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Abstract

PHOTOCATALYTIC DEGRADATION OF HUMIC ACID IN A WATER
ENVIRONMENT

by

PUTRI ARDYARINI SEKARTAJI

Bachelor of Engineering in Environmental Engineering, Trisakti University,
2012

Humic acid (HA) is a well-known complex organic compound which
can generated disinfection by-product which are harmful for health when
contacted with chlorine during the drinking water treatment. The
photocatalysis is a compromise alternative solution for the HA degradation in
a water environment.

In this study, the degradation of HA, using titanium dioxide (TiOy)
and zinc oxide (ZnO) nanoparticles, irradiated by ultraviolet light, is
investigated. The optimum conditions of pertinent factors, which include the
light wavelength (UV-A and UV-C), and light intensity, HA concentration,
catalyst dose, and contact time were investigated at neutral pH conditions,
considered for drinking water treatment. Kinetics Langmuir-Hinshelwood are
used to understand adsorption mechanisms and kinetics of HA degradation.

In terms of the HA degradation efficiency, ZnO had higher HA
degradation efficiency compared to TiO,. In the short contact time 30 min to
60 min, it was reached more than 90%. Moreover, ZnO photocatalyst proved
to be more compatible with UV-A light, whereas, TiO, with UV-C. Kinetics
Langmuir-Hinshelwood was indicated that for both photocatalyst, under UV-
A and UV-C irradiation followed a pseudo first order Kinetic expression. The
reusability of catalyst was performed and still revealed effective for
beneficial commercial applications.

Keywords: Humic Acid, Photocatalysis, ZnO, TiO, UV Irradiation
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Chapter 1

Introduction

1.1 Background and Rationale

During recent years, the standards of water supply and sanitation in Indonesia
is characterized as poor level considering the factors of access and service quality.
The lack of access to clean water and sanitation is considered as a tough challenge,
especially in rural areas. This is a major problem for the continuously increasing
population, since the natural water is reducing level of drinking water quality. Among
several water pollutants, Humic Acid (HA) causes serious water pollution problems

around the world.

In the developing countries having peat forest around the territories, like in,
Indonesia, problem is serious. In Indonesia, several sectors such as agriculture, peat
forest fire and deforestation were the sources of peat land areas (Yustiawati et al.,
2014). Peat land area plays an important role as the most significant contributor of
HA formation, because HA is a Natural Organic Matter (NOM) which usually contain
in peat soil as well as the forest. Water resources from some regions in Indonesia such

as Kalimantan, Irian Jaya and Sumatra contain a lot of HA (Setyawati., 1994).

HA are natural polymers, formed from the microbial decomposition of animal
and plant residues. HA can influence the performance of some pollutants considerably
in natural environment. Some of such pollutants are trace metal speciation and
toxicity, adsorption of hydrophobic pollutants. HA can act as a substrate for bacterial
growth. It has the capability to prevent the bacterial degradation of contaminations in
natural water. HA can act as an agent for heavy metals such as Pb, Mn and Fe making
complex form. It is difficult to eliminate and transport the metals in the environment.
The chemical structure of HA is complex and resist to degrade. Disinfection of water
containing HA using chlorine as disinfectant can produce organochlorines which are

toxic compounds as HAs react with chlorine and forms hazardous disinfection by-



products, e.g., trihalomethanes (THM), haloacetonitriles, haloacetic acids (HAAS) and

haloketones.

Some conventional methods have been applied in order to remove HA from
water, e.g. coagulation, flocculation, adsorption, and biofiltration (Zhang et al., 2005).
Taking into account the disadvantage of these methods, the photocatalysis can be
considered as an effective alternative solution for the elimination of HA in a water
environment. Hepplewhite et al. (2004), reported that the concentration of HA is

present in natural water sources in between 2 and 15 mg/I.

Recently, photocatalytic degradation processes involving Titanium Dioxide
(TiO,) have been applied as an alternative and showed a great potential for HA
removal. TiO, particle when illuminated with wavelength < 380 nm, produces
excited-state electrons and hole pairs. The hole will interact with H,O which produces
powerful oxidizing agent, hydroxyl radicals and superoxides (Kerc et al., 2003).
Moreover, Zinc Oxide (ZnO) is another alternative catalyst commonly used in
photocatalytic degradation process. ZnO is used as an effective photocatalyst for
organic pollutants degradation, due to its high photochemical reactivity, low cost and
nontoxic. ZnO showed a good performance under UV irradiation which produces
photon as energy in promoting generation of reactive oxygen species (ROS)
(Ravichandrika et al., 2012).

Therefore, utilization of photocatalysis is a well-known processes to degrade
the organic compound because of its environmental friendly, low-cost, and direct
oxidation process can destruct complex molecules such as HA. The use of catalyst
however creates a technical problem in retrieving the catalyst from the treated water.

Hence, recovery and reusability is important during the photocatalytic process.



1.2 Objectives of study

In this study, batch experiments are conducted to investigate the degradation

efficiency of the commercially available photocatalysts in the market in terms of

percentage of HA degradation in drinking water treatment using TiO, and ZnO. The

following objectives are identified for this study:

To examine the effects of initial HA concentration, catalyst dose, contact time,
light wavelength and light intensity on the photocatalytic degradation process
using TiOz and ZnO.

To investigate the kinetics of degradation of HA onto the catalyst surface by
using the Langmuir-Hinshelwood model.

To discover the reusability of catalyst in optimum conditions.

1.3 Scope of study

In order to determine the efficiency of HA degradation by using photocatalysis

process with two types of catalysts and to understand factors influencing the process,

are taken into consideration. The scope of the study in as follows:

1.

2.

3.

The HA solution with known concentration from 5 to 14 mg/L are prepared
using HA sodium salt in the laboratory and investigated for photocatalytic

degradation using TiO, and ZnO as catalyst.

The optimum condition required to achieve maximum degradation efficiency
are determined by investigating the effect of HA concentration, catalyst dose,
contact time, light wavelength and light intensity using synthetic water
containing HA in batch experiment.

The commercial nanoparticle TiO, and ZnO as catalyst were obtained from

Sigma Aldrich and stored at room temperature.



Both catalysts was characterized by several criteria i.e. XRD analysis, XRF

analysis, BET analysis and FT-IR analysis.

. Photocatalytic degradations were performed in a rectangular container, in
which the dimensions were 20 x 30 x 20 cm batch photoreactor. This
photoreactor were conducted in the seal condition, in which the containers

were covered by aluminum foil.

. The types of the lamp used are UV-A lamp and UV-C lamp. The wavelength
range of the UV-A lamp is 315-400 nm, whereas in the UV-C lamp the range
is 100-280 nm.

Pseudo-first order kinetics was used to understand the adsorption mechanisms
and kinetics of HA degradation from the aqueous solution using photocatalysis

in batch studies.



Chapter 2

Literature Review

For many decades, a number of research studies on degradation of Humic
Acid (HA) have been investigated. Therefore, in accordance with the objectives of
this study which has been proposed in the previous chapter is to review the literature
related to the subject of further study. All information has to be investigated starting
from the basic information about HA and the technology to degrade HA from water

environment.

2.1 Humic Acids

2.1.1 Definition of Humic Substances

The main component of Natural Organic Matter (NOM) is defined as Humic
Substances (HS) that are mixtures of amorphous polyfunctional, polydisperse, and
heterogeneous polyelectrolytes whose conformations are primarily determined by
environmental conditions. Humic Substances (HS) are major components of NOM
not only in soil and water, but also other geological organic deposits like peats,
sediments of lakes, brown coals and shales. HS are the reason for the characteristic
brown color of decaying plant debris. Moreover, it gives the brown or black color in

surface soils as well.

Humic substances are vital part of soil that affect physical and chemical
properties and enhance soil fertility. In aqueous systems, for example in rivers, about
50% of the dissolved organic materials are HS that affect pH and alkalinity. The
formation of disinfection by-products during water treatment can be affected to
biological productivity in aquatic ecosystems (IHSS, 2013).



2.1.2 Classification of Humic Substances

In terms of the geological perspective, HS are chemical intermediates between
plants and fossils. The chemical composition of soils, sludge and sediments can
continuously change via the alteration and degradation of organic matter.
Humification is a continuous historical process, and soil humus is a dynamic system
of both chemically active and passive components (Gonzalez et al., 2003). Based on
Figure 2.1, all the HS can be divided into components according to their solubility in
different media. Humin represents the insoluble residue. HA are insoluble at low pH,
and they are precipitated by adding strong acid. The types of HS differentiated by
differences in solubility is indicated in the Table 2.1 below.

Organic compounds
of soil

/\

Soil organic
matter

Living
Organismus

Alkaline
precipitation

Alkali-soluble Insoluble residue
humus fragments HUMIN

Acidic
precipitation

Insoluble residue Soluble part
HUMIC ACIDS FULVIC ACIDS

Figure 2.1 Schematic representation of humic substances in dependence

of their solubility



Table 2.1 Major types of Humic Substances Characterized by Differences in

Solubility
Type of Humic Matter Alkali Acid Water
Fulvic Acid Soluble Soluble Soluble
Humic Acid Soluble Insoluble Insoluble
Humin Insoluble Insoluble Insoluble

Source: (Kim H., 2005)

Humic substances are mostly chemically reactive yet recalcitrant to
biodegradation. The actual properties and structure of a specific HS sample depends
on the source of water or soil and the provided conditions of extraction. Figure 2.2
shows the differences of chemical properties between HA and FA.

Humic substances
(pigmenteld polymers)

J J J
Fulvic acid Humic acid Humin
Light Yellow U3
yellow brown hrow hia

increase in intensity of colour —
increase in degree of polymerization ———

2 000——— increase in molecularweight ———>300000?
45%————————— increase in carbon content —>62%
48% ————  decrease in oxygen content —>30%

1400 ———  decrease in exchange acidity ——500

decrease in degree of solubility ————

Chemical properties of humic substances. (Stevenson 1982)

Figure 2.2 Properties of Humic Substances

2.1.3 Definition of Humic Acid

It is the key constituent of dissolved organic matter. HA can be deposited in
natural water due to the decomposition of living bodies, plants and other biological
activities of microorganisms in system of the nature. HA in water may cause

unacceptable taste and color and also act as a catalyst for bacterial growth in water

7



based systems. Moreover, HA molecules have the ability to bond with aqueous heavy
metals, pesticides, and herbicides. Moreover, HA can be affected to chlorine
disinfectants as well. Thus, the need to remove HA is vitally important especially in
terms of drinking water quality (Peng et al., 2005).

2.1.4 Source of Humic Acid

HA contain aromatic blocks is characterized by a broad molecular weight
distribution and high chemical heterogeneity. Table 2.2 shows the distribution of
organic compound in natural water. Humic acid can act as substrates for bacterial
growth, inhibit the bacterial degradation of impurities in natural water, form a
complex with heavy metals such as Fe, Pb, Mn making to be harder to remove them

and transport the metals in the environment (Zhao et al., 2013).

Table 2.2 The Distribution of Organic Compounds in Natural Water

Class Subsclass % DOC
Humic Substances Fulvic Acid 40
Humic Acid 10
Hydrophilic Acids 30
Specific Organic Compounds Carbohydrates 9
Carboxylic Acids 7
Amino Acids 3
Hydrocarbons 1

2.1.5 Chemical Structure of Humic Acid

The molecule of HA is one fragment of huge molecule. The fragments are
connected to each other in long chains and total weight of molecules, naturally
depending on the chain length, is in the range from 35 000 to 80 000 Daltons. It
shows in Figure 2.3 below. It is observed that chemical structure of HA is mostly

consisted of quinoid, carboxyl, and hydroxyl, phenolic groups.



