + + 0 o0
150 mg/nd, 360 min + + + + + + + + 0 0 o0

+ = significantly different att level of .05
0 = non- significantly different ai level of .05

In addition, as the multiple-comparison results, was found that the
formaldehyde removal (%) by using Ti@dding at 50 mg/fhof initial formaldehyde
concentration and 360 min of irradiation time waghbst (44.25%).
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4.2.8 The multiple comparisons of formaldehyde removals (%) at the
different percentages of TiO, added in acrylic paint, different initial

formaldehyde concentrations and variousirradiation times

As the results, it was found that the formaldehyel@oval (%) by using low
amount of TiQ adding and high initial formaldehyde concentragiarere almost non-
significantly different from the formaldehyde renab\%) by using high amount of
TiO, adding and low initial formaldehyde concentrationte formaldehyde removal
(%) by using 2% Ti@adding and 50 mg/frof initial formaldehyde concentration was
the same as the formaldehyde removals (%) by usfg TiO, adding and 150 mg/in
of initial formaldehyde concentration. When inciegsthe percentage of T§Qo 5%
and at 50 mg/rhof initial formaldehyde concentration, the formetigde removal (%)
was non-significantly different from the formaldeleyremovals (%) by using 15%
TiO, adding and 100 mg/hof initial formaldehyde concentration.

As the multiple comparison results, it was foundtthhe formaldehyde
removal (%) by using 10% Tiadding at 50 mg/tof initial formaldehyde
concentration and 360 min of irradiation time waghbst (60.08%) and significantly
different from others. However, the formaldehydeogal (%) by using 10% Ti©
adding at 50 mg/fhof initial formaldehyde concentration and 270 roinirradiation
time was non-significantly different from the forldahyde removals (%) by using
10% TiO, adding and 150 mgfrof initial formaldehyde concentration and 360 min
of irradiation time, and the formaldehyde removal) by using 10% Ti@adding at
100 mg/nd of initial formaldehyde concentration and 90 minireadiation time was
non-significantly different from the formaldehydemovals (%) by using 2% TiGand
50 mg/n? of initial formaldehyde concentration and 90 mimdal0% TiQ and 150
mg/nt of initial formaldehyde concentration and 270 nohirradiation time. The

results are shown table 4.15.
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However, the mean formaldehyde-removal (%) valugsiding the different
percentages of TiO added in acrylic paint and different initial forldehyde
concentrations in this study were not homogenetty, the statistical analysis by
ANOVA may be less than 95% of confidence. To confithe statistical analysis
results, the means of formaldehyde removal (%) ifierdnt percentages of TyO
added in acrylic paint and different initial forrdahyde concentrations were also
analyzed by the nonparametric Kruskal-Wallis téstignificant level at 0.05.

From the nonparametric statistical results, it taméd the result of analysis of
variance (ANOVA) that determined means of formajdhremoval (%) at different
percentages of TiO added in acrylic paint and different initial forldehyde
concentrations was significantly different at angigant level of 0.05. These results

are presented in the appendix F.
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CHAPTER YV
DISCUSSION

This study intended to determine the formaldehyateovals (%) in the static
air chambers at different percentages of ;T&dded in acrylic paint, different initial
formaldehyde concentrations and at various irramhaimes.

The comparisons were done by using the analysiaoédnce (ANOVA) and
least significant difference method (LSD) at thgngiicance level of 0.05af for
determining the multiple comparisons. The mean &dehyde removals (%) were
compared to determine the TiPhotodegradation efficiency in different conditson

In overall results, the grand mean of formaldehgetaoval (%) in this study
was 28.81% and maximum was 60.08%. That result es than the removal
efficiency of related studies that the formaldehyel®movals were up to 80% (3, 10, 34
and 45). The removal rate in this study was lean tithers may cause from the reason
that the experiment in this study was set up igdat16 liters static air chamber which
the removal rate depends on nature of reaction gagr(45). In dynamic chamber or
air flow column experiments that most studies usleel,organic pollutant can contact
with TiO, catalyst more than the static air chamber experips® the removal rate in

static process always was less than in dynamic bba(32, 34).
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Furthermore, the Ti@catalyst in this study was immobilized by the &cry
paint which was different from other studies tha¢d pure TiQ It was possible that
the removal rate in this study was less becausephlimodegradation depends on
surface area, particle size of catalyst and thin éharacteristic (14). In this study, the
removal efficiency of catalytic photodegradation Ilwging acrylic paint film
immobilized may drop because the paint film mayerathe surface layers of TiO
However, the overall means of formaldehyde remavahis study was 28.81% and
nearly equal with the percent removal of NOx gdsgsising TiQ-containing paint
which Maggos Th. studied (16), his study was fotimat the TiQ-containing paint

can treated NOx gases for 20% approximately.

