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ABSTRACT

Chlorinated organics are a major concern because of their persistence in the

environment, possible toxicity and carcinogenicity. One of the substances of most

concern, chloroform, has been classified as a priority pollutant by U.S. Environmental

Protection Agency. It is present at trace levels in man-made drinking water and in waste

water from industries such as pulp and paper. The scope of this thesis has been to develop

instrumentation and methods for destruction and detection of chloroform and related

contaminants in such samples.

Attack of chloroform by free radicals (e.g., HO.) can result in complete

mineralization: i.e., quantitative liberation of the innocuous free chloride and generation of

carbon dioxide. Free radicals are formed when a suspension of a semiconductor material

such as titanium dioxide is illuminated with ultraviolet light. They are also formed when

aqueous solutions are subjected to a high intensity ultrasonic field. In this thesis we report

use of both UV and ultrasound to degrade chloroform, and have monitored the rate and

extent of conversion via real-time on-line measurement of free chloride concentration and

conductivity. The technique used for these studies is Flow Injection Analysis.

Specific objectives of this research were as follows:

(i) To develop a photo-reactor within which to carry out the degradation

experiments. This contained two mercury lamps and used either suspended titanium

dioxide powder (anatase) or titania glass as photocatalyst. The two UV lamps were

directly immersed in the solution to provide the most efficient UV irradiation. A 23 kHz

sonicator probe was situated in the centre of the vessel for those experiments which

required it.

(ii) To develop an automated sampling system by which the progress of the

reaction within the reactor could be followed. This was comprised of

polytetrafluoroethylene (Teflon®) tubing and contained an in-line microfiltering system to
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remove catalyst solids. It was used to take samples from the reactor and deliver them to

the detection system.

(iii) To develop an automated Flow Injection Analysis system to detect products

from the photodegradation of the organic species. A flow-through conductivity detector

was constructed and used to monitor the change in total free ions. A chloride ion selective

electrode with its flow-through cell was used to quantitatively monitor the change in

concentration of free chloride ion. In both cases the output was observed as a series of

skewed Gaussian peaks.

(iv) To characterize the instrumentation developed and to use it to study the

degradation of chlorinated organics - specifically chloroform. The instrumentation was

able to monitor the progress of reactions over a period of several hours without human

supervision. With the presence of UV light and titania powder catalyst it was found that

chloroform was totally degraded after about 50 mm. The chlorine was quantitatively

recovered as chloride ions. A kinetic analysis showed that the reaction curve followed

A—B--*C reactions. A mechanism for the reaction is proposed in the thesis. When using

a heterogeneous chloroform system, introduction of power ultrasound into the reactor

improved the yield after 20 mm by 41 % based on the detection of chloride ions. A

preliminary investigation of a glassy form of titanium dioxide showed a reaction rate which

was four times slower than for the anatase form, given equal masses. This rate difference

may be due to decreased contacting surface area. However, the glassy form is much

easier to use.

The system developed has strong potential for rapid, semi-automatic development

of optimal catalytic treatments to detoxify industrial waste water and purify municipal

drinking water. As such it has significant economic and environmental applications.
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CHAPTER 1

INTRODUCTION

Chlorinated organics are a major concern to the environment. One problem with

some of these chlorinated organics, and the reason why they are termed persistent, is that

it can take decades or even centuries for them to break down naturally. Because of this

persistence and their high solubility in fat, they tend to accumulate in the tissues of some

animals (a process called bioaccumulation). The contamination is then passed through the

food chain and can reach very high concentrations in the tissues of predators [1].

Chlorinated organics enter ecosystems by many pathways, including industrial

discharges and leakage, municipal and consumer wastes, and run-off from agricultural and

forestry applications. They are used as insecticides, such as DDT

(dichlorodiphenylfrichloroethane), and in various industrial applications, such as PCBs

(polychiorinated biphenyls). Other important sources are the by-products of certain

chlorination processes. Chlorination is widely used to disinfect waste water, drinking

water [21 and swimming pools. Industrial uses of chlorine include bleaching of wood pulp

[3]. Water chlorination does more than eliminate unwanted color and destroy bacteria;

chemical reactions take place between chlorine and organic materials present in water to

form chlorinated organics. Some of the chioro-organic compounds formed exhibit acute

and chronic toxicity to aquatic organisms. Chloroform, for example, is toxic and

carcinogenic. It is a common synthetic product arising at ppb (parts per billion) levels

during municipal chlorination of drinking water supplies [4-7]. Although it is not an acute

hazard to humans at the levels detected (the minimum lethal dose (MLD) of chloroform to

a human being is 15 ml /70 kg person [8]), its presence suggests the need to monitor and
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to determine whether there may be a chronic long-term threat to the populace. The U.S.

Environmental Protection Agency (US EPA) has classified chloroform as a “priority

pollutant” [9] and has set a recommended maximum concentration of 100 ig/l in drinking

water [101.

One possible mechanism for the formation of chloroform can be deduced from the

compounds detected in tap water. Trihalogenated methanes and ethanol were found in tap

water but mono- and dihalogenated compounds could not be detected [6]. Ethanol

oxidizes to acetaldehyde, which in turn, reacts with free chlorine to form chloral. Water

combines with chioral to form chioral hydrate, which then decomposes to form

chloroform. The reaction scheme is:

Cl2
CH3CH2OH CH3CHO CI3CCHO (chioral)

H20
Cl3CCH(OH)2 CHC13

Using chlorine to bleach pulp results in the formation and subsequent discharge of

chlorinated organic matter. Chloroform is one of the most abundant volatile chlorinated

compounds found in effluent from the C-stage (chlorine) of bleaching of wood pulp

[3, 11-13]. This stage has been identified as the major source of chloroform release to the

atmosphere [13). Therefore, chloroform has been of significant interest to the pulp and

paper industry in British Columbia and elsewhere. The industry is switching more of its

production to chlorine dioxide bleaching, which results in far less chlorinated material in

the waste stream (effluent).
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1.1 DEGRADATION OF CHLORINATED ORGANICS IN WATER

Concern over chloroform and other chioro-organic compounds in the aqueous

environment has prompted research into methods for their degradation. Catalyst-assisted

photodegradation, biodegradation, chemical degradation and ultrasonic degradation are

some of the more common methods.