Figure 2.3 Chemical Structure of Humic Acid

2.1.6 Impact of Humic Acid Pollution on Organism and Environment

Different effects of HS in natural environment can be expected regarding to its
chemical constitution. Until recently, mainly indirect effects of HS in the ecosystems
have been discussed. Indirect effects of HA on organisms include in particular both
heavy metals and nutrients control and modulating of toxicity of pesticides and other
xenobiotics. However, in the larger sense, all the issues mentioned in Table 2.3

(except the last item) represent possible indirect effects of HS on living organisms.



Table 2.3 Environmental issues involving HS

Issue

Role of humic substances

Carbon cyeling

Light penetration into waters

Soil warming

Soil and water acidification
MNutrienit source

Nutrient control

Microbial metabolism
Weathering

Soil formation {podzolisation)
Properties of fine sediments
Soil structure

Photochemistry

Heavy metals

Pesticides, xenobiotics

Radicactive waste disposal

Ecosystem buffering

Direct biological effect

Major C pool, transformations, transport and
accumulation

Absorption and attenuation of light by humic
chromophores

Absorption of solar radiation by soil humic matter
Binding of protons, aluminium and base cations in
soils and waters

Reservoir of carbon, nitrogen, phosphorus, sulphur
and chlorine

Binding of iron and phosphate

Substrate for microbes

Enhancement of mineral dissolution rates
Translocation of dissolved humic substances and
associated metals (Al Fe)

Adsorption at surfaces and alteration of colloidal
properties

Agpgregating effect on soil mineral solids
Mediation of light-driven reactions

Binding, transport, influence on bioavailability,
redox reactions

Binding, transport, influence on bicavailability
Binding and transport of radionuclide ions in
eroundwaters

Control of proton and metal ion concentrations,
persistence

Uptake and direct interaction with living organisms

Source: (Tipping, 2002)

2.2 Measurement of Humic Acid in a Water Environment

The HAs content of raw water is an important analytical parameter in water

treatment facilities since they have been associated with the formation of carcinogenic
disinfection by-products (e.g. trihalomethanes) upon chlorination of drinking water
(Wang, 2001). HA adversely affect the quality of drinking water since they impart

colour and serve as precursors for the formation of chlorinated compounds. In a

10



natural water system, HA is present in concentrations ranging from 0.1 to 200 mg /1
(Kinniburgh et al., 1999) and in drinking water at concentration levels of between 2
and 15 mg/1 (Hepplewhite et al., 2004). They also have complexing properties that
include association with toxic elements and micro-pollutants (De Wuilloud et al.,
2003).

2.3 Methods for Humic Acid Treatment

HA commonly reported to carry many negative effects in drinking water,
including undesirable color and taste, absorption and concentration of organic
pollutants, and biochemical decomposition. Moreover, when water is treated with
chlorine for sterilization, HA could react with chlorine by a combination of
substitution and oxidation mechanisms forming potentially carcinogenic organic
compound. This has been a problem in past drinking water treatment. Increased
concern is focused on the potential toxicity of HA and its precursors. Hence, the
degradation techniques of HA need to be established.

In common water treatment processes, the removal of HA has been
accomplished by physical separation, such as adsorption of activity carbon,
precipitation and flocculation, ion exchange and transfer of pollutants from one phase
to another or concentrating them in one phase, without actually eliminating them,
which is the main disadvantage associated with these techniques. Degradation
methods such as the fenton process, ozonation, and electrochemical, photochemical
and photocatalysis technologies have been developed to decompose pollutants. The

comparison of technologies to remove HA is mentioned in Table 2.4 below.

11



Table 2.4 The Comparison of Technologies to Remove Humic Acid
“Removal efficiency of UF
membrane of 85-90% at humic acid Effective to remove particles higher than
concentration over 7.5 mg/L, while their size.
1 Ultrafiltration Membranes MF r’r'1embra.ne are very efficient Provide maximum quality using a very (Marina P. et al., 2013)
only if used in tubular low energy
configuration, reaching organic Short membrane life-time
matter removal of 90%.” Fouling
“The initial HA concentration
increased from 500 to 750 mg/L,
the oxidation removal increased High maintenance and operation costs
2. Coagulation from 74.9 to 77.3%; whereas only Minimizing the residues amount until (Wu Y etal., 2011)
1.6% of oxidation removal 0% (Fenton system)
increment was achieved as the Simple technique to follow
initial HA concentration enhanced
from 750 to 1000 mg/L.”
b, oot Effectively remove ions .
The reversibility was expressed as - ¥ . . (Abraham and Breslin.,
Not efficient in removing most organics
percent recovery of color, 27-69% " . 2009)
3. lon Exchange . 2 or microorganisms.
for phenolic weak-base resins but h - .
. High maintenance/operation costs
only 0.7-9.5% for polystyrenic . . .
Rl Complicated procedure involved in the
strong-base resins.
treatment

12




“Humic acid removal was relatively - Easyto find the adsorbent in

fast with more than 50 % of peat environment
Adsorption water removed in £ 15 min. The - Comparatively cheap (Bhaumik et al., 2012)
maximum humic acid removal of - Effectively used as an adsorbent for HA
about 94.56 % was observed at the removal in a peat water
dosage of 5 g.”

. . - Can be an alternative to remove the
“Received 88% of TOC removal with

Photocatalysis optimum TiO, loading of 1.0 g/ ) ngi?clszlzlilgttahn(:sreal - leation of (Rajabi H et al., 2013)
after 6 h of irradiation.” PP pp
water treatment

13




2.4 Photocatalyst Degradation of Humic Acid
2.4.1 Photocatalyst

Catalysis is the process which involves in participating the substance in
modifying the rate of a chemical transformation of the reactants without being altered
or consumed in the end. This substance is known as the catalyst which increases the
rate of a reaction by reducing the activation energy. Titanium dioxide (TiO;) and zinc
oxide (ZnQO) are well-known photocatalysts used in photodegradation of organic
compounds due to their high photoactivity, low cost and non-toxic. To enhance the
photodegradation activity, a semiconductor photocatalyst often combines with another
semiconductor so as to build a heterojunction at the interface (Sajjad, 2009). On the
basis of the same idea, mixed-phase anatase, rutile TiO, nanoparticles has also been
used to photodegrade HA (Yigit et al., 2009).

2.4.2 Photocatalysis

Photocatalysis is a reaction which uses light irradiation as a source of energy
to activate a substance which can be modified the rate of a chemical reaction without
being involved itself. Degradation of HA irradiated by UV light in the presence of
catalyst were faster than irradiated in the absence of catalyst. With the same time of
irradiation, a significant reduction of HA by about 80% was observed. This case could
be explained that species reactive in the solution are produced from HA itself which

act as sensitizer and also from catalyst (Andayani, 2011).

TiO, and ZnO have been universally used as a photocatalytic with applications
in many fields such as environmental purification and decomposition of carbonic acid
gases and solar cell, especially in the decomposition of recalcitrant organic pollutants.
It has been demonstrated that TiO, and ZnO photocatalysis are the suitable advanced
oxidation processes (AOPs) techniques for the decomposition of refractory HA
because of its excellent photostability, relatively low cost, nontoxicity, and its ability
to photooxidatively destroy most refractory pollutants (Bekbolet, 2007). Jarek et al.
(2002) showed that the photocatalysis process can break long organic molecules into
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smaller biodegradable compounds and can make their biological treatment eligible. It

may at the end reduce the cost of process.

2.4.3 Mechanism of Photocatalysis

The heterogeneous photocatalysts are transition metal oxides and
semiconductors. When a photon with higher energy level than the semiconductor
band gap. The electron is jumped from the valence band to the conduction band. Due
to the generation of positive holes and electrons, the reactions of oxidation-reduction
occurred at the surface of semiconductors. The positive holes will react with the
moisture on the surface and produce a hydroxyl radical during the oxidation reaction,
as shown in Figure 2.4 below.

Oxidative reactions due to photocatalytic effect:

UV+MO—->MO(+te)

Here MO stands for metal oxide ---

h* + H,0 — H" + *OH
2h++2H,0 - 2 H++ H,0,
H,O0,— HO-* + «OH

The reductive reaction due to photocatalytic effect:

e +0,— 0,
*O, +HO*2+ H+ — H,0, + O,
HOOH — HOe + «OH

Ultimately, the hydroxyl radicals are generated in both the reactions. These
hydroxyl radicals are very oxidative in nature and non selective with redox potential
of (E0 = +3.06 V) (Daneshvar et al., 2004).
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Figure 2.4 Mechanism of photocatalytic process and the reactions that occur at

the surface

2.4.4 Parameters Affecting The Photocatalytic Degradation

Some of the operation parameters are vital which are affected subsequent to
the integrating of the semiconductor catalyst with a photoreactor, the oxidation rates
and efficiency of the photocatalytic system. These parameters dominate the Kinetics of
photomineralization and photo-disinfection, such as catalyst dose, contaminant

concentration, light wavelength and light intensity.

Catalyst loading interprets the amount of catalyst dose in the system.
Concentration of catalyst in the photocatalytic water treatment system clearly affects
the overall photocatalysis reaction rate in a true heterogeneous catalytic regime, in
which the amount of catalyst is directly proportional to that of the overall
photocatalytic reaction rate (Gaya and Abdullah, 2008).

A difference in the initial concentration of the water pollutants will result in

changed irradiation time essential to achieve complete mineralization or disinfection,

given that the operating conditions are similar (Saquib and Muneer, 2003).
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For the case of UV types, the corresponding electromagnetic spectrum can be
characterized as UV-A, UV-B and UV-C. This classification is based on the
difference of emitting wavelength. The UV-A contains light wavelength range of 315
to 400 nm (3.10-3.94 eV). On the other hand, UV-B contains a wavelength range of
280-315 nm (3.94-4.43 eV). The germicidal UV-C wavelength range is reported as
100 to 280 nm (4.43-12.4 eV) (Rinco’n and Pulgarin, 2005).

The photonic nature of the photocatalysis reaction is clearly affected by the
type of light intensity used since it provides the specific photons for the catalyst to
produce hydroxyl radicals. If a high photocatalytic reaction rate to be achieved,
mostly in the case of treatment of water, a comparatively high light intensity is
essential to sufficiently provide each catalyst surface active sites with enough photons

energy necessary.

2.4.5 The Kinetics of photocatalysis

Chemical kinetics describe about the time dependent analysis of the quantity
of a substance which is subjected to a chemical reaction. Many photocatalytic
processes are been studied using different kinetic models mainly from pseudo-first
order and second order models. The integral of these differential equations gives an
idea about the decay rate or amount of the compound, which is undergoing

photocatalysis.
Since single reactant is concerned in this study, pseudo-first order Kinetic

model is used to find the relationship the adsorption mechanisms and kinetics of HA

degradation. The description of the kinetic model is mentioned in detail in Chapter 3.
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Chapter 3
Methodology

This study focuses on batch experiments to investigate the technical feasibility
of using photocatalysis for Humic Acid (HA) degradation under UV irradiation. Two
types of catalyst were used such as Titanium dioxide (TiO;) and Zinc Oxide (ZnO).
For HA degradation from aqueous solution, the batch studies were carried to find out
the optimum conditions of pertinent factors, which include the light wavelength, light
intensity, HA concentration, TiO, dose and contact time.

3.1 Materials and Methods

3.1.1 Preparation of synthetic HA solution

HA stock solutions are prepared by using Sigma Aldrich laboratory-grade
humic acid-sodium salt solution. HA concentration of 5, 8, 11 and 14 mg/L were
prepared from the stock solution of 1000 ppm and diluted by using serial dilution as
usually HA concentration appeared in drinking water from 2 — 15 mg/L (Hepplewhite
et al., 2004). Before using, HA sodium salt was dried in an oven for 4 hours at 105°C.
In order to make standard calibration curve of HA, weigh out the dried HA about
0.1075 g and dilute to 100 ml for 1000 ppm. The standard curve was made using 5,
10, 15, 20 and 25 mg/L of HA.