5.1 The effect of different percentages of TiO, added in acrylic paint on

formaldehyde removal

From the results, the total means of formaldehyeovals (%) at 2%, 5%,
10% and 15% TiQwere 16.13, 26.60, 36.61 and 35.94 respectivelghowed that
the formaldehyde removal (%) increased when the, Ta@ded in acrylic paint
increased and slightly dropped at 15% Z10

The increasing of formaldehyde removal (%) when ;Ti@creased was in
agreement with the first hypothesis that the fodehy/de removal (%) increases when
the percentage of Tiadded in acrylic paint increases. This phenomewas
explained by Poon C.S. study (14) who reported ttieg reaction rate for
formaldehyde removal increased when the dosagei©$ hcreased because the
increasing TiQ is implied the increasing surface area and theéqulegradation rate
was positively related to surface area.

However, this study was found that the formaldehyelmoval (%) at 15%
TiO, was slightly lower than the formaldehyde remova) @t 10% TiQ. From this
result, it showed that the formaldehyde removag @it not always increase when
increasing the amount of TjOto highly, because of the reaction rate of
photodegradation has the limit. From Juliana’s gi{&%), the oxidation process on the

surface site of Ti@increased with increasing TiQoncentration until reached the
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saturated point. After that, the photodegradatiat® was stable or decreased with
increasing TiQ dosage.

According to the statistical analysis of variantewas found that the result
was in agreement with the first hypothesis, whibh formaldehyde removal (%)
increased when the percentage of Ji@ded in acrylic paint increased at the
significance level of 0.05af. However, the result of multiple comparisons foe
significant pair between the different percentagke3iO, added in acrylic paint was
found that the mean formaldehyde removals (%) &% ldnd 15% TiQ added in
acrylic paint was not different a#t level 0.05 of significance. The multiple
comparisons confirmed that the 10% 7i®as the optimal dosage for formaldehyde
photodegradation in this study and 15% JiQvas the over dosage for
photodegradation efficiency.

When considering the effect of the percentage @k Edded in acrylic paint
interacted with the initial formaldehyde concentmton the formaldehyde removal, it
was found that the formaldehyde removals (%) byngsi% TiQ added in acrylic
paint at 50, 100 and 150 mgfrof initial formaldehyde concentration were lowest
(24.55, 17.09 and 5.93% respectively) and the fateteyde removals (%) increased
when increasing the percentage of Jif@spectively. Except the formaldehyde
removal (%) by using 15% TiQat 50 mg/m of initial formaldehyde concentration
which dropped to 48.02% from 54.25% (at 10% Ji@Qsing) whereas the
formaldehyde removals (%) by using 15% Ti@ 100 and 150 mgfhwere slightly
increased to 36.57 from 35.14 (at 10% J)i@nd up to 23.23% from 22.04 (at 10%
TiO,) respectively.

Although the increasing of catalyst amount isittegeasing of the surface area
for organic oxidation, the proper limit of catalysimount will decrease the
photooxidation rate. From Carp’s study (28), hipor¢ showed the mass transfer
resistance for both organic species and photogeteedectrons/holes would increase
when increasing of catalyst amount. Therefore,as \wossible that the formaldehyde
removal (%) by using 15% Tiwvasnearly stable because has more resistance for the
mass transfer, the photodegradation rate would ridebited. In case of the

formaldehyde removal (%) at 50 mg/mof initial formaldehyde concentration, it



Narut Sahanavin Discussion /68

dropped whereas 100 and 150 my/slightly increased, it possible that the
photodegradation at the low formaldehyde concentrd60 mg/m) was proceeded to
the transfer limit early than high initial formalidgle concentration (100 and 150
mg/nt) which the limit of this study was not over 360maif irradiation time.

From the statistical analysis of variance, it wasnid that the interaction of the
percentage of Ti@added and the initial formaldehyde concentratiffiected the
formaldehyde removal (%) at the significance lexed.05 (). However, the multiple
comparisons was found that the formaldehyde rem@salby using 10% Ti@at 50
mg/nt greater than the formaldehyde removal (%) by udisge TiG at 50 mg/m
and both of percent removal were differentcdvel 0.05 of significance, whereas the
formaldehyde removal (%) by using 15% Fi& 100 and 150 mg/nwere not
different with the formaldehyde removal (%) by sit0% TiQ at 100 and 150
mg/nT respectively. From this phenomenon, it showed tiatphotodegradation rate
did not always increasing although the percentdde@;, increased but it was depend
on the concentration of initial formaldehyde case of highly pollutant concentration,
the increasing percentage of pi@as not useful. Therefore, this study was condude
that the optimum is the using of 10% i@t 50 mg/m of initial formaldehyde
concentration because of the formaldehyde removathia point is the highest
(54.25%).