Ideally, a water treatment process for degradation of trace halocarbon

contaminants should yield innocuous products such as carbon dioxide, hydrochloric acid

and water. This is referred to as “complete mineralization”. Since toxicity of chlorinated

aliphatic hydrocarbons decreases with chlorine content [14], partial degradation with

dehalogenation may result in partial detoxification. Hydroxylation of carbon-chlorine

bonds (with release of free chloride) is usually the important step in the degradation and is

particularly effective at detoxification. In part this is because the addition of a hydroxyl

group into the molecule makes the compound more polar and hence more soluble in

water, and makes the substance biologically more reactive [15]. From another

perspective, the resulting products from hydroxylation tend to be excreted more readily by

living organisms. The following sections will briefly describe degradation methods which

have been commonly investigated.

1.1.1 PIIOTODEGRADATION USING TITANIUM DIOXIDE

Recently, a method for destroying organic impurities has attracted much attention

because of its possible use in puriijing drinking water and waste water. This method is

based on the powerful catalytic ability of the semiconductor titanium dioxide (anatase

form) when exposed to near-ultraviolet (UV) light. It is fast and does not necessarily

require addition of liquid reagents. Titanium dioxide is activated only by photons of

wavelength 350 nm [16]. Heterogeneous photo-assisted catalysis has been shown to

be an effective method for complete mineralization (to dissolved CO2 and HC1) of dilute
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aqueous solutions of many common chlorinated organic compounds [17]. Complete

decomposition of aliphatic polychlorinated compounds, such as chloroform (CHC13)

[16,18], dichloromethane (CH2C12) [16], carbon tetrachioride (CC14) [16] and

trichioroethylene (CI2CCHC1) [14] has been reported. Rate parameters for degradation of

these polychlorinated compounds have been obtained by Ollis [19]. Most aromatic

compounds and chlorine substituted aromatics are more intractable than aliphatics.

Complete mineralization requires cleavage of the aromatic rings. Titanium dioxide

suspensions illuminated with UV light have been used for this purpose [17]. According to

Barbeni et at, aqueous solutions of 4-chlorophenol (4-CP) [20] and pentachlorophenol

(PCP) [21] are almost completely decomposed to CO2 and HC1. Kinetics of such

reactions have been actively studied by Matthews [17, 22] and Ollis [19].

Mechanism

In the presence of oxygen, several n-type semiconductor powders have been

shown to behave as photo-catalysts and promote the oxidation of substances. Powders of

semiconductors such as Ti02 offer many advantages for desorptive decomposition. Toxic

compounds can be readily adsorbed to their surface, which can then be activated through

UV irradiation or attachment of reactive species. Irradiation of a semiconductor such as

Ti02 with light of energy higher than the band-gap results in creation of positive holes

(hj in the valence band and electrons (e) in the conduction band of the semiconductor

[23]. These charge carriers can recombine without further reaction. Alternatively, the

holes can be scavenged by oxidizable species (for example H20, H202, or a hydrocarbon

RH), and the electrons by reducible species (for example, 02 or H+) in the solution.

Scheme 1.1 shows the reactions which occur [23].
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hv
Ti02 > Ti02” (h + e)

H20 + h -* H0 +

HO- + h -* HO•

H + e —* H•

02 + e —* O2 >HO2

O2 -

2H02•-*02+ 11202 > HO• + HO- +02

Scheme 1.1 Proposed mechanism of production of HO. radicals

The hydroxyl radical, HO., produced as an intermediate, plays an important role in

the oxidation process. It is an indiscriminate, electrophilic, highly reactive species which

degrades organic components of any water system. The hydroxyl radical is more reactive

than its parent and is responsible for the major pathway to the hydroxylation of organics.

Organics may be quantitatively oxidized, stepwise, by such reactions

— eventually to C02 and HC1.

Tokumaru and coworkers [24] have demonstrated that hydroxyl radical, HO. is

formed via the oxidation of water by a positive hole (h) of Ti02 with concurrent removal

of the electron by molecular oxygen. Bard et al [25] demonstrated the formation of HO.

radical on Ti02 photocatalyst under illumination by using spin-trapping. The probable

role of HO. in oxidation reactions is also supported by the reaction of Fenton’s reagent

with benzoic acid [26] and chlorophenols [27]. Fenton’s reagent is a mixture of hydrogen

peroxide and a reducing agent such as ferrous ion which gives hydroxyl radicals, HO..

Fe2 +11202 —* Fe3 + HO. + 0H
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The hydroxyl radicals produced oxidize benzoic acid and chiorophenols completely to

carbon dioxide, hydrochloric acid and water.

The mechanism of decomposition of chlorinated hydrocarbons is summarized as

follows: in aqueous solution, the surface of Ti02 is covered with OH- as well as H20.

These species may react with the photo-generated hole (hj to produce HO. Chlorinated

organics in aqueous media are adsorbed onto the surface of the catalyst. The carbon-

chlorine bond may then be attacked and chlorine substituted by the electrophilic species

(HO.) to form an alcohol. The alcohol may be oxidized by photo-generated holes and

highly reactive, reducible hydroxyl radicals to form aldehydes or ketones. These are easily

oxidized further to carboxylic acids. Carboxylic acids can be decomposed to C02 via the

“photo-kolbe” reaction [26, 28, 29]. Chlorine radicals are converted to chloride ions by

capture of electrons. The presence of molecular oxygen and water are essential to this

reaction scheme [14, 20, 21].

If the intensity of the light is sufficiently high, the photocatalytic powders cannot

absorb all of the incident photons. Thus, this radiation can cause homogeneous photolysis

reactions, in addition to the desired heterogeneous photocatalytic degradation processes.

This renders detailed mechanistic studies of such systems very difficult.

The effect ofnwlecular oxygen on photodecoinposition

Molecular oxygen is required stoichiometrically for complete mineralization of

organic impurities. For example,

Ti02/hv
CHCI3 + H20 + 1/202 > CO2 + 3 HCI
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Molecular oxygen acts as an electron acceptor to scavenge the photo-generated

electrons during formation of HO. via oxidation of water by the photo-generated holes.

This serves as a competition reaction for the recombination of photo-generated holes and

electrons.

1120+ h -* HO• + H

02 + e — [O21T,o2

[O2iTio2 + e —* [O22]Tjo2

Hydroxyl radicals and peroxides are important intermediates involved in the

decomposition process because they are powerful oxidizing agents. The fact that some

organics degrade slowly or are incompletely degraded could be due to the amount of

hydroxyl radicals and peroxo groups generated on the surface being a limiting factor.