3.1.2 Titanium dioxide (TiO3) as catalyst
Titanium Dioxide nanoparticles with anatase and rutile phases manufactured

by Sigma Aldrich, an average particle size of 21 nm, > 99.5% purity based on trace

metals analysis, was used as catalyst.
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3.1.3 Zinc oxide (ZnO) as catalyst

Commercially available Zinc Oxide nanoparticles with a size of 6-12 nm,
crystal structure hexagonal, 99.8% purity, was used. Because ZnO nanoparticles are
more difficult to disperse in organic solvent, ultrasonication for 5-10 min is required

for dispersion in solution.

3.2 Experimental Equipment and Procedure

3.2.1 Experimental Equipment

Table 3.1 Parameter and Equipment used

Parameter Items Model
Ultrasonic Ultrasonic Cleaner with
Heater VGT-1860QTD
Spectrophotometer Thermo Scientific
Genesys 10S UV-Vis
Catalyst dose, UV Meter LT lutron YK-37UVSD
HA concentration, Centrifuge DiGi Cen 21-Ortoairesa
Contact time and Max. 5000 rpm
Light intensity Magnetic Stirrer SCI-LOGEX
M57-H550-S
Orbital Shaker N-Biotek, NB-101 M
RPM: 30-300 rpm
Oven Binder

3.2.2 Experimental Procedure
The experiment is conducted in batch system. Batch studies deal with the

study of TiO, and ZnO photocatalytic degradation of HA from drinking water.

Generally, the overview of experiment can be illustrated by a flowchart in Figure 3.1.
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Figure 3.1 Overview of the batch photocatalytic degradation of HA

3.2.2.1 Photocatalytic Reactor

Photocatalytic degradations were performed in a rectangular container, the
dimensions of the batch photoreactor are 20 x 30 x 20 cm. Photoreactor was covered
by aluminum foil. Two reactors are for each UV-A and UV-C lamp, were used. One
lamp was installed at the top of the reactor, and two of lamps were installed on each
side of the container. The wavelength range of the UV-A lamp is 315-400 nm,
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whereas in the UV-C lamp the range is 100-280 nm. Effect of light intensity was
measured on the liquid surface by varying the number of 8W UV-A lamps i.e. 0.131
mw/cm?, 0.167 mw/cm? and 0.236 mw/cm?, respectively. For the case of UV-C, the
light intensities were 0.196 mw/cm?, 0.233 mw/cm? and 0.284 mw/cm?, respectively.
Photocatalytic experiment was done in a Pyrex beaker placed on the top of magnetic
stirrer containing 100 ml of HA solution at the concentration of 5, 8, 11 and 14 mg/L.
The catalyst dose was varied from 0.1 — 1 g/L. The suspensions were irradiated for
various contact time ranging from 30 — 180 min in interval of 30 min. After
irradiation, the suspensions were filtered using 0.45 pum syringe filters. All
experiments were performed at room temperature (25 £ 3°C) and at neutral pH

conditions. The setup of the equipment is indicated in the Figure 3.2 below.

(b)
Figure 3.2  Schematic of the photocatalytic reactor
(a) UV-A; (b) uv-C
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3.2.2.2 HA Analysis Method

HA concentrations were analyzed by using UV-visible spectrophotometer
Thermo Scientific, Genesys at 276 nm wavelength with 1 cm quartz cell. Standard

calibration curve relating absorbance and concentration were developed. The method

detection limits for HA is 4.62 mg/L and quantitation limits for HA is 14.7 mg/L,
respectively (IHSS, 2015).

Standard Curve of HA

0.7 y =0.0268x
0.6 R*=0.9991-"

0 5 10 15 20 25 30
HA Concentration (mg/L)

(b)

Figure 3.3  HA Analysis Methods
(a) Spectrophotometer
(b) Standard Curve of HA

3.3 Batch Experiments

The photocatalytic degradation by batch technique were conducted at room
temperature from 25-27°C. The pertinent factors as mentioned above were varied to
determine the optimum condition for the maximum degradation of HA in the aqueous

solution. All the experiments were conducted in duplicate.
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3.3.1 Effect of Catalyst dose

Catalyst dose is the important affects to the reaction rate of photocatalytic
process. In this experiment, TiO, and ZnO concentrations as catalyst employed are
0.1, 0.3, 0.5, 0.8 and 1 g/L. The optimum condition for using catalyst was conducted

at condition with HA concentration of 5 mg/L in 60 min.

3.3.2 Effect of HA Concentration

After finding the optimum dose of catalyst, experiment were conducted to
determine the efficiency of photocatalysis to degrade HA in the aqueous solution. For
this HA concentration were varied from 5, 8, 11 and 14 mg/L. Before using HA, it
was dried at 105°C for 4 hours, after that stock solution was diluted (100 mg/L).

3.3.3 Effect of Contact Time

The degradation of HA is also studied as a role of contact time using the
optimum conditions of catalyst dose, HA concentration, light wavelength and light
intensity. The rate at which degradation takes place is an important factor in a
photocatalysis system. To study the effect of contact time, experiments were
conducted by varying the contact time from 30 to 180 min at an interval of 30 min.

3.3.4 Effect of Light Wavelength

Depending on the photocatalyst types, light sources with different wavelength
will have a significant effect on the photocatalytic reaction rate in photo degradation.
In this experiment commercial nanoparticle TiO, and ZnO, were used. Two types of
UV lamp were used, UV-A lamp and UV-C lamp. The wavelength range of the UV-A
lamp is 315-400 nm (3.10 - 3.94 eV), whereas in the UV-C lamp is in the range of
100-280 nm (4.43 — 12.4 eV). Two different reactors were used for UV-A lamp and
UV-C lamp.
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3.3.5 Effect of Light Intensity

The term intensity was used to describe the rate at which light spreads over a
surface of a given area some distance from a source. Effect of light intensity was
investigated by varying the number of lamps from 1, 2 and 3. Each lamp has a power
of 8 watt. Therefore, the intensity for UV-A lamps was 0.131 mw/cm?, 0.167 mw/cm?
and 0.236 mw/cm?, respectively. For UV-C lamps, the light intensity was 0.196
mw/cm?, 0.233 mw/cm? and 0.284 mw/cm?, when using 1, 2 and 3 lamps,

respectively.

3.3.6 Catalyst reusability

In this experiment, after the reaction is completed, catalyst was separated from
the reaction mixture by using centrifuge for 20 min at a speed of 5000 rpm. The
reusability of the catalyst was assessed after drying the catalyst at 60°C for at least 12
h.

3.3.7 The Kinetics of photocatalytic degradation

The photocatalytic rate of organic contaminant over irradiated catalyst fitted to
pseudo first order Kinetics. A single-site pseudo first order model is proposed to
calculate photocatalytic degradation rates, since only one contaminant is used in this

experiment.

dcy _ KkKCt

dr  1+KC; (3.1)

Where r is the reaction rate (ppm min-1), t is the irradiation time (min), k is
the apparent kinetic constant (ppm min™), K is the adsorption equilibrium constant
(ppm min), C; is the contaminant concentration at time t (ppm). If KC; is much
smaller than 1, the reaction is a first-order reaction containing a constant reaction rate
coefficient. Eq.(3.1) can be modified as Eq.(3.2). First-order oxidation kinetics can be

seen when Cj is insignificant.
dcy
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Where K’ is the apparent first-order reaction coefficient (min™). The integrated

arrangement of Eq.(3.2) is shown from Eqg.(3.3).
C, = Cye K'" (3.3)

Logarithmic function can be used to EQ.(3.3) in order to linearly interpret the

relationship as Eq.(3.4).
InC,—InC, =K't (3.4)

Eq.(3.4) indicates that In C;is strong linearly related to t during the photocatalytic
process providing with KC; far less than 1 and that the slope of the fitted straight line
equals to the apparent first-order reaction coefficient K’. Half-life (ty,) of
photocatalysis can be computed by Eq.(3.5) which illustrates the stage where the

contaminant concentration is decreased to 50% of its initial amount.

e RIU-003 25
1/ 2 (3.5)
ti, can be used to compute the photocatalytic rates at dissimilar K’ and initial

concentrations.
3.3.8 Characterization of catalyst

3.3.8.1 XRD Analysis

The X-Ray Diffraction (XRD) analysis was performed using a X-ray
diffractometer, PANalytical PW3040/60 X’Pert PRO apparatus. The voltage and
anode current used are 40 kV and 30 mA, respectively. The step angle is 0.02 °, the
count time every 0.5 second, D-, R- and S-slits 1 °, 1/2 ° and 1/4 °, respectively, the
CuKa = 0.15406 nm. XRD analysis was conducted at The National Metal and
Materials Technology Center (MTEC), Science Park, Pathumthani, Thailand.
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3.3.8.2 BET Analysis

The measurement of the surface area by Brunauer, Emmett and Teller (BET)
methodology was applied using the surface analyzer by gas adsorption technique
(Nitrogen gas only), autosorb from Quantachrome Instrument, USA. The information
extracted from this equipment allows the evaluation of the precise value of the total
surface area in m%g. BET analysis was conducted at The Nanotechnology
(NANOTEC), Science Park, Pathum Thani.

3.3.8.3 FT-IR Analysis

The composition quality of the material was characterized by Fourier
transform infrared (Thermo Nicolet 6700 FT-IR spectrophotometer) spectroscopy in
the mid-infrared range (400-4000 cm'l). The graph was plotted between %
transmittance and wavenumber (cm™). FT-IR analysis was conducted at The National
Metal and Materials Technology Center (MTEC), Science Park, Pathum Thani.

3.3.8.4 XRF Analysis

The elements inside of catalyst was measured by X-Ray Fluorescence
spectrometer, Bruker model S8 Tiger in the wavelength dispersive method. XRF was
conducted at Scientific and Technological Research Equipment Centre,
Chulalongkorn University.

3.3.8.5 TOC Analysis
The Total Organic Carbon was performed by the SHIMADZU TOC-
LCPH/CPN, pc-controlled model of TOC analyzers. It adopts the 680°c combustion
catalytic oxidation method for liquid sample and the TOC ssm-5000a using the swab

method for solid sample.
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Chapter 4

Results and Discussions

4.1 HA Degradation by ZnO Photocatalyst

4.1.1 Characteristic of ZnO as a catalyst
4.1.1.1 XRD Analysis

In this study, the catalyst characterization analysis was performed by X-ray
diffractometer. The XRD pattern of ZnO referring to Fig. 4.1 clearly indicated that the
particles were pure and crystalline in nature. The peaks (20 value) observed at 31.7°,
34.3° 36.3° 47.6 ° and 56.7° were assigned to (100), (002), (101), (102) and (110).
This proves the fact that characteristic peaks represent the ZnO with hexagonal phase.
Similar, X-ray diffraction pattern were reported by previous researchers (Chena et al.,
2011; Yong et al., 2012).

10.04 [ZnO2 xrdmi]

804

E.01

Intensity(Counts)

4.0

Theta(deg)

Figure4.1  X-ray diffraction pattern of ZnO
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4.1.1.2 FT-IR Analysis

Figure 4.2 shows the FT-IR spectra of the initial ZnO and after photocatalytic
treatment under UV-A and UV-C, respectively. FT-IR spectra of the ZnO
nanoparticles showed a peak at 3442.64 cm™ corresponding to the O-H stretching of
water adsorbed on the ZnO surface. Peak at 2360.53 cm™ corresponds to C-H
stretching vibration and 1365 cm™ corresponds to C=0 asymmetric C=0 stretching.
Futhermore, a peak at 1630.49 cm™ corresponds to H-O-H bending. Metal oxides
generally give absorption bands in fingerprint region below 1000 cm™ arising from
inter-atomic vibrations. For examples, those observed around 436.66 cm™ as Zn-O
stretching and deformation (Fryxell et al., 2007).