When considering the effect of the percentage @k Edded in acrylic paint
interacted with the irradiation time to the formethgde removal, it was found that the
formaldehyde removal (%) at 90 min of irradiatione increased when increasing the
percentage of Tig) whereas the irradiation time at 180, 270 and 86, the
formaldehyde removals (%) increased when increaiagpercentage of T¥added
but decreased at 15% TiCFrom this result, it agrees with the previousertation
that the trend of formaldehyde removal (%) at 15%,Twas stable or decreased
because 15% TiOmight be over the optimum dosage. In Additions tlesult was in
agreement with Yang's study (46), his study showedt the reaction rate of
photodegradation did not depend on the catalysuatrtbat coated on media only but
it concern with the irradiation light too. At theigh catalyst amount and low

irradiation light, the formaldehyde could not beyceled efficaciously.
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From the statistical analysis of variance, it viasnd that the interaction of
the percentage of Tgadded and the factor on irradiation time affectbe
formaldehyde removal (%) at the significance lexed.05 (). However, the multiple
comparison of the interaction of the percentag&iO; and the irradiation time to the
formaldehyde removal (%) result confirmed the paisy of 15% TiO, was over the
optimum dosage. Due to the multiple comparisonltgsthe formaldehyde removal
(%) by using 15% Ti@Qwas non-significantly different when the irradaatifinished.
In addition, the formaldehyde removal (%) by usitifo TiG, at 90-360 min of
irradiation times was non-significantly differenitlwthe formaldehyde removal (%)
by using 10% Ti@ at 90-360 min of irradiation times also. It waowkd that the
increasing irradiation time did not affect the masing of formaldehyde removal only,
but it also depended on the optimum dosage ob.Ti@erefore, this study indicated
that the optimum dosage is the using of 10%,T&D 270 min of irradiation time,

because the formaldehyde removal (%) at this dosagehighest (40.17%).

5.2 The effect of different initial formaldehyde concentrations on formaldehyde

removal by using TiO, added in acrylic paint

From the study result, it was found that the ovemaans of formaldehyde
removal (%) decreased when increasing the iniieh&ldehyde concentration which
the formaldehyde removals (%) at 50, 100 and 150nhthgf initial formaldehyde
concentration were 41.12, 28.99 and 16.33 respygtiThis result was in agreement
with the Jeong’s study (32, 33) which found thesefffof initial concentration on the
degradation rate of organic pollutant in FiQphotodegradation process-the
degradation rate decreased when the pollutant otrat®n rises. From Hong's (34)
study, it was reported that the photodegradationfasimaldehyde by used the
combination of UV, TiQ and Q were decreased when the concentration of
formaldehyde increased. Juliana’s study (35) alsponted that the Ti©
photodegradation rate decreased significantly wité increase of initial organic
pollutant concentration.

In the kinetic of the formaldehyde photocatalysise rate of formaldehyde
decomposition is relatively high in the low formalyde concentration and quickly
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slows down in high formaldehyde concentration beeailne formaldehyde molecule
reaches to the catalyst surface and the photodsidatn occur on it. At the low
concentration, Ti@molecule is able to adsorb most of formaldehydeecude. On the
other hand, the process is inverted at higher curatton, formaldehyde molecule
compete for the adsorption site. As a consequédheeg is a decrease in the rate of
photodegradation because the number of availatileeasite is diminished for the
reaction. It is difficult for high concentration be adsorbed on photocatalytic surface,
resulting photooxidation of high concentration wasg time. From the reason is
agreement with the research of Nogushi T. et &), (8heir explanation that the
degradation rate depends on catalyst surface. iRe¢idkof TiO, surface has the mass
transfer limited.

The analysis of variance showed the results foerdehing the effect of
different initial formaldehyde concentration on rf@ldehyde removal (%) by using
TiO, added in acrylic paint. It was found that the hsswere in agreement with the
second hypothesis, which stated that the formaldiehgmoval (%) at low initial
formaldehyde concentration is higher than at highal formaldehyde concentration
at the significance level of 0.0%)( From the multiple comparison of formaldehyde
removal (%) at different initial formaldehyde cont&tion, it confirmed that the
decreasing initial formaldehyde concentration ddddhe increasing of formaldehyde
removal (%) because each pair was significant & @®nfidence. Therefore, this
study indicated that the formaldehyde removal (%) 50 mg/ni of initial

formaldehyde concentration was highest (41.12%)

Considering the effect of the initial formaldehyatncentration interacted with
the irradiation time on the formaldehyde removialyas found that the formaldehyde
removal (%) at 50 mg/thof initial formaldehyde concentration increasedewh
increasing the irradiation time whereas the forraljdle removal (%) at 100 mgim
increased until 180 min and decreased after thattlae formaldehyde removal (%) at
150 mg/ni increased until 270 min and decreased at 360 thirragliation time. It
was that because the formaldehyde photodegradatidvigher concentration would

proceed to the mass transfer limit early than atilatial formaldehyde concentration
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(35). Thus, the formaldehyde removal (%) at 50 migtf initial formaldehyde
concentration continuously increased when incrggi$ia irradiation time.