Molecular oxygen is a very convenient oxidizing agent for most photocatalytic

oxidations since it is readily available in air. Oxygen may enter into solution by several

routes: (1) from fresh liquid, (2) by exposure of powder-containing solution to air,

(3) through the walls of the reaction vessel which may be porous to oxygen, and (4) by

deliberate aeration of the solution.

1.1.2 SONOLYSIS WITH POWER ULTRASOUND

Ultrasonic oxidation has been reported as a method of degrading toxic materials

such as phenols and chlorophenols in waste water in general, and in bleach plant effluent in

particular [30]. When an aqueous medium containing organic halogen compounds such as

CH2CI2,CHC13 or CCI4, is irradiated with ultrasound, the carbon-halogen bond is cleaved

[31]. Sonication of solutions results in localized extreme reaction conditions. Cavitation

bubbles form and collapse. The localized pressures and temperatures generated are
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sufficient to cause rupture of the 0-H bond of water with the formation of hydroxyl

radicals and hydrogen peroxide [31, 32]. Ultrasound irradiation also increases the activity

of powder catalysts [331 since it causes remarkable changes in particle aggregation,

surface morphology and (for powdered metal catalysts) thickness of oxide coatings. It is

increasingly used to initiate and promote chemical reactions [31, 32, 34]. Turai [35]

reported that ultrasound improved the biological activity of bacteria used in waste water

treatment by increasing the availability of oxygen and mass transfer of the pollutants to

and from the bacteria.

The sound spectrum

The normal frequency range of human hearing is between 16 Hz and 16 kHz.

Ultrasound is defined as the sound having higher frequency than that to which the human

ear can respond. It is generally considered to lie between 20 kHz and 500 MHz

(Figure 1.1) [36].

100 101

I I
io6 8

Frequency (Hz)
10

[Ran]

[Uses]

Power Ultrasound
(20kHz- 100kHz)

Cleaning
Plastic Welding

Chemical Reactivity

High Frequency
Ultrasound
(1MHz- 10MHz)

Medical Diagnostics
Chemical Analysis

Figure 1.1 Sound frequencies

Human Hearing
(16Hz- 16kHz)
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The use of ultrasound within this large frequency range may be divided into two

principle areas: (1) power ultrasound and (2) high frequency ultrasound. Power

ultrasound involves relatively higher power and low frequency waves between 20 kHz and

100 kHz. Applications include cleaning, plastic wielding, and more recently to affect

chemical reactivity. High frequency ultrasound involves high frequency, low amplitude

propagation. It is used in medical scanning, chemical analysis and studies on relaxation

phenomena.

Ultrasoundproduction

For economic reasons mainly, 20-50 kHz is the region most commonly used. The

required power and frequency range usefbl for chemical purposes is generally produced by

an ultrasonic transducer or converter which converts either mechanical or electrical energy

into high frequency sound. Commonly used transducers which produce power ultrasound

are piezoelectric crystals and magnetostrictive devices. The operation of the former is

now described.

A piezoelectric crystal, such as quartz, is coupled to suitable electrodes, and when

an alternating current of ultrasonic frequency is applied, the crystal vibrates (expands and

contracts) producing ultrasound. The transducer crystal vibrates in the longitudinal

direction and transmits this motion to a microtip (Figure 1.2). The material used for the

tip should have high dynamic fatigue strength, low acoustic loss, be resistant to cavitation

erosion and be chemically inert. The best material by far is titanium alloy.

9
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Figure 1.2 Schematic diagram of an ultrasonic probe system

Chemical effects ofpower ultrasound

Most chemists who have an interest in sonochemistry concentrate on power

ultrasound, since this type of sound provides sufficient energy to affect chemical reactivity

[31].

The physical phenomenon caused by power ultrasound which is responsible for

most of the chemical effects is cavitation [34]. Like any sound wave, ultrasound is

transmitted as a pressure wave through a medium. During each “stretching” phase a fluid

medium can literally be torn apart, provided that the negative pressure is strong enough to

overcome intermolecular binding forces. Cavitation produces tiny micro-bubbles

(cavities) of approximately 100 nm in diameter. In succeeding compression expansion

cycles, these cavities grow until they become unstable, whereupon they collapse violently

CONVERTER

HORN GENERATOR
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in less than a microsecond with the release of large amounts of energy in the immediate

vicinity of the micro-bubbles. The likelihood of cavitation occurring increases with

aeration and power applied, and decreases at high frequencies (> 50 kHz) [36].

It has been estimated that transient local temperatures of up to several thousand

Kelvin (> 5000 K) [37] and local pressures of up to one hundred atmospheres are

produced during this collapse. In the immediate vicinity of the imploding bubble the

powerful shock wave produced on collapse will create a jet at roughly 400 km/h through

the solution [34]. It is the violent implosion of unstable cavities which generates these

momentarily extreme local temperatures, pressures and shock waves, and which provides

a unique environment for chemical reactions.

1.1.3 OTHER POSSIBLE METHODS

Chemical oxidations by dO2,H202and Fenton’s reagent (H202+ Fe2j [38] have

also been studied for the purpose of disinfecting and bleaching. High chemical demand,

the consequent high cost, and the chemical contaminants introduced externally can

preclude the use of such chemical degradation as a viable treatment alternative in some

circumstances. Nevertheless, C102 has replaced (or partially replaced) Cl2 bleaching in

many kraft mills.

The metabolism of chlorinated molecules by bacteria can also contribute to

environmental detoxification. Two reports have dealt with the aerobic biodegradation of

pentachlorophenol (PCP) [39, 40]. Hydrocarbons are now known to be biodegraded by

numerous environmental microorganisms. However, many halogenated compounds are

biodegraded poorly and the most highly halogenated molecules appear to be metabolized

exceeding slowly.

Other possible approaches to disinfect drinking water [41] and ground water [42]

include ozonation and irradiation by ultraviolet light. Ozone is now being used instead of
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free chlorine in production of bleached kraft pulp [43]. Ozone, short-lived in water, is an

extremely strong disinfectant, second only to fluorine. It is also a chlorine-free

disinfectant and may one day lead to complete elimination of man-made chlorinated

substances from effluents. Two types of ozone reactions occur in natural waters: direct

ozonation reactions and free radical ozonation reactions [41]. Direct ozonation reactions,

which involve the ozone molecule, are highly selective and relatively slow. The free

radical ozonation reactions involve the autocatalytic decomposition of ozone, which

results in the production of the same highly reactive but unstable intermediate mentioned

previously - the hydroxyl radical. This free radical has been observed to be a less selective

and more powerful oxidant than ozone itself.