FT-IR spectra under UV-A and UV-C shows similar pattern as seen in Figure
4.2. Compared to the initial, the peak at 2360.53 cm™ which corresponds to C=0
stretching of CO, disappeared and a new absorption peak appeared at 879.11 cm™and
912.90 cm™ for UV-A and UV-C, respectively, due to =C-H bending vibration as the
byproduct of HA degradation. The peak of O-H stretching vibration shows the
interaction between the molecules, which effected the sliding of peak at 3442.64 cm™
of initial to 3438 cm™ and 3431 cm™ for UV-A and UV-C, respectively. The
molecules of H,O released as a result of adsorption of HA onto the ZnO through O-H
bond. Similar shift phenomenon is appeared for H-O-H bending vibration. The shift
of peak occurred at 1630.49 cm™ to 1626 cm™ and 1623 cm™ for UV-A and UV-C,

respectively, shows that the energy of H-O-H bending vibration decrease.

Gierlach et al and Amir et al (2004), reported the FT-IR spectra of the HA, the
assignments of the main recorded bands are: the HA exhibit a strong absorption band
at 3600-3200 cm™* that is due to the presence of H-bonds between OH groups,
absorption at 2920-2860 cm™ coming from stretching vibrations of -CHs and -CH,,
absorption at 1720 cm™ and 1230 to 1200 cm™ originating from carboxyl groups,
absorption originating from amide groups at 1660 cm™, conjugated C=C bonds at
1610 cm™, and at 1100-1000 cm™ originating from aliphatic OH present

predominantly in carbohydrates. Several peaks were disappeared indicating the
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reduction of functional groups of HA. As the HA functional groups disappear, another
by product is assumed be formed on the catalyst surfaces. Hence, a new peak

appeared as mentioned previously.
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Figure4.2  FT-IR spectra of ZnO

4.1.1.3 BET Analysis

The specific surface area is one of key factor to determine the photocatalytic
activity of the photocatalyst since the redox reactions take place on the surface of the
photocatalyst. Therefore, the BET analysis of the surface area was required to check
the morphology of photocatalysts. Table 4.1 indicates the properties of ZnO based on
BET analysis before and after photocatalytic process. After the photocatalyic process,
the agglomeration of the catalyst results in lower specific surface area. It is a well-
known fact that the cause for this agglomeration is due to hydrogen bonding.
However, insignificant reductions were observed on the surface area of catalysts after
photocatalytic process. This implies that the catalyst can be reused further up to

several cycles.
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Table 4.1 Properties of ZnO based on BET analysis

Specific surface Total pore Pore diameter
Parameter 2 3
area (m</g) volume (cm°/g)
ZnO (Initial) 50 0.025
ZnO (UV-A) 48.71 0.024
ZnO (UV-C) 46.05 0.023

4.1.1.4 XRF Analysis

Table 4.2 indicates the ZnO elements based on XRF analysis before and after

photocatalytic process. The initial XRF analysis of ZnO indicated 100% purity.

After photocatalytic treatment, it was found that the amount of ZnO decreased.

Moreover, several elements were attached on the ZnO surface. The elements of SiO,,

Fe,O3 TiO, were attached on the ZnO surface as a results of compositions of HA. The

HA composition indicated in Appendix. 1 shows that the HA contains several

inorganic elements i.e iron, silicon and titanium.

Table 4.2 ZnO elements based on XRF analysis

Zn0O S|02 Fe203 T|02

Element

% % % PPM
ZnO (Initial) 100 - L —
ZnO (UV-C) 99.2 0.558 0.149 327

4.1.2 Pertinent factors of HA degradation
4.1.2.1 Effect of HA concentration

The effect of HA concentration of was carried out at 0.1 g/L ZnO dose, for 60

min. HA concentrations was varied from 5 to 14 mg/L. From Fig. 4, it can be seen

that with an increment of the initial concentration of HA can reduce the degradation

30



efficiency. The efficiency of HA degradation varied from 95% to 51% for UV-A and
97% to 47% for UV-C, respectively.

At 5 mg/L of HA concentration, the degradation efficiency is higher for the
case of UV-C than that of UV-A, however, the difference is not significant. As the
HA concentration increases from 8 mg/L to 14 mg/L, degradation efficiencies under
UV-A irradiation showed higher values. This is due to the highest illumination
intensities of UV-C. It shows that the activity of TiO, strongly depend on the light-
illumination (energy per unit area) or the photon flux on the surface of the photo
catalyst. Furthermore, a solution with a low concentration of HA with the same
amount of hydroxyl radicals will have a higher degradation rate than a solution with a
high concentration. Previous studies on trichloroethylene (TCE) reported that the
reaction by-products generated during the photocatalytic reaction can also decrease

the degradation rate (Bak et al., 2015).
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Figure 4.3  Effect of HA concentration on degradation by ZnO photocatalyst
(ZnO dose 0.1 g/L, contact time 60min)
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4.1.2.2 Effect of ZnO dose

In order to avoid the use of excess catalyst, it is necessary to find out the
optimum loading for efficient degradation of pollutant. Figure 4.4 shows the results
for degradation efficiency at different dosages of ZnO, when the initial concentration
of HA at 5 mg/L. It was observed that the degradation efficiency is nearly consistent
as the ZnO dose increases, for both irradiations. All the tested samples showed more
than 90% degradation efficiency at 5 mg/L of HA concentration, regardless of the

ZnO dose.

For the case of UV-A irradiation, the results of HA degradation continuously
increased up to 0.8 g/L. This is due to an increase in the active sites available for
absorption of UV irradiations and adsorption of HA molecules. Hence, it leads to
produce large amounts of hydroxyl radicals, even though in this case is insignificant.
When the amount of catalyst increases above a saturation level, the light photon
absorption coefficient usually decreases. Therefore, it reduces the surface area of
catalyst being exposed to light illumination and the photocatalytic efficiency (Chen et

al., 2007). This phenomenon shows for ZnO dose at 1 g/L.
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Figure 4.4  Effect of ZnO dose on degradation of HA
(HA conc. 5 mg/L, contact time 60 min)
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4.1.2.3 Effect of contact time

From the ZnO dose results, 0.5 g/L seemed to be the optimum dose. However,
experiments were done for both 0.3 g/L and 0.5 g/L. It was observed that significant
degradation at 60 min of contact time could be obtained by using 0.3 g/L. Therefore,
0.3 g/L was selected as the optimum of ZnO dose for experiments conducted here

onwards.

Figure 4.5 (a) shows the effect of contact time for HA concentration of 5
mg/L. It shows that increasing the contact time from 30 min to 180 min increased
degradation efficiency. The HA degradation for lower HA concentration at 5 mg/L
only require about 30 min of contact time to reach more than 90% for both
irradiations. After 30 min, the HA degradation seemed constant, with time. From the
Figure 4.5 (b), the result shows rapid increase of degradation efficiency for higher
concentration at 14 mg/L, especially at low contact time. Under UV-C irradiation, the
HA degradation reached more than 70% in 60 min. However, it reached only up to
60% for the case of UV-A. The HA degradation seems constant in the range of 60 to
90 min under UV-C irradiation and increased at 120 min. However, under UV-A
irradiation the HA degradation continuously increasing until 120 min. After 120 min
of contact time, degradation efficiency remained nearly constant for both irradiations.
The degradation efficiency was rapid at the beginning for high concentration because
there were a large number of active sites available on the surface of the adsorbent.
The number of sites decreased over time with the gradual occupation of sites by HA
(Oskoei et al., 2016). The complex chemical structure of HA break down as the
reaction of photocatalysis progresses. Therefore, the HA degradation efficiency

increased as result of their internal bond are weakened, with time.
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Figure 4.5  Effect of contact time on degradation of HA by ZnO photocatalyst
(@ HA conc. 5 mg/L, ZnO dose 0.3 g/L
(b) HA conc. 14 mg/L, ZnO dose 0.3 g/L

34



4.1.2.4 Effect of light intensity

Figure. 4.6 (a) and Figure 4.6 (b) show the effects of light intensity of 14 mg/L
HA concentration for UV-A and UV-C, respectively, with time. In this study, contact
time was varied from 30-180 min in order to find the effect of light intensity. Figure.
4.6 (a) shows that under UV-A irradiation, different behaviors are observed in
different light intensities. The lower intensity required 120 min of contact time to
reach more than 90% of HA degradation. On the other hand, higher intensities
required only 60 min of contact time. Figure 4.6 (b) shows lower intensity of UV-C
irradiation required 120 min to reach more than 90% of HA degradation. For higher

intensities required 90 min of contact time.

These graphs indicate that in terms of contact time, UV-A required lower
contact time than UV-C to reach 90% of HA degradation. However, UV-C seemed to
have higher degradation efficiency up to 150 min. For both irradiations, it is seen that
HA degradation reached more than 90% within 120-180 min, regardless of the power
of light intensity. Similar observation was obtained in a previous study by Bak et al.
(2015), in an experiment done for photocatalytic oxidation of trichloroethylene under
UV-A and UV-C irradiations. At higher intensities can result in higher electron-hole
pair generation rate. It produces a positive hole and a free radical for higher electron-
hole pairs. During this electron-hole pair generation, oxidation-reduction reactions
take place (Zhang et al., 2011).

Degradation efficiency is increased with the increase of light intensity for all
the tested cases. This is due to the fact that more radiation is absorbed by the catalyst
surface for producing electron-hole pairs. This result in producing higher radical’s

which lead to higher degradation efficiency.
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Figure 4.6 Effect of light intensity on degradation of HA by ZnO photocatalyst

(@) UV-A, HA conc. 14 mg/L, ZnO dose 0.3 g/L, contact time from 30 — 180 min
(b) UV-C, HA conc. 14 mg/L, ZnO dose 0.3 g/L, contact time from 30 — 180 min
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4.1.3 Adsorption

Figure 4.7 indicates the percent adsorption and photodegradation under UV-A
and UV-C irradiation at different time. Initially, the adsorption process process occur
where the HA molecules are attached onto the surface of ZnO. This step is followed
by photodegradation process. ZnO lower bandgap (3.3 eV), affect the
photodegradation process since it provides higher concentration of hydroxyl ions to
react with holes to form hydroxyl radicals. Hydroxyl radical is considered to be
responsible for oxidation decomposition of organic compound. However,
agglomeration and accumulation of ZnO might be occurred in the absence of

irradiation.

In addition to the above experiments, photolysis of UV-A and UV-C was
investigated at 14 mg/L of HA concentration for a contact time of 180 min. The
values for percentage of HA degradation were 77% and 79%, under UV-A and UV-C
irradiations, respectively. Therefore, it indicates that photolysis place a role in HA

degradation. HA degradation efficiency can be further enhanced by photodegradation.

= Adsorption Photodegradation

100.0

80.0

60.0

40.0 -

20.0 -

% HA degradation process

0.0 -

c
=
b4

=
[%))
o
3

=2
(o
<
b

—
=
[+2]
o
3

=
(o
<
o)

=
19,
o
3
=2
c
=
[a]

—
=
[+:]
o
3

2

Figure 4.7 Percent adsorption and photodegradation under UV-A and UV-C
irradiation at different time
(HA conc. 14 mg/L, ZnO dose 0.3 g/L, contact time 180 min)
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4.1.4 Reusability of catalyst

In order to study the reusability of the catalyst, centrifugation separation
method was used. Photocatalytic experiments were performed at 14 mg/L HA and 0.3
g/L ZnO, with 180 min of contact time. The ZnO was reused up to three cycles with
consistent activity. Similar studies were done on TiO, for five cycles (Putri et al.,
2015). After three cycles of reusability, the percentages of degradation obtained were
88% for UV-A and 76% for UV-C, respectively, as shown in Figure 4.8 below. With
higher number of cycles, the percentage of catalyst recovery decreased. The ZnO
dissolution might have occurred within the process resulting in reduced catalyst

recovery.