. The analysis of variance showed the results ofrast®n of the initial
formaldehyde concentration and the irradiation timéected the formaldehyde
removal ata level 0.05 of significance. However, from the npl#-comparison
results, it was found that at the same percentags bf TiQ, added, the formaldehyde
removals (%) at various irradiation times were samnificantly different at the
significance level of 0.05af. This result showed that the various irradiationes
almost did not affect the formaldehyde removals @odhe same percentage level of
TiO, added but the role of the irradiation time woulel faised when changing the
initial formaldehyde concentration factor.

Therefore, this studied could be concluded that dptimum of initial
formaldehyde concentration and irradiation tim&@mg/nt of initial formaldehyde
concentration and 270 min of irradiation time bessathe formaldehyde removal rate
at this condition was higher and used shorter timen 360 min. Although the
formaldehyde removal at 360 min was highest, thatissical result of the
formaldehyde removals at 270 and 360 min of irr@aliatime were non-significantly

difference.

5.3 The effect of variousirradiation times on formaldehyde removal (%) by using
TiO, added in acrylic paint.

From the study result, it was found that the overedans of the formaldehyde
removal (%) slightly increased with increasing ofadiation times but slightly
decreased at 360 min. The formaldehyde removalif@gased when increasing of
irradiation times was in agreement with Hong’s aesk (34) which studied the effect
of residence time on formaldehyde degradation biyngusTiO,, UV and Q
combination with flow reactor. The result showedatththe degradation of
formaldehyde increased along with prolonged resideime for both UV and Ti©
processes. When short residence time (40 min)délgeadation of formaldehyde was
33.33% and when longer residence time to 300 nhi@,formaldehyde degradation

was achieved to 96.2%.
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However, the trend of formaldehyde removals (%&Q, 270 and 360 min of
irradiation time was nearly stable (29.53, 30.4% &0.13 respectively). It was
possible that the formaldehyde photodegradatiomgaded to mass transfer limit at
180 min of irradiation time. Nevertheless, from @iizi and Jardim’s study (10), they
explained about the photodegradation theory thatTi®, catalyst used many times
for processing the oxidation reaction. At the begig time, the photodegradation was
in progress and pollutant molecules were not yspbdued on TiQ surface. So the
pollutant removal in first stage would be low. Whée irradiation time finished, the
pollutant adsorbed on Tig&urface increase. Thus, the pollutant removahénmiddle
stage is high. When the last time, the pollutan$ wasorbed till not available surface
for adsorb. So, the pollutant removal in last stages stable. Thus, the result of
formaldehyde removal (%) in this study was in agreset with this theory because the
formaldehyde removal (%) was lower at the firsgstaf irradiation (90 min), then the
removal rate (mg of pollutant removal/min) was Riglat the middle stage (180-270
min) and at the last stage (360 min), the formatdelremoval (%) dropped.

The analysis of variance showed the results foerdehing the effect of
various irradiation times on formaldehyde remo¥) py using TiQ added in acrylic
paint. It was found that the formaldehyde remoWa) @t various irradiation times
were significantly different at 95% confidence. Téfere, the results of multiple
comparisons were found that formaldehyde removalg@®0 min of irradiation time
was significantly different with 180, 270 and 360nnof irradiation time, and the
formaldehyde removal (%) at 180 min was significardifferent with 270 min
whereas the formaldehyde removal (%) at 180 and rA¥D was not significantly
different with 360 min. Thus, the result showedt thalid not exactly agree with the
third hypothesis which stated that trend of fornellgble removal (%) was positive
relation for the irradiation times, but the formathyde removal (%) increased until
270 min and dropped at 360 min of irradiation tirslwever, from the multiple-
comparison result that they confirmed to the palssibof the photodegradation
theory, that the 90 min was the first stage, 180-@iin was the middle stage and at
360 min of irradiation time was the last stage. réfae, this studied could be
concluded that the greatest irradiation time wa@8 dfin because this time was the

shortest time for formaldehyde removal efficiency.
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5.4 The interaction effect of the percentage of TiO, added, initial formaldehyde

concentration and irradiation time on the formaldehyde removal (%)