Ozonation has its own problems. Ozone reacts selectively with organic

compounds and usually cannot decompose the organics completely to carbon dioxide and

water [44]. Also ozone is very unstable, with a half-life of just 15 minutes at room

temperature. This means it must be produced on-site, using processes which require high

consumption of electrical energy.

High temperature processes such as incineration [45] may be used satisfactorily to

treat waste hydrocarbon liquids or vapors which contain difficult chlorinated components.

However, such high temperature treatments of very dilute halocarbon aqueous solutions

are economically impractical.

12



1.2 REAL-TIME REACTION MONITORING BY HA

Real-time monitoring of the reactions described above requires either in-situ

sensors (within the reaction vessel) or analytical systems which sample the contents of a

reaction vessel at regular intervals, and track the concentrations of key species present.

Flow injection analysis (FIA) has been proven to be a suitable methodology. It is an ideal

tool for liquid sample handing, pretreatment of samples prior to their determination, and

selective detection of analytes. Separation techniques such as in-line filtration can be

implemented and provide reproducible results. FIA systems provide fast, precise, and

accurate analyses. They are simple to operate and straightforward to automate; the latter

property results in decreased labor expenses. The small volumes of solution required per

analysis minimize reagent volumes used, sample costs and waste disposal problems. An

automated FIA system provides a means of carrying out an analysis in a closed system,

thus materials which are toxic or unstable in air may be more conveniently and safely

analyzed than by a manual method.

1.2.1 PRINCIPLES OF FLOW INJECTION ANALYSIS (FIA)

Principles offlow injection analysis andfunction ofaflow system

Flow injection analysis is based on injection of a liquid sample into a moving,

non-segmented continuous carrier stream of a suitable liquid. The injected sample forms a

zone, which is then transported towards a detector that continuously records the

absorbance, electrode potential, or some other physical parameter(s) of the stream as it

continuously changes due to the passage of the sample through the detector flow cell

[46, 47].

A simple flow injection analyzer (Figure 1.3) consists of a pump, which is used to

propel the carrier/reagent stream through a narrow tube; an injection port, which
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introduces a well-defined volume of sample solution into the carrier stream in a

reproducible manner; a reaction coil in which the sample zone disperses and possibly

reacts with the components of the carrier stream; a flow-through detector which

quantitatively detects the chemical species of interest; and a recording device [46]. FIA is

based on the combination of three principles: sample injection, controlled dispersion of the

injected sample zone, and reproducible timing of its movement from the injection point

towards and through the detector.

Pump Sample

Carrier

___________

To Waste

Figure 1.3 Single-line FIA manifold

A well-designed FIA system has an extremely rapid response: the residence time tr,

which is the time between the injection and the peak maximum is in the range of 5-20 s.

The residence time also defines the period for chemical reaction, if any. A sampling cycle

is typically less than 30 s. The injected sample volumes are usually between 10 and

250 j.tl. Thus, FIA is a simple, microchemical analytical technique, capable of having a

high sampling rate (120 cycles/h), minimal sample and reagent consumption, and can

produce results in near real-time.

Reaction
Coil

Injection Port
Flow-through

Detector
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Dispersion of the sample zone

A sample solution contained within the injection valve prior to injection is

homogeneous and has original concentration 0’. If it could be scanned by a detector, a

square signal would be produced, the height ofwhich would be proportional to the sample

concentration (Figure 1.4, left). When the sample zone is injected, it follows the

movement of the carrier stream and forms a dispersed zone whose shape depends on the

geometry of the channel, the flow velocity, time of sample residence in tube, viscosity and

the diffusion coefficient of analyte solution [48]. Hence a concentration gradient is

formed and the peak-shaped response curve reflects a continuum of analyte concentrations

and dispersion (D) values (Figure 1.4, right).

Transport conduit cross-section - top;
No dispersion - left;

Concentration profile - bottom
Dispersion - right

Two physical processes, convection and difihision, are responsible for sample

dispersion. The former is induced by flow and causes the sample zone to acquire a

parabolic head and tail; the latter causes the concentration profile across the zone to take

Figure 1.4 Schematic representation of the effect of dispersion on an injected sample
zone.
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on a Gaussian shape. Combination of convection and diffusion results in FIA peaks

typically being described as skewed Gaussian peaks.

In FIA, excessive dispersion results in loss of sensitivity. Sufficient dispersion is

required for mixing and reaction to take place and (usually) for the production of a

concentration gradient. In order to design an FIA system rationally, the dispersion

coefficient D has been defined as the ratio of concentration of sample material before and

after the dispersion process has taken place [491:

D=C°/C

where D is the dispersion coefficient, C is the original sample concentration and C is the

concentration after dispersion. This is shown on the right hand side axis of Figure 1.4.

FIA Readout

When recorded, the transient signal observed by a detector during the passage of

the dispersed sample zone has the form of a peak. The height H, width W, or area A of a

peak is related to the concentration of the analyte present (Figure 1.5) [461.

4’
U)
C
0

(I)
0

Figure 1.5

H: the peak height
A: the peak area
tr: the residence time

A typical recorder output

W: the peak width at a selected level
tb: the peak width at the baseline
S: injection of sample
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Peak height, H, is the most frequently measured peak dimension in FIA since it is

easily identified and directly related to detector response, such as absorbance, potential,

current, etc. Provided that the detector used responds linearly to the concentration of the

sensed species, then peak height is a linear function of analyte concentration:

H a + bC

where a and b are intercept and slope constants. Peak height is most commonly measured

at peak maximum, but (especially for high concentrated samples) may also be measured at

any other point along the response curve.

Peak area, A, is similarly to peak height, directly related to the detector output. It

can provide improved sensitivity over peak height since it involves integration over a

larger number of data points. However, its use is somewhat restricted by the difficulty in

eliminating baseline noise and determining accurately the beginning and end of the peak.

Furthermore, it cannot be used as accurately for “log(C) detectors” such as ion selective

electrodes: It distorts the readouts, since that portion of response which is close to the

baseline disproportionally weighs much more than the portions of readout close to the

peak apex.