After first cycle, it is seen that under UV-C irradiation the HA degradation
becomes lower compared to UV-A. This is due to the capability of ZnO nanoparticles
to agglomerate due to their high surface energy. This can be supported by BET results
in Table 4.1. It shows that the surface area of ZnO decreased after 180 min
photocatalytic process. The decrease of HA degradation might occur from the
photocorrosion effect, which affected catalyst to a large extent. Huang et al. (2009),
showed similar result on Cu,O where the photocorrosion rate was rapid in catalyst as
against their micron sized counterparts. Therefore, three cycles of reusability is

suggested to be acceptable from the experiments of this study.
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Figure 4.8 Catalyst reusability under UV-A and UV-C irradiation
(HA conc. 14 mg/L, ZnO 0.3 g/L, contact time 180 min)

4.2 HA Degradation by TiO, Photocatalyst

4.2.1 Characteristic of TiO, as a catalyst
4.2.1.1 XRD Analysis

The catalyst characterization analysis of TiO, was performed by X-ray
diffractometer. The testing conditions were at step angle 0.02°; count time 0.5 sec; D-,
R- and S-slits 1°, 1/2° and 1/4°, respectively, target type: Cu; tube voltage 40 kV;
current 30 mA. It can be seen that TiO, used in this experiment is formed of two
phases, anatase and rutile. It can be indicated by characteristic of XRD pattern in
Figure 4.9. The diffraction pattern indicated that the rutile phase showed diffraction
peaks at 27°, 36° and 55°. Whereas, the diffraction peaks at 25° and 48° indicating for
the the anatase phase (Thamaphat et al., 2008).
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Figure4.9  X-ray diffraction pattern of TiO,

4.2.1.2 FT-IR Analysis

The composition quality of the TiO, was characterized by Fourier transform
infrared (Thermo Nicolet 6700 FT-IR spectrophotometer) spectroscopy in the mid-
infra red range (400-4000 cm'1). The sample was ground together with potassium
bromide (KBr) to a fine powder and the mixture was transferred to the compression
die. It was placed under high pressure until a pellet was formed. Figure 4.10 shows
the FT-IR spectra of as prepared the TiO; initial and after photocatalytic treatment for
UV-A and UV-C, respectively. It is observed in the graph that the initial TiO,
nanoparticles have different peaks formed. The peak of initial TiO, at 3442.64 cm™
corresponds to O—H stretch region. A broad band at 1635.31 cm ™ is characteristic of
O—Ti—O bond and narrow adsorption bond is observed due to Ti==0O bending
region. The sharp peak at 1384.29 cm™ is due to the scissoring of —CH, or the
symmetric deformation of the —CH3 group. TiO; oxides generally give absorption
bands in fingerprint region below 1000 cm™, which is assigned to arise from inter-

atomic vibrations at 499.25 cm™.

40



From Figure 4.11, FT-IR spectra under UV-A shows similar graph pattern
with UV-C. The peak of O-H stretching vibration shows the interaction between the
molecules, which effected the shifting of peak at 3442.64 cm™ of initial to 3396 cm™
for both irradiations. The molecules of H,O released as a result of adsorption of HA
onto the TiO, through O-H bond. Similar phenomenon is appeared for H-O-H
bending vibration. The shift of peak occurred at 1635.31 cm™ to 1629 cm™ for both
irradiations. It shows that the energy of O—Ti— O bond and narrow adsorption bond
decrease. Compared to the initial, the peak at 1384.29 cm™ which corresponds to the
scissoring of —CH; or the symmetric deformation of the —CH3 group disappeared. The
new absorption peak appeared at 621.36 cm™ for both irradiations, corresponding to
=C-H bending vibration, this occurred due to the HA degradation by products

adsorbed on the surface of TiO,.
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Figure 410 FT-IR spectra of TiO;
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4.2.1.3 BET Analysis

The Table 4.3 indicates properties of TiO, based on BET analysis before and
after photocatalytic process. Similar tendencies of the results were obtained as the
BET results of ZnO. After the photocatalyic process, the agglomeration of the
catalyst results in lower specific surface area. The cause for this agglomeration is due

to hydrogen bonding as explained previously for the case of ZnO.

Table 4.3 Properties of TiO, based on BET analysis

Specific surface Total pore Pore diameter
Parameter 5 3
area (m-/qg) volume (cm°/g) (nm)
TiO; (Initial) 52 0.026 2.008
TiO, (UV-A) 47.30 0.023 1.974
TiO, (UV-C) 49.59 0.025 1.989

4.2.1.4 XRF Analysis

From Table 4.4, the elements of TiO, initial and after treatment were observed by
XRF analysis. The initial of TiO, shows that 99.8% containing of the purity of
TiO,. Meanwhile, for TiO, after treatment it was found that several elements
attached on the TiO, surface. However, the elements SiO,, Fe,O3; ZnO, and CaO
attached on the TiO, surface in relatively small amount, less than 1%. When
comparing with the elements inside HA as shown in Appendix.1, the possibility

of the attachment of SiO,, Fe,O3 Zn0O, and CaO may be due to HA composition.
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Table 4.4 TiO, elements based on XRF analysis

Element TiO; (Initial) TiO, (UV-C)

TiO; (%) 99.8 99.3

Cl (%) 0.128 -

SiO; (%) - 0.462
SO3 (ppm) 541 -
Fe,O3 (ppm) - 966
ZnO (ppm) - 989
CaO (ppm) - 366

4.2.2 Pertinent factors of HA degradation
4.2.2.1 Effect of HA concentration

The effect of HA concentration on degradation is indicated from Figure 4.11,
the degradation of HA decreased from 74 to 47% for UV-A and 96 to 58% for UV-C,
respectively, when concentration is increased from 4 to 14 mg/L. It can be explained
from previous studies which show similar results for the photocatalytic oxidation of
other organic compounds. Palmer et al. (2002), reported that the decreasing of the
degradation efficiency is because of the fixed active site number at the TiO,/H,0O
interface. Thus, at low HA concentrations, an increased amount of water molecules
will be adsorbed onto the available TiO, particles, generating hydroxyl radicals and
resulting in a fast oxidation progression. In contrast, at increased HA concentrations,
there is a lower ratio of water molecules to free active sites, since the amount of active
sites are similar. Subsequently, competitive adsorption between the HA and water

molecules progresses and results in a decrease in the degradation rate.
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Figure 4.11 Effect of HA concentration on degradation by TiO, photocatalyst
(TiO, dose 0.1 g/L, contact time 60min)

4.2.2.2 Effect of TiO, dose

Figure 4.12 shows the effect of TiO, dose on HA degradation at 5 mg/L initial
concentration and with a contact time of 60 min. It was observed that the HA
degradation under UV-C irradiation reached more than 90% for all dosages of TiO..
Moreover, almost constant values were obtained for degradation efficiencies of UV-
C. For the case of UV-A irradiation, the degradation effiency was considerbly low at
lower dosage of TiO,. This behaviour is similar to that of the Figure 4.11, which
explained about the effect of HA concentration previously. This is due to the dose of
TiO, at 0.1 g/L, under UV-A irradiation less powerful to generate the hydroxyl
radicals which can degrade the HA. However, when the TiO, dose increasing at 0.3
g/L, the HA degradation increased. This is due to the availability of more catalyst
surfaces for absorption of UV irradiations, which resulted in producing higher amount
of hydroxyl radicals. For higher dosage from 0.5 g/L to 1 g/L, the HA degradation
seemed constant under UV-C irradiation and slightly decreased at 0.8 g/L under UV-
A irradiation. The decrease of HA degradation rate might be caused not only by
photodegradation reaction but also by the adsorption of HA on TiO, surface. Further,

the presence of TiO, particles in suspension causes the dispersion of radiation. At the
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high TiO, concentration the penetration depth of radiation into the layer of suspension
may be limited, leaving part of the solution not irradiated. During the photocatalytic
process, large amounts of particle aggregation may also occur, thus reducing the

catalyst surface.
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Figure 4.12  Effect of TiO, dose on degradation of HA
(HA conc. 5 mg/L, contact time 60 min)

4.2.2.3 Effect of contact time

Figure 4.13 (a) shows the effect of contact time for HA concentration of 5
mg/L. The HA degradation for lower concentration reached more than 90% within a
very short period of 30 min under UV-A and UV-C irradiations. After 30 min, the HA
degradation seemed insignificant, with time. From the Figure 4.5 (b), the result shows
rapid increase of degradation efficiency for higher concentration at 14 mg/L,
especially at low contact time. Under UV-C irradiation, the HA degradation reached
more than 70% within 60 min, whereas, UV-A reached more than 60% only. The HA
degradation continuously increased from 60 to 180 min under UV-C irradiation.
Similar behavior was observed for the case of UV-A. This is due to the complex

chemical structure of HA break down as the reaction of photocatalysis progresses.
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Therefore, the HA degradation efficiency increased as result of their internal bond are

weakened, with time.

In both lower and higher concentrations, UV-C irradiation showed higher
performance in HA degradation than that of the UV-A case. This is because the UV-C
irradiation consists of higher energy to provide higher electron-hole pair generation

rate which leads to produce higher number of hydroxyl radicals.
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Figure 4.13  Effect of contact time on degradation of HA by TiO, photocatalyst
(@) HA conc. 5 mg/L, TiO, dose 0.3 g/L
(b) HA conc. 14 mg/L, TiO, dose 0.3 g/L

4.2.2.4 Effect of light intensity

Figure 4.14 (a) and Figure 4.14 (b) shows the effects of light intensity for UV-
A and UV-C, respectively. For lower light intensities, UV-C lamp shows more
efficiency in degradation of HA than that of UV-A. However, in higher light
intensities, UV-A shows higher performance of HA degradation. This is due to the
different activation amount of TiO, phases. TiO, phases consist of two types, which
are anatase (approximately 80%) and rutile (approximately 20%). The rutile phase is
activated in higher wavelength, according to previous studies (Pansamut et al., 2013).
The band gap of TiO; is generally in range of 3.0-3.2 eV, wavelength is about 400
nm. This means that UV light irradiation with a wavelength lower than 400 nm begins
a photo-reaction. The characteristics of TiO, are the more powerful oxidative power
of the valence band holes than the reducibility of photo-induced electrons. The TiO,
has oxidation power, 3.2 eV for anatase and 3.0 eV for rutile, considering the

approximately 3.0 eV from the hydrogen reference potential and approximately 1.2
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eV from oxidation potential of water (Chen et al., 2007). In higher intensities, effects
of wavelength is higher in UV-A, which results in higher degradation by rutile phase.

Therefore, UV-A show higher performance at higher light intensities.
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Figure 4.14 Effect of light intensity on degradation of HA by TiO, photocatalyst
(a) UV-A, HA conc. 14 mg/L, TiO, dose 0.3 g/L, contact time from 30 — 180 min
(b) UV-C, HA conc. 14 mg/L, TiO, dose 0.3 g/L, contact time from 30 — 180 min
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4.2.3 Adsorption

Similar to the explanation mentioned in section 4.1.3, the process is initiated
by adsorption which is followed by photodegradation. In order to determine the
process of HA degradation, experiments of adsorption were carried out in the dark at
optimum condition. Higher contribution from adsorption can be seen in Figure 4.15.
More than 50% of HA was adsorbed on TiO, surface. As a result, HA is might be
composed of at least two components, one adsorbing easily at the TiO, surface, the
other one does not adsorb at all or adsorbs to a very limited extent. Photodegradation
reaction of such complicated compounds as HA, which has large size and contain
more functional groups per molecule, is not possible to occur in one stage (Palmer et
al., 2002). Intermediate species formed during degradation may desorb from the
surface with some delay. This can be supported by TOC solid phase results in Table
4.7. 1t is can be seen that by-products of HA were attached on the catalyst surface.
Furthermore, FT-IR spectra in Figure 4.10 shows that a new peak was formed as a by-
products of HA degradation were generated.