The analysis of variance showed the results foerdghing the interaction
effect of the percentage of TiOadded in acrylic paintjnitial formaldehyde
concentration and irradiation time on the formaigkh removals (%), that were
significantly different at 95% confidence. It wasncluded that among percentages of
TiO, added, initial formaldehyde concentrations anadition times were interaction
affect the formaldehyde removal (%). This resulteag with the fourth hypothesis
and the catalyst photodegradation theory that timeuat of catalysts, pollutant
concentration and irradiation time were the operatparameter aspect for the
pollutant oxidation, which was in agreement withrfZaresearch (28) who concluded
the photoinduced reactivity of THO

From the result of multiple comparisons showed ttte# formaldehyde
removals (%) at various irradiation times was alhmuan-significant different when
the same percentage of Bi@dded and initial formaldehyde concentration level
except at using of 10% TiGadded with 50 mg/iof initial concentration. The reason
may be that the amount of TiGt 2% and 5% were not enough surface size for
achieving formaldehyde degradation, so the phot@diagion reaction proceeded to
mass transfer limit early than 90 min. In addititme formaldehyde removals (%) by
using 15% TiQ added at 100 and 150 mg/iitial formaldehyde concentration were
the same as using 2% and 5% JF&dlding also. Although the surface size of J&D
15% is more enough for achieving the formaldehyelgraldation, it was possible that
15% TiO, was over optimal dosage, which was the reasomakasing the mass
transfer resistance.

In this study, it may be concluded that the init@imaldehyde concentration is
the first considered factor that affected the fddehyde degradation becauke TiO;
added in acrylic paint could not degrade the fodealide in high initial
concentrations although more using amount of ,TiDhe next is the factor on
percentage of Tipadded in acrylic paint because the amount of, T&dates to the
surface size for photooxidation process. The Iist@ng factor is the irradiation time,

in this study, the irradiation time factor slighthffected the removal rate when it
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interacted with the percentage of fi@ding and initial formaldehyde concentration
because the removal rate were almost stable atugirradiation times. But it was
possible that the photooxidation process may pubdeemass transfer limit earlier
than 90-180 min of irradiation time. Thus, when fmadiation time finished, the
formaldehyde removals (%) would not significanthgiease. Therefore, the result of
this study recommended the using of 10% ;Ta@ding in acrylic paint at 50 mg?rof
initial concentration and 360 min of irradiatiormB because the formaldehyde

removal (%) in this condition was highest (60.08%).
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CHAPTER VI
CONCLUSION AND RECOMMENDATION

This research studied the effect of three influencing factors in formaldehyde
photodegradation by using TiO, added in acrylic paint. Those factors were the
percentage of TiO, added in acrylic paint, initial formaldehyde concentration and
irradiation time. The conclusions and recommendations of this research were described

asfollows.

6.1 Conclusion

In this research, it was found that the TiO, added in acrylic paint treated the
formaldehyde in air chamber for 2.11-60.08% which the removal efficiency depended

on the levels of influencing factors.

6.1.1 The effect of different percentages of TiO, added in acrylic paint on
formaldehyde removal

In this research, the percentage of TiO, added in acrylic paint had the effect on
the formaldehyde removal (%). Similar to other researches, it was found the percentage
of catalyst (TiO,) was an influencing factor of photodegradation rate. However, this
research indicated that the formaldehyde removals (%) of 10% and 15% TiO, added in
acrylic paint were not different. Moreover, the formaldehyde removal (%) of 10% TiO,
was highest (36.61%).
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6.1.2 The effect of different initial formaldehyde concentrations on

formaldehyde removal by using TiO, added in acrylic paint

In this research, the initial formaldehyde concentrations had the effect on
formaldehyde removal (%). The photodegradation rate (formaldehyde removal)
decreased when increasing the initial formaldehyde concentration. Similar to other
researches, it was found the initial formaldehyde concentration was an influencing
factor of photodegradation rate.

6.1.3 The effect of various irradiation times on formaldehyde removal (%) by

using TiO, added in acrylic paint

In this research, the irradiation times had the effect on formaldehyde removal
(%). The formaldehyde removal (%) increased when increasing of irradiation times,
which was in agreement with the other researches that the irradiation time was an
influencing factor of photodegradation rate. However, this research was found that the
formaldehyde removals (%) ran to the middle stage after 180 min of irradiation time.
Thus, the formaldehyde removals (%) at 180, 270 and 360 min was nearly stable.