Peak width, W, typically measured as full width at half maximum of the peak

(FW.HM), is logarithmically dependent on analyte concentration. It has a wider dynamic

range than peak height and peak area measurement, but is less precise. Peak width

measurements have been used in specialized applications such as titrations.

1.2.2 PROCESS MONITORING BY FL4

FIA is finding increasing applications in chemical routine analysis and research,

teaching of analytical chemistry and monitoring of chemical processes. Perhaps the fastest

growing area of interest is in using FIA for process control. The main reason is that by
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analyzing the chemical composition of process streams in near real-time the process

operation can be tuned to its optimal level [50]. Optimization is of great importance for

economic reasons, since it allows better use of raw materials and energy. Other

advantages of the results of optimization include corrosion prevention, environmental

protection, prevention of the production of undesirable, toxic or otherwise hazardous by

products, compliance with stringent statutory regulations; and ensuring high product

quality and product quality reproducibility.

Advantages of use ofFIA in process control

Most sensors developed for detection of chemical components cannot be installed

directly in the process stream, since they can quickly suffer from erosion, occlusion,

poisoning or other physical damage. Also, regular calibration of some in-situ on-line

process sensors is very difficult. In process control applications, flow injection analyzers

automatically take, pretreat, and analyze samples. Their control microprocessors then the

data and communicate results with the process environment. They offer many practical

benefits which enhance the attractiveness and acceptance of on-line chemical analysis as

part of closed-loop control.

(1) They facilitate near real-time continuous monitoring by regularly aspirating sample

solution (for example, from a batch-type chemical reactor) into a carrier solution, the

detector being operated in an impulse response mode. Thus a chemically modulated

signal, continuously recorded as a series of peaks, offers a valuable measurement of both

the detector and process performance. Near real-time measurement is an important

objective to be pursued in process analysis.

(2) One important advantage of using a pulsed technique in process control is the

constant check on baseline drift (Figure 1.6) [51]. In continuous FIA, a nearly complete

return to the baseline can be achieved between two successive injections by a proper

selection of the injection frequency. In this way, it is easy to correct for slow fluctuations
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of the background. Detector fouling can be prevented by means of a periodic wash

sequence, perhaps using dilute acid and/or a detergent. Occasional injections of standard

solutions allow further control of detector performance, thus ensuring that the magnitude

of the recorded peaks truly reflects the concentration of the monitored species (and not

deterioration of the response characteristics of the detector).

I

Figure 1.6 Analyzer response vs. time.

(a) No concentration change; drift of baseline.

(b) Concentration change; constant baseline.

Key: (—) Flow injection device; (---) Continuous monitoring device.

(3) The profile of the transient signal obtained with plug injection can provide a

trained operator with valuable information about the correct functioning of any flow

injection system.

(4) The operation costs of FIA are low because of low consumption of reagent and

sample. The operation and maintenance ofFIA systems are generally simple.

time -
time —
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FIA approachesfor process control

There are three approaches for process control applications utilizing peak height as

the source of information. They are based on sample injection, standard injection and

reagent injection.

Sample injection (Figure 1.7) follows the scheme most frequently used in

laboratory applications of FIA: a solution from a reactor, or a stream to be monitored, is

(after possible pretreatment) propelled by a pump (P1) into an injection valve, which,

when turned, injects the analyte into the carrier stream, merging downstream with a

suitable reagent. After passage through a reaction coil, within which the species to be

monitored is produced, the sample zone enters the detector, which continuously records

the composition of the stream. A sufficient amount of time is allowed to transpire

between individual injections, so that baseline is re-established, indicating that the system

has been thoroughly washed and that the detector is fhnctioning properly. Calibration can

be performed before, after, or even during the monitoring period by injecting standard

solutions. Computer control of the FIA system allows for precise timing of events

(injection, start-go pumping sequences, data collection, and recalibration).

Standard injection involves continuously pumping and monitoring analyte

solution. An occasional injection of a standard allows periodical control of the response

of the system. The drawback of the standard injection approach is that the FIA channel

and the detector are not periodically washed by a cleansing carrier solution and might

therefore become contaminated.

Reagent injection saves reagent(s) consumption by injection of small amount of

reagents only at the times when a readout is required, while the analyte solution is pumped

continuously through the FIA channel. Since detectable species are formed only in the

presence of the reagent(s), the readout still has the form of a peak. A series of peaks is

obtained that reflects the change of analyte concentrations during the monitoring period.

Calibration is achieved by aspirating standard solutions instead of sample solution.

20



Reagent

Figure 1.7 Continuous monitoring based on sample injection

(a) The sample, aspirated from a process reactor by pump P1 is intermittently injected by a
valve into the carrier stream which is merged with reagent solution, propelled by pump P2.
(b) Before monitoring the process, the system is calibrated by injecting a series of
standards. This procedure is repeated after the monitoring period. The baseline is reached
between each injection, thereby allowing control of the performance of the analyzer itself.

Pump P1

Pump P2

Carrier

Process©

©

Reaction
Coil Detector

> ToWaste

111ivN iiiH
Calibration Monitoring Calibration
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Flow injection analyzers have been used for in-process surveillance of caustic

streams [52], hydroperoxide [53, 54] and analysis of commercial bleach [54]. Chemical

production [55-59], biological waste water treatment [60], and biotechnological processes

[61-65] have been reported to be controlled by FIA techniques. Ruzicka [66], Van der

Linden [511 and Gisin et a! [67] summarized the advantages of using FIA for industrial

on-line process control and detailed a number of FIA approaches and techniques for

process monitoring.

1.3 MONITORING DEGRADATION OF CHLORINATED ORGANICS BY

FIA

Environmental contaminants present in an aqueous suspension of titanium dioxide

powder (anatase) can be degraded with UV light [21, 22, 68-72]. According to Zeltner,

this technology has not as yet been successfully commercialized [73]. Difficulties remain

in separating the titama (anatase form) particles from the suspension after degradation has

occurred and in finding a simple, low cost, low labor consuming method to monitor the

degradation process.

One solution to the separation problem is to immobilize the titanium dioxide

powder on a support that is transparent to UV irradiation. This kind of photo-reactor

with immobilized Ti02 on an inner support surface is usually wrapped on or set parallel to

UV lamps, and is compatible with flow based monitoring systems. Most of the glass

photoreactors studied employ Pyrex glass as the support [73]. Pyrex was chosen because

it is much less expensive than quartz and much easier to fabricate. In addition, titania

coatings adhere very well to Pyrex, but such coatings readily delaminate from hardened

silica or quartz. However, Pyrex is only transparent to UV radiation down to a

wavelength of about 340 nm and absorbs most of the radiation of wavelength < 300 nm
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[73]. Titanium dioxide is activated only by photons of wavelength 350 nm [16]. Quartz

is transparent to all UV wavelengths [19].