Similar to that of the ZnO case which was described previously in 4.1.3
section, photolysis of UV-A and UV-C was investigated at 14 mg/L of HA
concentration for a contact time of 180 min. Thus, it is proved that the photolysis can
cause degradation of HA. Further, HA degradation efficiency can be enhanced by

photodegradation.
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Figure 4.15 Percent of adsorption and photodegradation under UV-A and
UV-C irradiation at different time
(HA conc. 14 mg/L, ZnO dose 0.3 g/L, contact time 180 min)

4.2.4 Reusability of catalyst

In this experiment, TiO, was separated from the sample by using centrifuge.
The TiO, was reused for five cycles under identical experimental conditions to
investigate the efficiency of reusability of catalyst. After five reuses of the TiO,, there
IS a decrease in the degradation efficiency of the catalyst as seen in Figure 4.16. This
is due to the high molecular weight compound of HA, with a large number of
functional groups per molecule. The aggregation of the HA is occurred in this
process. This may affect to the reduction of degradation percentage (Palmer et al.,
2002). After 5 cycles of reusability, the percentages of degradations obtained were
74% for UV-A and 57% for UV-C, respectively. However, the reusability of the
catalysts is essentially beneficial when considering the commercial applications
(Mohammad et al., 2011). As previously mentioned in reusability of ZnO catalyst,
same behavior were observed, where both catalysts consist of thorough

photochemical stability.
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Figure 4.16  Catalyst reusability under UV-A and UV-C irradiation
(HA conc. 14 mg/L, ZnO dose 0.3 g/L, contact time 180 min)

4.3 Pseudo-first order Kinetics

Figure 4.17 and 4.18 were obtained by plotting In (Co/C;) versus time as
mentioned previously from Equation 4. K’ values were obtained from the tangents of
these plotted graphs. Then half-life (ti2) of photocatalysis was determined by Eq.(5).
The variables were summarized from Table 4.5 and 4.6. It is shown that the accuracy
of the plotted graphs increase with increase of initial concentration for both TiO, and
ZnO photocatalysts. From Figure 4.17 and 4.18 shows the slopes of plots which
express the photodegradation rate constants. The experimental results for different
initial HA concentrations indicated sufficient accuracy with the first order reaction as
shown from Eq.(2). Therefore, the first order Kinetics expression can be applied to
investigate the photocatalytic reaction process. The correlation coefficients obtained
for both TiO, and ZnO catalysts indicate good fitting of experimental data to that of
the kinetics equation. Similar results were obtained previously by Akpan and Hameed
(2011), on photocatalytic degradation of 2,4 dichlorophenoxyacetic acid by Ca-Ce-

Ti0, composite photocatalyst.
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It is evident that photocatalytic activity is more profound when the initial
concentrations of pollutant are lower. The results in Figure 4.17 and 4.18 confirm that
in lower HA concentrations, the photocatalytic activity increases. This can be due to
the reduction formation of hydroxyl radicals with increasing of HA. Other than
generating the oxidizing species, oxygen involve in carrying the photogenerated
charge at the semiconductor. It is influenced to a certain level to the surface properties
of the semiconductor, depending on surface hydroxyl groups and on adsorbed charge
molecules. Similar result was obtained by Yu et al. (2008) for the influence of
fluoride on photoactivity. Furthermore, the effect of contact time at lower HA
concentration was also carried out from 5 — 25 min. It can be seen in Figure 4.17 (c)
and 4.18 (c) that at lower concentration of 5 mg/l of HA at contact time ranging from
30 — 180 min, the slopes of the trend lines were higher than in the cases for lower
contact time. At lower concentration, the degradation is faster initially as seen from
Figure 4.17 (c) and 4.18 (c). At higher contact time, the equilibrium time is already
reached (5 mg/L). Similar observations were found for both catalyst TiO, and ZnO.
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Figure 4.17  Kinetics of HA degradation by TiO, photocatalyst (In(Co/Ct) vs. t) at

various initial HA concentration (TiO, dose: 0.3 g/L)

(@) UV-A; (b) UV-C; (c) HA conc. 5 mg/L, at lower contact time (5 - 25 min)
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Table 4.5 Kinetic parameters of HA degradation by TiO, photocatalyst at various
initial HA concentration

UV-A uv-C
Co 2 2
K' R tip K R tip
0.052 0.812 13.46 0.074 0.768 9.35
0.030 0.899 23.02 0.038 0.833 18.38
0.022 0.806 31.36 0.037 0.968 18.93
0.016 0.915 44.42 0.027 0.959 26.15

Comparing the slopes of the graphs shown in Figure 4.17 and 4.18 show that
lower HA concentrations of HA lead to higher slopes. The values for K' which
represents the slope, are mentioned in Table 4.5 and 4.6. Comparing the K' values for
the two cases of TiO, and ZnO may lead to illustrating the efficiency of the catalysts.
It is clearly seen from Table 4.5 and 4.6 that the K' values are higher in ZnO for all
UV-A cases. However, the values are higher in TiO, for all UV-C cases. It shows that
the ZnO performs better in UV-A irradiation while TiO, in UV-C irradiation. It is
reported previously that ZnO can exhibit higher UV absorbance than TiO, within the
wavelength range of 320-385nm under UV-A irradiation. This phenomenon occur due
to effect of UV-A irradiation on ZnO surface redox reaction, in which higher levels of
hydrogen peroxide were generated in UV-irradiated ZnO suspensions compared to
TiO, in the absence of added electron donors under this condition (Han et al., 2012).

Moreover, TiO, show higher performance under UV-C irradiation in this
study. Similar observation was made previously where UV-C lamp resulted in highest
apparent rate constant values for TiO,. The reason may be due to the highest
illumination intensities of UV-C. It shows that the activity of TiO, strongly depend on
the light-illumination (energy per unit area) or the photon flux on the surface of the
photo catalyst. In this study, comparatively the order of degradation was highest in
UV-C which was then followed by UV-A. In a study by Majid et al. (2011), it was
also reported that TiO, under UV-C irradiation can be successfully used for the

treatment of Rhodamine B contaminated wastewater. The band gap values of ZnO for

54



UV-A and TiO, for UV-C are reported previously as 3.3 eV and 3.0-3.2 eV,
respectively. However, the effect from other parameters was more profound than that
from band gaps. Therefore, the effect from band gaps for degradation results may be

not much different.
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Figure 4.18 Kinetics of HA degradation by ZnO photocatalyst (In(Co/Ct) vs. t) at
various initial HA concentration (ZnO dose: 0.3 g/L)
(@) UV-A; (b) UV-C; (c) HA conc. 5 mg/L, at lower contact time (5 - 25 min)

Table 4.6 Kinetic parameters of HA degradation by ZnO photocatalyst at various
initial HA concentration

UV-A uv-C
Co 5 5
K R tie K’ R tip
5 0.065 0.750 10.73 0.062 0.855 11.21
8 0.046 0.728 15.16 0.030 0.923 23.33
11 0.028 0.936 24.75 0.028 0.962 24.66
14 0.022 0.923 31.64 0.020 0.976 34.65

4.3.1 Half-life (t1/2)

The computations of the half-life (t;,) for TiO, and ZnO are shown in Table

4.5 and 4.6, respectively. The shorter ty, values indicate that the efficiency of the

degradation process is higher. The ti;, values behave inversely with that of the K'

values as expected as shown in Figure 4.19. From K' values comparison, it is
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previously shown that ZnO performs better in UV-A irradiation while TiO, in UV-C
irradiation. ZnO has lower ty;; values in UV-A irradiation which indicates higher
efficiency than that of TiO, under UV-A conditions. On the other hand, TiO, has
lower ty; values in UV-C irradiation which indicates higher efficiency than that of
ZnO under UV-C conditions. Rajamanickam et al. (2012) reported that the duration
increased with increasing concentration of the solute. Furthermore he indicated that
the intermediate decomposition products compete with the novel solute for the photo
generated radical oxidizing species.
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Figure 4.19 Half-life of L-H kinetic of HA photocatalytic degradation

4.3.2 Total Organic Carbon (TOC) and Mineralization

Throughout the experiments, total organic carbon was measured at optimum
condition (HA conc. 14 mg/L, catalyst dose 0.3 g/L, contact time 180 min). Total
organic carbon is the amount of carbon bound in an organic compound. This
measurement can be used as an indicator for monitoring oxidation-reduction reactions
of HA. The percentage of TOC degradation efficiency under UV-A and UV-C

irradiations are shown in Table 4.7. The TOC analysis was observed from liquid and
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solid phase. From the TOC solid phase results showed that the TOC value is very low,

less than 1% for each catalyst.

Under UV-A irradiation, the degradation of TOC were 68% and 67% for TiO,
and ZnO, respectively. However, under UV-C irradiation, the degradation efficiency
decreased 49% and 21% for TiO, and ZnO, respectively. When comparing the TOC
degradation efficiency with the HA degradation efficiency, the HA degradation
efficiency was reached 90% at 180 min under UV-A and UV-C irradiations for TiO,
and ZnO, which is much higher than the TOC degradation efficiency. It shows that
the intermediate compounds were generated subsequent to the oxidation process, and
incomplete mineralization of HA to the end product in form of CO, occurred.
Referring to chemical structure of HA that mentioned on chapter 2, mostly chemical
structure of HA is a carboxylic acids. Previous study reported that carboxylic acids
are easily transformed into CO, and H,O and the final carboxylic acid by product is
oxalic acid (HOOC-COOH) (Yadollah et al., 2011). The residual TOC efficiency of
mineralization specifies the presence of other photoproducts such as carboxylic acids
at the termination of the reaction. It is evident that the photomineralization process of
HA can be described by two key stages. In the first stage, there is a fragmentation of
the macromolecules in tiny molecules with a gradual conversion of organic carbon in
mineral carbon. In the second stage, these tiny molecules will re-adsorb at the catalyst

surface and mineralize rapidly.

From the TOC analysis results in solid phase at 14 mg/L of HA concentration,
0.3 g/L of catalyst dose within 180 min in dark condition, it was found that the values
for ZnO and TiO, cases were 0.09769 mg C/g and 0.082031 mg C/g, respectively.
These results can be supported by the adsorption values obtained previously. The
experimental results of adsorption process which were described previously in section
4.1.3 and 4.2.3 indicated that adsorption is the initial step of photodegradation. This
can be supported by TOC results. The tested results in section 4.2.3 proved the
expected outcome which is, higher adsorption in TiO, results in lower than the
remaining organic carbon inside catalyst. For ZnO case in section 4.1.3, lower

adsorption results in higher than the remaining carbon inside catalyst. The organic
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carbon was found to be higher on solid catalyst after the adsorption, but the amount
decreased after photodegradation for both cases of catalysts. It proves that adsorption
acts as the initial step which is followed by photodegradation in terms of degrading
the HA.

Table 4.7 The percentage of TOC degradation efficiency

TOC Results

%
Parameter Liquid Phase Solid Phase ’
Mineralization
(mg/L) % (mg C/g)

Initial 6.425 - - -
TiO2 UV-A 2.063 0.1037 0.0098 68%
TiO2 Uv-C 3.116 0.5321 0.0787 49%
7ZnO UV-A 2.052 0.7010 0.0694 67%
7ZnO UV-C 5.015 0.4684 0.0299 21%
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions

Based on the experiments conducted in the present study for photocatalytic
degradation of HA by using TiO, and ZnO photocatalyst, under UV-A and UV-C

irradiations, the following conclusions can be drawn:

5.1.1 HA Degradation by ZnO Photocatalyst
e Degradation efficiencies under UV-A irradiation was higher than that of
UV-C due to the highest illumination intensities of UV-C.

e The degradation efficiency was nearly consistent as the ZnO dose

increases, for both irradiations at 5 mg/L of HA concentration.

e The HA degradation was constant with contact time, at 5 mg/L for both

irradiations and continuously increasing at 14 mg/L.

e Degradation efficiency is increased with the increase of light intensity for
all the tested cases. This is due to the fact that more radiation is absorbed
by the catalyst surface for producing electron-hole pairs. This results in

producing higher radical’s which lead to higher degradation efficiency.

e In terms of adsorption isotherm, the process is dominated by

photodegradation than that of adsorption process.

e Three cycles of reusability is suggested to be acceptable from the
experiments from this study.