6.1.4 The interaction effect of the percentage of TiO, added, initial
formaldehyde concentration and irradiation time on the formaldehyde

removal (%)

In this research, it was found that the percentage of TiO, added, initia
formaldehyde concentration and irradiation time had the effect on the formaldehyde
removal (%), which was in agreement with the catalyst photodegradation theory.

This research indicated that the photodegradation rate did not always increase
although the percentage of TiO, increased but it depend on the initia formaldehyde
concentration. At high formaldehyde concentration, the increasing percentage of TiO,
overmuch was not useful. Thus, considering of initial pollutant concentration was
necessary when using of TiO, photodegradation. In addition, the irradiation time was
an influencing factor concerned. At the same of irradiation time level, higher

percentage of TiO, or lower initial formaldehyde concentration level had greater
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formaldehyde removal (%). However, at higher initial formaldehyde concentration, the
formaldehyde removal (%) decreased early than at lower initia formaldehyde
concentration. Therefore, the research recommended the using of 10% TiO, adding in
acrylic paint at 50 mg/m® of initial concentration and 360 min of irradiation time

because the formal dehyde removal (%) in this condition was highest.

6.2 Recommendation

6.2.1 Recommendation of resear ch methodology

The anaysis of formaldehyde concentration in this research used the
chromotropic acid method which has some restrictions such as uncomfortable
sampling and analysis when comparing with the gas chromatography analysis, as well

as dlightly lower accuracy.

6.2.2 Recommendationsfor thefurther study

For further study about the photodegradation by using TiO, added in acrylic
paint, the following aspects were recommended for further investigation:

1. The formaldehyde removal (%) by using TiO, added in acrylic paint
should be applied to real situation. It can be studied in closed room or air controllable
room.

2. In this study, the TiO, catalyst was immobilized by the acrylic paint,
which was different from using the pure TiO,. Thus, the mechanism or structure of
TiOz-acrylic paint thin film should be studied for comparing with pure TiO, structure.

3. The light intensity is adso a significant influencing factor of
photodegradation process which was not studied in this research. Thus, the further
study should be studied the effect of different light intensity on the pollutant
photodegradation rate.
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6.2.3 Recommendation for research application

This research aimed to study the application of TiO- to treat formaldehyde for
easier and compatible use in indoor air or workplace. So this research result is the
guidance for treating formaldehyde, which the result showed the adding 10% TiO,
into acrylic paint is the highest efficiency. Furthermore, the initial formaldehyde
concentration is the important influencing factor for using TiO, added in acrylic paint.
Thus, the initia formaldehyde concentration would be estimated before the using of
TiO, added in acrylic paint and initial formaldehyde concentration was not more than
the limit of TiO, percentage (at 50 mg/m® of initial formaldehyde concentration, 10%
TiO, can remove the formal dehyde up to 60% in 360 min).
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APPENDIX A
Example of calculating the for maldehyde concentration in

the static air chamber

Prepare 50 mg/m® formaldehyde concentration in the 216 L static air chamber
(determines temperature 28°C, at atmosphere 756 mm/Hg, molecular weight of
formaldehyde is 30.03 g/mol and density of formaldehydeis 0.8153 g/cm®)

crom T — 2447 760 (t + 273.2]
p | 2082

V- 24.47( 760)( 28+ 273.2)
756 298.2

V = 24.84

50— ppmx 30.03
22.4

ppm=37.3
10°w/M W.
VIV

_ 37.3x216x30.03
24.84x10°

_ 241945.76 _ 974()&16 — 0.00974g
24.84%x10 10

_ 0.00974
0.8153

=0.0119ml =12 pl

From ppm =

Then add 12 pl formal dehyde by micropipette into the static air chamber for
prepare 50 mg/m? initial formal dehyde concentration.
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APPENDIX B
Example of changing the for maldehyde concentration datato the
reference condition (temperature at 25°C and atmospheric pressure
760 mmHQ)

Change formal dehyde concentration from 100 mg/m® at 29 °C and atmospheric
pressure 759 mmHg to concentration at reference condition (temperature at 25 °C and

atmospheric pressure 760 mmHQ)

From GV GV,
Tl T2
100x 759 C, x 760
29 25
< C, - 100 x 759 % 25
29x 760
C, =86.09

Then formal dehyde concentration at reference condition is 86.09 mg/m?®
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APPENDIX C

The data of experiment
Table A The formaldehyde concentration at different percentage of TiO, added in

acrylic paint, initial formaldehyde concentration and irradiation time

Percentage of TiO, added

in acrylic paint

2% 5%

Initial formaldehyde

_ 3 50 100 150 50 100 150
concentration (mg/m®)

Control ~ 49.55 96.25 147.96 49.01 98.47 149.38
Rep.1  48.68 98.62 153.38 51.37 103.46 146.11