Use of such a reactor in the flow injection determination of organic solutes in

water was first reported by Low and Matthews [74]. The reactor was constructed by first

immobilizing a thin film of titanium dioxide onto the inner surface of a length of Teflon

tubing then wrapping the treated tubing around a near-UV illuminating source - a “black

light” tube. The advantage of attaching the titanium dioxide to a stationary support is that

the solution for oxidation may be passed continuously over the illuminated photocatalyst

en route to some detector. Hence, the process can be monitored in real-time. The in-line

reactor was installed after the injector port of the flow system. An organic compound

(methanol) injected in the flow stream was oxidized photocatalytically to carbon dioxide,

which was subsequently monitored by a conductivity detector.

Another solution to the problem of separating the Ti02 catalyst is to filter out the

titania powder prior to the determination. Barbeni [21] reported off-line centrifligation

and filtration through a 0.22 p.m Millipore filter to remove the suspended solids. Ollis [14,

16, 18] designed a recirculating, differential conversion photoreactor in which “black

lights” (UV lamps) were oriented parallel to the reactor axis. An aqueous slurry of

titanium dioxide was recirculated with a pump, centrifI.iged and monitored

potentiometrically by a chloride ion selective detector in the line. This required a large

amount of solution. The detector was easily contaminated, in which case, performance

rapidly deteriorated.
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1.4 OBJECTWES

The main objectives of this thesis were to develop a photocatalytic degradation

method for destroying chlorinated organics and to develop a automated FIA

instrumentation for the real-time monitoring of the degradation process.

The specific goals were as follows:

(1) To develop a photo-reactor within which photocatalytic degradation reactions

could occur. The photo-reactor would contain a vessel to hold the solution, UV lamps to

illuminate UV irradiation, photo-catalysts and a sonicator to produced power ultrasound

when needed.

(2) To develop an in-line sampling system within which the solution would be sampled

and pretreated prior to the detectors.

(3) To develop an in-line automated FIA instrument to monitor the degradation

process in real-time. This would contain a pump to propel the carrier solution, a injection

valve to inject the pretreated sample, and the proper flow-through detectors to monitor

the products and/or reactants.

The developed system would be used to examine the priority pollutants such as

chloroform (CHC13)using aqueous suspensions of titanium dioxide illuminated with UV

light in a batch reactor. The photodegradation process would be monitored by an

automated flow injection analysis system by regularly aspirating sample solutions from the

photo-reactor. The samples would be filtered prior to injection into the flow injection

system. A process monitoring curve would be produced.

In this work, four different stcategies were evaluated: UV irradiation alone, UV

irradiation with Ti02 catalyst (anatase), ultrasound irradiation alone, and their

combination. It was also considered important to investigate other solutions to the

problem associated with using Ti02 powder. One of our objectives was to explore the
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catalytic ability of another form of Ti02 -- a Ti02 glass. With this, there is no separation

procedure needed for the system because titania glasses are large pieces of glass and tend

to reside at the base of the solution, unlike the titania powder which is suspended

throughout the solution. No paper has yet reported use of titania glass as a catalyst to

photodecompose aqueous organic impurities.

It was hoped that this work, automatically monitoring the degradation of

chlorinated organics using FIA, would lead to improved fundamental knowledge of the

degradation kinetics and mechanism for chloroform.
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CHAPTER 2

INSTRUMENTATION

2.1 DEVELOPMENT OF PHOTO-REACTOR FOR PHOTODEGRADATION

OF AQUEOUS CHLORINATED ORGAMCS

2.1.1 REAGENTS

Chloroform was analytical reagent grade (BDH Inc., Toronto, Ontario). Milli-Q

water, obtained from a Milli-Q purification system (Chemistry Department, UBC), was

used for all solutions and had a specific resistance greater than 18 MQ cm. Anatase Ti02

was obtained from Tioxide, UK, with a surface area of 10.8 m2/g, as determined by

BET’ * nitrogen adsorption. Glassy Ti02was obtained from Dr. H. D. Gesser, Chemistry

Department, University of Manitoba, with a determined BET surface area of 91.6 m2/g.

2.1.2 APPARATUS

Preliminary Studies

A flow-through reactor similar to that of Low and Matthews [74] was initially

built. They immobilized a thin film of titanium dioxide onto the inner surface of Teflon

tubing then wrapped it around a 20W “black light”. The “black light” emitted ultraviolet

light of between 320 nm and 400 nm. In this work we used silicone or Teflon tubing

wrapped around a 100W mercury UV lamp which gives its most intense light at 254 nm.

1* BET (Bi-unauer, Emmett and Teller) nitrogen adsorption method is used for the determination of
surface area of the solids. The method assumes that the volume of nitrogen gas adsorbed by the solid in
the frozen system is equal to the volume of nitrogen gas released when heated, for a given mass of solid.
The theory is based on the ideal adsorption isotherms. It assumes: (1) a single molecular layer of
adsorbed species and that (2) the energy of adsorption is invariant.
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Responses were observed from both the conductivity detector and chloride ion selective

electrode when Milli-Q water was passed through the tubing. As the time of UV

irradiation increased, the signal from both detectors increased. The silicone and Teflon

tubing had been washed sequentially with 1% (w/w) nitric acid and purified water to

remove any contamination. Any possibility of a temperature effect caused from the UV

lamp was eliminated by insertion of a cooling bath prior to the detectors. The effect was

attributed to tubing etching resulting from the mercury lamp, which had higher energy and

higher power than the “black light” tube. Because of these difficulties this design was not

pursued in our study, and a more conventional reactor design was employed.