5.1.2 HA Degradation by TiO, Photocatalyst
e Degradation efficiencies under UV-C irradiation was higher than that of
UV-A due to the fact that under lower dose of TiO,, UV-A irradiation is

less powerful to generate the hydroxyl radicals which can degrade HA.
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The degradation efficiency under UV-C was nearly consistent as the TiO;
dose increases. However, For the case of UV-A irradiation, the
degradation effiency was considerbly low at lower dosage of TiO, due to

similar reason mentioned above.

The HA degradation was constant with contact time, at 5 mg/L for both
irradiations and continuously increasing at 14 mg/L. UV-C irradiation
showed higher performance in HA degradation than that of the UV-A case.

For lower light intensities, UV-C lamp shows more efficiency in
degradation of HA than that of UV-A. However, in higher light intensities,
UV-A shows higher performance of HA degradation. This is due to the

different activation amount of TiO, phases.

In terms of adsorption isotherm, the process is dominated by adsorption

than that of photodegradation process.

Five cycles of reusability is suggested to be acceptable from the
experiments from this study.

5.1.3 Comparison of ZnO and TiO, Photocatalyst
From FT-IR spectra results, it was found a new peak of by-products of HA

appeared.

From BET results, it was concluded that agglomeration of the catalyst was

occurred after photocatalytic process for both photocatalysts.

From XRF results, it was found that certain elements of by-products of HA

were attached on the surface of catalyst.

ZnO photocatalyst proved to be more compatible with UV-A light,
whereas, TiO, with UV-C.

In terms of the HA degradation efficiency, ZnO had higher HA
degradation efficiency compared to TiO,. In the short contact time 30 min

to 60 min, it was reached more than 90%.
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e In terms of light intensity, it proved that under low intensity lamp, HA can

be successfully degraded in low range concentration of HA.

e In terms of catalyst reusability, for both catalysts are quite reusable.
However, TiO, showed better photochemical stability than ZnO. From the
cycles of the reuse, TiO, can be reused and still applicable until 5 cycles,

whereas, ZnO only 3 cycles.

e From kinetics Langmuir-Hinshelwood, the first order Kinetics expression
can be successfully applied to investigate the photocatalytic reaction
process. The correlation coefficients obtained for both TiO, and ZnO
catalysts indicate good fitting of experimental data to that of the kinetics
equation. And for both catalysts was indicated follows a pseudo first order

Kinetic expression.

e From TOC results, it was indicated that the mineralization process was not
completely occurred, for both catalysts. It was found the amount of carbon
remained from liquid phase and solid phase of samples. This indicated that
the intermediate compounds were formed after the oxidation process, and
incomplete mineralization of HA to the end product in form of CO,

occurred.

e Based on TOC results, it can be concluded that the adsorption acts as the
initial step which is followed by photodegradation in terms of degrading
the HA

5.2 Recommendations

In order to improve the potential of photocatalytic process to degrade HA and
other complex organic compounds in field applications, the following

recommendations for future research are made as follows:

1. In the practical application, this treatment can be a good alternative to

degrade HA. Due to the short contact time required to degrade HA in low
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concentration range. Usually, HA concentration appear in natural water
resources around 2 mg/L to 15 mg/L.

Since of ZnO is easily to agglomerate in the solution, ultrasonic pre-
treatment required.

Since the energy levels take a part of this photocatalytic process, determine
of energy levels is required in-depth of research.

Immobilization of the catalyst on various substrate will enhance the
photocatalytic reaction and avoid the post separation difficulties with the
powder form of catalyst, when concerns in practical application.

For this research, main concern was only for drinking water treatment
process. The photocatalytic technology used in drinking water treatment
has two key considerations for applying in practical applications, whether
to be used as a pre-treatment step or stand-alone step. Pre-treatment is
carried out to enhance biodegradation of organic pollutants before
treatment and is an efficient method for HA. If used as a stand-alone step,

need to increase the resident time until reach the complete mineralization.
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Appendix A
Properties of HA-Sodium Salt

{-'EALDHH:H

Riedstragea 2, D-99555 StelnhelmiGamany
Tel: +48 73 2997 2550 Fax +49 73 2997 2557

SIGMA-ALDORICH"

Certificate of Analysis

Product Name:

HUMIC ACID SODIUM SALT
technical grade

Product Number: H16752

Product Brand: Aldrich

Molecular Formula:

Molecular Mass:

CAS Number: 68131-D4-4

TEST SPECIFICATION LOT STBB1688V RESULTS
APPEARAMCE (COLOR) BLACHK BLACK
APPEARAMCE (FORM) GRANULES GRANULES
ALUMINIUM (ICP) 384 %
BARIUM (ICF) 0.0028 %
CALCIUM {ICP) 0.609 %
CHROMIUM (ICP) 0.0058 %
COPPER (ICP) 0.0044 %
IRON {ICP) 0.976 %
GALLIUM (ICP) 0.0010 %
POTASSIUM (ICP) 0.17 %
LITHIUM (ICF) 0.0023 %
MAGNESIUM (ICP) 0.100 %
MANGAMNESE (ICP) 0.0020 %
SODIUM (ICP) 5.99 %
SILICON (ICP) 477 %
STRONTIUM (ICP) 0.0080 %
TITAMIUM {ICP) 04328 %
VAMADIUM (ICP) 0.0114 %
ZIRCOMNIUM (ICP) 0.0108 %
GQC RELEASE DATE 02/DEC/D9
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Appendix B
HA Standard

B.1 Humic Acid Methodology

Procedure for determining humic acid content

STANDARD STOCK PREPARATION (1000 ppm)
Dry Humig Acid (I.H.5.5.) for 4 hours @ 105 degrees centigrade. Weigh out 0.1075 g
of Humic Actd and dilute to 100 ml with deionized (DI) water. Shake for 1 hour.

STANDARD PREPARATION

Take 5 ml of Humic Acid Standard Stock Solution and dilute to 100ml with DI water
to make 50 ppm standard solution. Take 10 ml and dilute to 100 m] to make 100 ppm
standard. Take 20 ml and dilute to 100ml to make 200 ppm standard.

TEST PROCEDURE

With Spectrophotometer set at 430 nm, set up standard curve with the 50, 100 and
200 ppm standards, using water as a blank. Read vour sample and calculate
concentration from the standard curve.

CALCULATIONS
(ppm Humig Acid from standard curve) x (dilution factor = ppm Humig Acid

% Humic Acid = ppm Humic Acid / 10,000
DTPA = Diethylenetriamine Penta Acetic Acid

HPTA Method - Please note that the Humic Producis Trade Association, in

conjunction with the Infernational Humic Substance Sociefy (THSS) is developing a
new and much improved festing method for humic acid The method defection limifs

Jor HA and FA were 14.7 and 15 3 mg/L, respeciively.

B.2 Humic Acid Standard Curve

Concentration(mg/l) (Abs)
0 0
5 0.144
10 0.275
15 0.391
20 0.538
25 0.669
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Appendix C
Pertinent factors of HA degradation (ZnO)

C.1 Effect of HA concentration

Initial concentration (mg/L) | Initial absorbance | Final absorbance | Final concentration (mg/L)| % removal
UV-A
0 0 0 0 0
5 0.144 0.006 0.223880597 95.52238806
8 0.214 0.035 1.305970149 83.67537313
11 0.295 0.102 3.805970149 65.40027137
14 0.375 0.183 6.828358209 51.22601279
uv-C
0 0 0 0 0
5 0.144 0.003 0.111940299 97.76119403
8 0.214 0.055 2.052238806 74.34701493
11 0.295 0.116 4.328358209 60.65128901
14 0.375 0.196 7.313432836 47.76119403

C.2 Effect of ZnO dose

Initial concentration (mg/L) | TiO, Concentration (g/L) | Initial absorbance | Final absorbance | Final concentration (mg/L) | % removal
UV-A
5 0.1 0.144 0.006 0.22 95.52
0.3 0.005 0.19 96.27
0.5 0.005 0.19 96.27
0.8 0.002 0.07 98.51
1 0.008 0.30 94.03
uUv-C
5 0.1 0.144 0.003 0.11 97.76
0.3 0.004 0.15 97.01
0.5 0.002 0.07 98.51
0.8 0.003 0.11 97.76
1 0.006 0.22 95.52
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C.3 Effect of Contact time

Initial concentration (mg/L) Contact time (min) Initial absorbance | Final absorbance | Final concentration (mg/L) | % removal
UV-A
5 30 0.144 0.006 0.22 95.52
60 0.005 0.19 96.27
90 0.003 0.11 97.76
120 0.004 0.15 97.01
150 0.002 0.07 98.51
180 0.012 0.45 91.04
uv-C
5 30 0.144 0.009 0.34 93.28
60 0.005 0.19 96.27
90 0.006 0.22 95.52
120 0.007 0.26 94.78
150 0.004 0.15 97.01
180 0.012 0.45 91.04
Initial concentration (mg/L) Contact time (min) Initial absorbance | Final absorbance | Final concentration (mg/L) | % removal
UV-A
14 30 0.375 0.195 7.28 43.03
60 0.125 4.66 66.68
90 0.063 2.35 83.21
120 0.013 0.49 96.54
150 0.026 0.97 93.07
180 0.006 0.22 98.40
uv-C
14 30 0.375 0.203 7.57 45.90
60 0.085 3.17 77.35
90 0.082 3.06 78.14
120 0.005 0.19 98.67
150 0.015 0.56 96.00
180 0.012 0.45 96.80

73




C.4 Effect of Light Intensity

Initial concentration (mg/L) | Contact time (min) | Initial absorbance | Final absorbance | Final concentration (mg/L) | % removal
UV-A
UV-A (0.131 mw/cm?)
14 30 0.375 0.195 7.28 48.03
60 0.125 4.66 66.68
90 0.063 2.35 83.21
120 0.013 0.49 96.54
150 0.026 0.97 93.07
180 0.009 0.34 97.60
Uv-C
UV-C (0.196 mw/cm?)
14 30 0.375 0.203 7.57 45.90
60 0.085 3.17 77.35
90 0.056 2.09 85.07
120 0.005 0.19 98.67
150 0.015 0.56 96.00
180 0.012 0.45 96.80
Initial concentration (mg/L) | Contact time (min) | Initial absorbance | Final absorbance | Final concentration (mg/L) | % removal
UV-A
UV-A (0.167 mw/cm?)
14 30 0.375 0.158 5.90 57.89
60 0.016 0.60 95.74
90 0.011 0.41 97.07
120 0.013 0.49 96.54
150 0.012 0.45 96.80
180 0.008 0.30 97.87
Uv-C
UV-C (0.233 mw/cm?)
14 30 0.375 0.220 8.21 41.36
60 0.079 2.95 78.94
90 0.018 0.67 95.20
120 0.010 0.37 97.33
150 0.012 0.45 96.80
180 0.008 0.30 97.87
Initial concentration (mg/L) | Contact time (min) | Initial absorbance | Final absorbance | Final concentration (mg/L) | % removal
UV-A
UV-A (0.236 mw/cm?)
14 30 0.375 0.153 5.71 59.22
60 0.012 0.45 96.80
90 0.009 0.34 97.60
120 0.011 0.41 97.07
150 0.008 0.30 97.87
180 0 0.00 100.00
Uv-C
UV-C (0.284 mw/cm?)
14 30 0.375 0.218 8.13 41.90
60 0.064 2.39 82.94
90 0.015 0.56 96.00
120 0.006 0.22 98.40
150 0.007 0.26 98.13
180 0.002 0.07 99.47
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Appendix D