O Rep2 4818 10179 14650 5219 10139  147.04
MM Ren.3 5092 9757 14754 4850  97.29 14629
X 4926 9933 14907 5060 10071 14648
Control 4409 8243 10720 4189 9300  118.69
Rep.1 3024 7479 10603 2510 6848  94.22
0 Rep2 283 7637 10508 2676 6747 9235
M Rep.3 2056 7321 10360 2363  69.66  90.86
¥ 2939 7479 10490 2516 6854 9248
Control 3828 7782 9615 3940 8556 10590
g Rep.1 2785 6099 9583 2182 5454 8582
5 %0 Rep2 2631 5850 9119 2345 5428 8274
% MM Ren.3 2767 5613 9077 2115 5470 8302
£ X 2728 5854 9260 2214 5451 8386
Control 3702 6920 7837 3797 7624  96.93
Rep.1 2593 5341 7109 1990 5083 7835
20 Rep2 2439 5118 6402 2097 5100  73.2
M Rep.3 2525 4820 6022 1862 5293 7545
¥ 2519 5096 6511 1983 5150 7564
Control 3359 6354 6908 3685 7300 9151
Rep.1 2452 4910 5811 1760 4953 7351
0 Rep2 2316 4760 5505 1924 4457  67.80
min

Rep.3  24.30 44.28 54.00 16.94 49.20 69.38
X 23.99 47.02 55.72 17.93 47.77 70.26
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Table A (continued) The formaldehyde concentration at different percentage of TiO,
added in acrylic paint, initial formaldehyde concentration and
irradiation time

Percentage of TiO, added

in acrylic paint

10 % 15%

Initial formaldehyde

_ 3 50 100 150 50 100 150
concentration (mg/m®)

Control  50.81 99.62 146.43 49.33 98.88 151.33
Rep.1  51.89 101.76 147.95 49.69 98.62 148.67

O Rep2 4775 10125 14423 4907 9965 1476
MM Ren.3 4848 9919 14920 4923  97.85 14592
X 4937 10073 14713 4933 9871 14725
Control 4618 9250 10810 4174 9444 11634
Rep.1 2290 6344 9041 2359 6020 8031
0 Rep2 2150 6292 9491 2156  6L82 8201
M Rep.3 2227 6250 9663 2291 6114  77.94
X 2225 6295 9398 2269 6105 8009
Control 4383 3621 9933 4063 8787 10669
g Rep.1 1736 5246 6469 1843 5021  67.58
5 %0 Rep2 1543 5144 5925 1672 5149 6503
% MM Rep.3 1595 4930 6364 1760 5106  63.99
£ X 1625 5107 6253 1758 5092 6553
Control 4249 7942 8960 3915  8l12 9835
Rep.1 1446 4674 5057 1424 4363 6057
20 Rep2 1232 4520 4747 1201 4431 6076
M Rep.3 1174 4367 4866 1294 448  60.10
¥ 1284 4523 4880 1306 4426 6048
Control 4130 7379 8430 3823 7468 9166
Rep.1 1078 4256 4925 1291 3699  59.63
0 Rep2 1020 4145 4801 1054 3631 5924
min

Rep.3 1041 39.66 47.05 11.57 37.42 58.02
X 10.46 41.22 48.10 11.67 36.91 58.96
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APPENDIX D
The statistical analysis of variance (ANOVA)

Table B Theresult of analysis of variance.
Dependent variable: the formaldehyde remova (%)

Type 11 Sum Mean
Source df F Sig.
of squares square

Corrected Model 27732.385(a) 47 590.051  226.971 .000
Intercept 119556.893 1 119556.893 45989.108 .000
TiOy(b) 9996.450 3 3332.150 1281.755 .000
Initial (c) 14743.206 2 7371.603 2835.583 .000
Time(d) 679.329 3 226.443 87.104 .000
TiO, * Initid 834.134 6 139.022 53.477 .000
TiOx * Time 422.421 9 46.936 18.054 .000
Initial * Time 194.097 6 32.349 12.444 .000
TiO, * Initial * Time 862.748 18 47.930 18.437 .000
Error 249.569 96 2.600
Tota 147538.847 144
Corrected Total 27981.954 143

(8 R Squared =.991 (Adjusted R Squared = .987)
(b) TiO; is percentage of TiO, added in acrylic paint.
(o) Initid isinitial formaldehyde concentration.

(d) Timeisirradiation time.
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APPENDIX E

The statistical analysis of multiple comparisons

Table C The multiple comparison of formaldehyde removal (%) at the
difference the percentage of TiO, added in acrylic paint.