Photoreactor

Figure 2.1 shows the photo-reactor cell then designed for degrading chlorinated

organic compounds. The reactor vessel was a 250 ml pyrex beaker situated in a water

bath which was maintained at room temperature. Anatase Ti02 photocatalyst (typically

0.05 wt%), used in most of the experiments, was added to the reactor. Then aqueous

solutions (200.0 ml) containing various concentrations of chloroform [typically ppm (mgIl)

level j were placed in the reactor. UV-light was provided by two mercury vapor lamps

(Model 80-1 127-01, BHK Analamp, CA.) and a power supply (Model 90-0001-01, BHK

Analamp, CA.). The lamps were quartz-jacketed and rated as ozone free. They emitted

light at wavelengths from 185 nm to over 600 nm with the most intense wavelength at 254

nm. Each lamp had a length of 12.7 cm and an outside diameter of 0.9 cm. They were

directly immersed in the sample solution to a depth of 10 cm. The system provided the

most efficient irradiation to organic pollutants in aqueous solution because no medium

which absorbed UV light existed between the solution and the UV source.
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Sonicator

Hg lamp

Tn-line 0.22 j.i m filter

to FIA manifold

Figure 2.1 Reactor for sono/photolytic degradation of chlorinated organics in water.

(The solution may contain Ti02 suspension.

The entire reaction vessel is situated in a water bath.)

Hg iamp

Solution

containing

chlorinated organic(s)
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The solubility of chloroform in water at room temperature and 1 atm total pressure

is 8.2 x i03 mg/i. Chloroform, which has a specific gravity of 1.49 g/ml, is heavier than

water. At concentrations above or close its solubility in water, chloroform is immisible

with water and collects at the base of the reactor as a separate organic phase. An

outwardly protruding dimple (1 cm deep, 1 cm in diameter) was made at the bottom of the

beaker to hold that drop of chloroform for experiments which used for a high

concentration of chloroform and power ultrasound. The dimple holds that drop of

chloroform so that power ultrasound can be effectively directed at it.

The power ultrasound probe was immersed into the solution when it was needed.

The reactor was open to expose the Ti02 mixture solution to the atmosphere so that

oxygen from air could be used for degradation. The suspended solution was stirred by a

magnetic stirrer during the entire degradation process. To protect the operator from UV

irradiation, the whole reactor was covered with aluminum foil (obtained locally).

Sonicator

In our system ultrasound was generated by a sonicator probe (Microson Model

XL2005, Heat Systems - Ultrasonics Inc., Farmingdale, NY) which is a reliable 23 kHz

source designed to economically supply over 50 watts average output into very low

volumes (250 p1 to 4Oml or more). The unit used a titanium microtip (3 mm dia.). The

tip was immersed directly into the solution until the end was about 2.5 cm from the base

of the vessel. This provided the most efficient radiation to the chloroform layer. The

most intense sound is produced at the tip of the probe and intensity decreased with

distance from the tip.
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Sampling System

A peristaltic pump (Model C6V, Alitea USA, Medina, WA) was used to propel the

carrier stream (Milli-Q water). A microfilter, which consisted of two plastic shells (25 mm

dia.) sandwiching a 0.22 jim pore-size membrane (MSI, Cat. No. 64534, Westboro, MA),

was situated in the sampling line to filter out particulate Ti02 catalyst (anatase).

Polytetrafluoroethylene tubing (Teflon®, 0.8 mm i.d.) was used throughout. The sample

solution undergoing liv irradiation (and possibly sonication) was aspirated by a sampling

pump through the micro-filter and propelled to the injection ioop of the FIA system.

Aluminum foil was wrapped around the tubing in the sampling line to keep UV from

illuminating the tubing: ions were found to be released from Teflon tubing under UV

irradiation.

2.2 DEVELOPMENT OF AUTOMATED FL4 MANIFOLD FOR

MONITORING THE DEGRADATION OF CHLOROFORM

The FIA manifold developed for monitoring the degradation of aqueous

chloroform is shown in Figure 2.2. It was constructed from components available within

this laboratory. Sample solutions and earner were propelled by two separate peristaltic

pumps. Samples were injected using a six-port, air-driven, solenoid-actuated injection

valve (Type 5020P, Rheodyne Inc., Cotati, CA) and control circuitry designed in this

laboratory. The chloride ion selective electrode was a combination chloride electrode

(Model 96-17B, Orion, MA). The conductivity detector was built in our laboratory. All

components were controlled by a microcomputer via a data acquisition and control

adapter (described later). Operating software, also written in this laboratory, was

available to control and/or monitor pumps, injection valve and detectors. It was written in

Microsoft Quickbasic version 4.00 and is discussed elsewhere [75, 76, 771.
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Figure 2.2 Monitoring the degradation of chloroform by flow injection analysis
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Samples which had undergone UV irradiation (and/or sonication) were first

propelled by a pump through an in-line microfilter to remove any catalyst powder. They

were then injected by an injection valve into the carrier stream (Milli-Q water) which was

propelled by another pump so that they were transported through a chloride ion selective

electrode and a conductivity detector. The two pump speeds were set at 0.79 mI/mm and

were calibrated gravimetrically. The distance between the two detectors was 3.0 cm. In

this way, free chloride ions and total free ions produced from the degradation were

monitored by both detectors simultaneously, rapidly and automatically. The whole

process which included sampling, filtration, sample injection, analyte detection and data

collection was automated with a microcomputer.

The best performance of FIA systems is obtained when peak broadening effects are

kept to a minimum. These arise from manifold geometry, flow velocity, the hold up

volume of the detector flow-through cell, the speed of detector response, and the time

constant of the associated electronics. All these factors were considered in its design.

This system provides real-time continuous monitoring capability by regularly

aspirating sample solution from the reactor into the carrier stream. Signals were recorded

as a series of peaks. Calibration was performed before and after the monitoring period to

obtain quantitative measurements of chloride ions produced. Peak heights reach a flat

plateau, indicating the process has come to the end.

2.3 COMPONENTS OF FIA SYSTEM

2.3.1 COMPUTER FOR CONTROL AND DATA ACQUISITION

Control of the flow injection development and optimization system was

accomplished with an IBM-PC compatible computer (Nora Systems, Vancouver, B.C.)

which issued commands to and/or monitored responses from all hardware components.
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The computer communicated with the FIA system via an IBM data acquisition and control

adapter (DACA) board (Mendelson Electronics, Dayton, OH).

The IBM DACA board has 16 digital input and output lines, four channels of

12-bit analog-to-digital (A/D) conversion and two channels of 12-bit digital-to-analog

(D/A) conversion. The first eight digital output lines (BO0-B07) are used to provide data

to the external interface which is addressed with the next three lines (B08-BO 10). These

three address lines allow up to eight external independently addressable devices to be

used. Digital outputs BOl 1-B014 are used to provide direction control for the two Alitea

pumps. Digital inputs BlO to B116 are used to return status information from external

devices.