Pertinent factors of HA degradation (TiO,)

D.1 Effect of HA concentration

Initial concentration (mg/L) | Initial absorbance Final absorbance Final concentration (mg/L) % removal
UV-A
0 0 0 0
5 0.144 0.035 1.305970149 73.88059701
8 0.214 0.069 2.574626866 67.81716418
11 0.295 0.153 5.708955224 48.10040706
14 0.375 0.199 7.425373134 46.96162047
uv-C
0 0 0 0
5 0.144 0.005 0.186567164 96.26865672
8 0.214 0.016 0.597014925 92.53731343
11 0.295 0.077 2.873134328 73.88059701
14 0.375 0.156 5.820895522 58.42217484
D.2 Effect of TiO, dose
Initial concentration (mg/L) | TiO, Concentration (g/L) Initial absorbance Final absorbance | Final concentration (mg/L) % removal
UV-A
5 0.1 0.144 0.035 131 73.88
03 0.006 0.22 95.5
0.5 0.006 0.22 95.5
0.8 0.013 0.49 90.3
1 0.008 0.30 94.0
uv-Cc
5 0.1 0.144 0.005 0.19 9.3
0.3 0.003 0.11 97.8
0.5 0.004 0.15 97.0
0.8 0.006 0.22 95.5
1 0.004 0.15 97.0
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D.3 Effect of Contact time

Initial concentration (mg/L) | Contact time (minute) | Initial absorbance | Final absorbance |Final concentration (mg/L)| % removal
UV-A
5 30 0.144 0.008 0.30 94.0
60 0.006 0.22 95.5
90 0.002 0.07 98.5
120 0.009 0.34 93.3
150 0.013 0.49 90.3
180 0.004 0.15 97.0
uv-C
5 30 0.144 0.004 0.15 97.0
60 0.003 0.11 97.8
90 0 0.00 100.0
120 0.002 0.07 98.5
150 0.009 0.34 93.3
180 0.004 0.15 97.0
Initial concentration (mg/L) | Contact time (min) Initial absorbance | Final absorbance | Final concentration (mg/L)| % removal
UV-A
14 30 0.375 0.131 4.89 65.1
60 0.127 4.74 66.2
90 0.089 3.32 76.3
120 0.068 2.54 819
150 0.043 1.60 88.5
180 0.021 0.78 94.4
Uv-C
14 30 0.375 0.117 4.37 68.8
60 0.097 3.62 74.1
90 0.035 1.31 90.7
120 0.023 0.86 93.9
150 0.005 0.19 98.7
180 0.007 0.26 98.1
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D.4 Effect of Light Intensity

Initial concentration (mg/L)

Contact time (min)

Initial absorbance

Final absorbance

Final concentration (mg/L)

% removal

UV-A (0.131 mw/cm?)

14 30 0.375 0.131 4.89 65.1

60 0.127 4.74 66.2

90 0.089 3.32 76.3

120 0.068 2.54 81.9

150 0.043 1.60 88.5

180 0.021 0.78 94.4
UV-C (0.196 mw/cm?)

14 30 0.375 0.117 4.37 68.8

60 0.097 3.62 74.1

90 0.035 1.31 90.7

120 0.023 0.86 93.9

150 0.005 0.19 98.7

180 0.007 0.26 98.1

Initial concentration (mg/L) | Contact time (min) | Initial absorbance | Final absorbance | Final concentration (mg/L) | % removal

UV-A (0.167 mw/cm?)

14 30 0.375 0.112 4.18 70.1

60 0.089 3.32 76.3

90 0.042 1.57 88.8

120 0.019 0.71 94.9

150 0.003 0.11 99.2

180 0 0.00 100.0
UV-C (0.233 mw/cm?)

14 30 0.375 0.093 3.47 75.2

60 0.053 1.98 85.9

90 0.029 1.08 92.3

120 0.014 0.52 96.3

150 0 0.00 100.0

180 0 0.00 100.0

Initial concentration (mg/L) | Contact time (min) | Initial absorbance | Final absorbance | Final concentration (mg/L) | % removal

UV-A (0.236 mw/cm?)

14 30 0.375 0.071 2.65 81.1

60 0.020 0.75 94.7

90 0.012 0.45 96.8

120 0.006 0.22 98.4

150 0.005 0.19 98.7

180 0 0.00 100.0
UV-C (0.284 mw/cm?)

14 30 0.375 0.085 3.17 77.3

60 0.033 1.23 91.2

90 0.018 0.67 95.2

120 0.005 0.19 98.7

150 0 0.00 100.0

180 0 0.00 100.0
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Appendix E

Reusability of Catalyst

E.1ZnO
UV-A % Catalyst recovery| % Catalyst Lost | Final absorbance | Final concentration (mg/L) | % removal
Initial 100
recovery 1 100 0 0.02 0.75 94.7
recovery 2 88 12 0.024 0.90 93.6
recovery 3 86.2 13.8 0.044 1.64 88.3
uv-C % Catalyst recovery| % Catalyst Lost | Final absorbance | Final concentration (mg/L) | % removal
Initial 99.5
recovery 1 100 0 0.049 1.83 86.9
recovery 2 85 15 0.084 3.13 77.6
recovery 3 81.8 18.2 0.09 3.36 76.0
E.2 TiO;
UV-A % Catalyst recovery| % Catalyst Lost | Final absorbance | Final concentration (mg/L) | % removal
Initial 100
recovery 1 100 0 0.002 0.07 99.5
recovery 2 88 12 0.06 2.24 84.0
recovery 3 86.2 13.8 0.07 2.61 81.3
recovery 4 85 15 0.086 3.21 77.1
recovery 5 84.1 15.9 0.098 3.66 73.9
Uv-C % Catalyst recovery| % Catalyst Lost | Final absorbance | Final concentration (mg/L) | % removal
Initial 100
recovery 1 100 0 0.002 0.07 99.5
recovery 2 85 15 0.086 3.21 77.1
recovery 3 81.8 18.2 0.097 3.62 74.1
recovery 4 79.9 20.1 0.128 4.78 65.9
recovery 5 78.4 21.6 0.162 6.04 56.8
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Appendix F
BET Analysis Results

F.12ZnO
File Name Zn02 UV-A.DAT
Date of measurement 23/01/2059
Time of measurement 4:50:28
COMMENT1 portl
COMMENT?2 tirapote
COMMENT3 150C-overnight
COMMENT4 port1, Vacuum degree before measurement:4.236E-1Pa
Serial number BELmax 00092
Version
Sample weight 3.88E-02 [g] Saturated vapor pressure 102.49 [kPa]
Standard volume 24.236 [cm?] Adsorption cross section area 0.162 [nm?]
Dead volume 18.6 [cm’] File name of walladsorption
Equilibrium time 0 [sec] Wall adsorption correction value 1
Adsorptive N2 Wall adsorption correction value 2
Apparatus temperature 0[C] Number of adsorption data (23
Adsorption temperature 77 [K] Number of desorption data|0
Starting point 13
End point 20
Slore 0.088484
Intercept 0.00087996
Correlation coefficient 0.9999
Vm 11.19{[cm’(STP) g™
AsBET 48.705|[m? g'!]
C 101.55
Total pore volume (p/py=0.327) 0.024998|[cm’ g]
Average pore diameter 2.053|[nm]
BET-Plot
0.045

003

PIVilpo-p)

0.015

0.15 02
Pipy

0.25 03 035 04
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File Name Zn02 UV-C.DAT
Date of measurement 23/01/2059
Time of measurement 4:31:02
COMMENT 1 port3
COMMENT?2 tirapote
COMMENT3 150C-overnight
COMMENT4 port3, Vacuum degree before measurement:4.236E-1Pa
Serial number BELmax 00092
Version
Sample weight 4.50E-02 [g] Saturated vapor pressure 102.59 [kPa]
Standard volume 24.236 [cm’] Adsorption cross section area 0.162 [nm?]
Dead volume 28.37 [cm’] File name of walladsorption
Equilibrium time 0 [sec] Wall adsorption correction value 1
Adsorptive N2 Wall adsorption correction value 2
Apparatus temperature 0 [C] Number of adsorption data|22
Adsorption temperature 77 [K] Number of desorption data|0
Starting point 11
End point 19
Slore 0.093037
Intercept 0.0014787
Correlation coefficient 0.9996
Vm 10.58{[cm’(STP) g
asBET 46.05|[m? g'!]
C 63.919
Total pore volume (p/po=0.328) 0.023843|[cm’ g]
Average pore diameter 2.0711|[nm]
BET-Plot
0.045

0.03

PIVilpo-p)

0015

01

015 02

Pipo

04

025

0.3 035
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F.2TiO;

File Name TiO2 UV-A.DAT
Date of measurement 20/01/2059
Time of measurement 4:20:43
COMMENT 1 port3
COMMENT?2 Fang
COMMENT3 150 degree C3 h
COMMENT4 port3, Vacuum degree before measurement:4.261E-1Pa
Serial number BELmax 00092
Version
Sample weight 2.64E-02 [g] Saturated vapor pressure 102.04 [kPa]
Standard volume 24.236 [cm’] Adsorption cross section area 0.162 [nm?]
Dead volume 28.435 [cm®] File name of walladsorption
Equilibrium time 0 [sec] Wall adsorption correction value 1
Adsorptive N2 Wall adsorption correction value 2
Apparatus temperature 0[C] Number of adsorption data|22
Adsorption temperature 77 [K] Number of desorption data|0
Starting point 12
End point 18
Slore 0.08936
Intercept 0.0026674
Correlation coefficient 0.9995
Vm 10.866|[cm*(STP) g™
asBET 47.296|[m? g'!]
C 34.5
Total pore volume (p/po=0.328) 0.023335|[cm’ g]
Average pore diameter 1.9735|[nm]
BET-Plot

0.045

003

PIVilpo-p)

0015

01

0.15 02

025 03 0.35 04
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File Name TiO2 UV-C.DAT
Date of measurement 22/01/2059
Time of measurement 4:23:34
COMMENT 1 portl
COMMENT?2 tirapote
COMMENT3 150C-overnight
COMMENT4 port1, Vacuum degree before measurement:4.316E-1Pa
Serial number BELmax 00092
Version
Sample weight 1.99E-02 [g] Saturated vapor pressure 102.21 [kPa]
Standard volume 24.236 [cm’] Adsorption cross section area 0.162 [nm?]
Dead volume 18.256 [cm’] File name of walladsorption
Equilibrium time 0 [sec] Wall adsorption correction value 1
Adsorptive N2 Wall adsorption correction value 2
Apparatus temperature 0 [C] Number of adsorption data|21
Adsorption temperature 77 [K] Number of desorption data|0
Starting point 11
End point 18
Slore 0.086194
Intercept 0.0015842
Correlation coefficient 1
Vm 11.392|[cm*(STP) ]
asBET 49.585|[m? g'!]
C 55.408
Total pore volume (p/po=0.327) 0.024662|[cm’ g]
Average pore diameter 1.9895|[nm]
BET-Plot

0.045

0.03

PIValpo-p)

0.015

0.1

0.15 02

Plpg

0.25 03 035 04
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Appendix G
XRF Analysis Results

G.1 Initial Humic Acid
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G.3Zn0O UV-A
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G.5TiO,UV-C
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Appendix H

Diffuse reflectance UV-vis spectroscopy Results
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