Dependent variable: the formaldehyde removal (%)

Mean Std. ) 95% confidence interval
[I]TiO, [JTiO, Difference[l-J]  Error 99 Lower bound  Upper bound
2% 5% -10.4536* 38003 .000  -11.2080 -9.6992
10% -20.4903* 38003 .000  -21.2446 -19.7359

15% -19.8142+ 38003 .000  -20.5716 -19.0629

5% 2% 10.4536* 38003 .000 9.6992 11.2080
10% -10.0367* 38003 .000  -10.7910 -9.2823

15% -9.3636* 38003 .000  -10.1180 -8.6092

10% 2% 20.4903* 38003 .000 19.7359 21.2446
5% 10.0367* 38003 .000 9.2823 10.7910

15% 6731 38003 080 -.0813 1.4274

15% 2% 19.8172* 38003 .000 19.0629 205716
5% 9.3636* 38003 .000 8.6092 10.1180

10% -.6731 38003 080 -1.4274 0813

* The mean differenceis significant at 0.05 level.
TiO,, the percentage of TiO, added in acrylic paint.
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Table D The multiple comparison of formaldehyde removal (%) by used TiO,

added in acrylic paint at different initial formal dehyde concentration.

Dependent variable: the formaldehyde remova (%)

Mean Std. 95% confidence interval
[I]Initial  [J]Initial Difference[l-J]  Error Lower bound  Upper bound

50 100 12.1219* 32912  .000 11.4686 12.7752
150 24.7831* 32912 .000 24.1298 25.4364

100 50 -12.1219* .32912  .000 -12.7752 -11.4686
150 12.6612* .32912 .000 12.0080 13.3145

150 50 -24.7831* .32912 .000 -25.4364 -24.1298
100 -12.6612* .32912 .000 -13.3145 -12.0080

* The mean differenceis significant at 0.05 level.

Initial, theinitial formaldehyde concentration (mg/m°).
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Table E The multiple comparison of formaldehyde removal (%) by used TiO,

added in acrylic paint at variance irradiation time.

Dependent variable: the formaldehyde remova (%)

Mean Std. ) 95% confidence interval
[ITime [J]Time Difference[l-J]  Error 99 Lower bound Upper bound

90 180 -4.4253* .38003  .000 -5.1796 -3.6709
270 -5.3936* .38003  .000 -6.1480 -4.6392
360 -5.0367* .38003 .000 -5.7910 -4.2823

180 90 4.4253* .38003 .000 3.6709 5.1796
270 -.9683* 38003 .012 -1.7227 -.2140

360 -.6114 38003 111 -1.3658 1430

270 90 5.3936* .38003 .000 4.6392 6.1480
180 .9683* 38003 .012 2140 1.7227

360 .3569 38003  .350 -.3974 1.1113

360 90 5.0367* .38003  .000 4.2823 5.7910
180 6114 38003 111 -.1430 1.3658

270 -.3569 38003 .350 -1.1113 3974

* The mean differenceis significant at 0.05 level.

Time, irradiation time (min).
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APPENDIX F
The statistical of analysis of non-parametric Kruskal-Wallis

Table F The statistical analysis of the formaldehyde removal (%) for the different

percentage of TiO, added in acrylic paint

percentage of  mean percentage of
TiO, addedin  theformaldehyde  SD. n. Ve d.f. P-value
acrylic paint removal (%)
2% 16.13 877 36 52768 3 <0.000
5% 26.6 10.12 36
10% 36.61 1457 36
15% 35.94 11.03 36

Table G The statistical analysis of the formaldehyde removal (%) for the different

initial formaldehyde concentration

initial mean percentage of
formaldehyde  the formaldehyde SD. n. 7° d.f. P-value
concentration removal (%)
50 mg/m> 41.12 12.27 48 74507 2 <0.000
100 mg/m® 28.99 793 48
150 mg/m® 16.33 825 48
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APPENDIX G
Standard Curvefor the Analysis of Formaldehyde

Concentration | 40 120 200 280 400 800
(microgram)
ABS 0.1395 | 0.2561 | 0.3335 | 0.4366 | 0.5015 | 0.6354 | 1.1129
1.2
1 _
0.8 -
0p)] _
3 06 | Y =0.001164X + 0.182
R?=0.9972
0.4 -
0.2 -
[ 2
O I I I I
0 200 400 600 800 1000

formaldehyde (ug/l)
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APPENDIX H
RESEARCH EXPERIMENT

1. Static air chamber
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2. Impingers




Fac. of Grad. Studies, Mahidol Univ. M.Sc.( Environmental Sanitation) /97

3. The Developing color of chromotropic acid method

1% chromotropic acid

Developing color when added 6 ml conc. H,SO,4

- Color in low formaldehyde concentration (left)
- Color in high formaldehyde concentration (right)
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