The four analog-to-digital converter (ADC) inputs can, in most cases with

instrumentation constructed in this laboratory, be connected directly to detector outputs.

Differential inputs are used and the voltage range is usually set at -5V to +5V. Alternative

ranges of OV to +1OV and -1OV to +1OV are switch selectable on the DACA board. The

two digital-to-analog converter (DAC) outputs are used to control the speed of the Alitea

pumps and set to an output range of 0 to ±1OV.

2.3.2 PUMPS AND TUBING

Solutions were propelled via two peristaltic pumps (Model C6V, Alitea USA,

Medina, WA). They are capable, in principle, of maintaining a constant volumetric flow

rate. The main drawback of peristaltic pumps is pulsation which causes poor baseline and

decreased precision. Pulsation in this system was largely reduced by regular replacement

of the organic-resistant flexible tubing and insertion of a depulse coil between the pump

and injection valve. The depulse coil was made from 2 m of 0.8 mm internal diameter

(i.d.) polytetrafluoroethylene (PTFE) tubing and acted as an hydraulic buffer. It made no

contribution to dispersion of the sample because it was placed prior to the injection valve.
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Control of the Alitea peristaltic pumps was facilitated through two external digital

connections for direction control and an analog connection (0-by) for speed control.

This voltage was provided by the output of the first 12-bit DAC, and gave a speed

resolution of one part in 4095. Alternatively, the speed could be adjusted manually on the

front panel of the pump.

The most suitable tube material for our manifold is PTFE (Teflon®) which,

besides being chemically resistant, adsorbs the least solutes onto its surface. Tubing of 0.5

and 0.8 mm i.d. is commonly used in our laboratory. Larger diameter tubing causes

increased dispersion while smaller internal diameter tubing can become easily clogged.

Other tube materials are polypropylene, polyethylene and trade-name polymer materials

such as PEEK® which are highly resistant to organics and strong acids.

2.3.3 INJECTION VALVE

A six-port, air-driven, solenoid-actuated valve (Type 5020P, Rheodyne Inc.,

Cotati, CA) was selected. This is one of the most commonly used sample injection valves

in FIA. Actuator control circuitry was designed by Wentzell et a! [75]. The operation of

such a valve is shown in Figure 2.3. While in the “fill” position, a sufficient amount of

sample solution is introduced into a fixed volume ioop such that it completely displaces its

previous contents. While in this position, the carrier stream by-passes the fixed volume

loop and flows directly to the reaction manifold. On switching the valve to the “inject”

position (a 600 rotation of the 3 internal channels), the carrier stream then sweeps out the

contents of the loop, transporting the sample plug downstream. The procedure is

repeated as required. Similar designs are used in High Performance Liquid

Chromatography (HPLC). The sample loop used in this work was of PTFE tubing of

0.8 mm id., 15 cm in length and 75 .tl in volume.
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2.3.4 DETECTORS

Many different types of detectors have been used with FIA systems. These include

spectrophotometric (UV, visible and IR), electrochemical (potentiometric and

amperometric), mass spectrometric and thermal detectors. The most common of these are

UV-visible absorbance detectors, fluorimeters, ion selective electrodes, conductivity

detectors, and atomic absorptionJemission spectrometers. In addition to obvious criteria

such as sensitivity, limit of detection, linearity of response, noise characteristics, peak

broadening effects and response time, long-term uninterrupted operation is an important

consideration for FIA detectors.

The detectors used in this FIA manifold were a chloride ion selective electrode and

a conductivity detector. Free chloride ions are one of the main final products of

photodegradation of chloroform. These were monitored quantitatively over a

5.000 x iO-5 to 1.000 M concentration range. Calibration was via a series of standard

solutions. Degradation of organics also results in ions other than chloride ions, which

increase the conductivity of the solution. Thus, the extent of degradation was monitored

by a conductivity detector as well.

The output from one of the detectors was connected directly to the first ADC

input of the DACA board. The input voltage range was set at -5V to +5V for the chloride

ion selective detector and to -by to +1OV for the conductivity detector. Limitations of

the operating software prevented computerized data acquisition from both detectors

simultaneously. Therefore, for the experiments in which both detectors were required, the

response from the conductivity detector was captured via a chart recorder.

The chloride ion selective electrode (Model 96-17B, Orion, Boston, MA) and its

flow-through cell are shown in Figure 2.4. It was developed specifically for measuring

chloride in very small samples with minimal flow and measures free chloride ions in

aqueous solutions quickly, simply, and accurately. The cell was made in-house from a
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block of Teflon®. An amplifier circuit was constructed to match the output range of the

ion selective electrode (ISE) to the input range of the ADC. Its very high input impedance

also served to avoid current loading of the ISE. It was usually set to provide a gain of 25.

The circuit diagram is shown in Figure 2.5.

Flow in

to DACA

and PC

Figure 2.4 Flow through cell with chloride ion selective electrode (C[-ISE)
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The flow through conductivity detector was made in this laboratory. Its two

electrodes are made of platinum. A small ball was made at the end of each electrode to

increase the surface area, thereby improving the sensitivity of the detector. It is shown in

Figure 2.6. A conductivity-to-voltage converter circuit was also built in this laboratory to

facilitate interfacing with the DACA. The circuit diagram for this is shown in Figure 2.7.

Resistance R* was set to 100 Mfl, to provide a gain of 10 for our study.

Figure 2.6 Flow-through conductivity detector

Flow in

to DACA
and PC

________________

p
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2.3.5 SIGNAL RECORDING

Historically, chart recorders were used as output devices for FIA. Now

microcomputers equipped with a data acquisition card act as an inexpensive digital

readout system and are more cost effective and very common. Both are used in this

system. The 12-bit analog-to-digital converter (ADC) sampled the detector output at a

rate of 5 Hz. These values were plotted versus time on the screen in real-time to display

the peak obtained from each injection. The control software then calculated peak height

and area, and stored the entire peak data set to disk for later data processing.

2.4 CHARACTERIZATION OF MONITORING SYSTEM

2.4.1 CHARACTERIZATION OF FIA-CONDUCTIVITY DETECTOR AND

FIA-CHLORIDE ISE DETECTOR

Figures 2.8a and 2.8b show the relationship plots between the conductivity

responses and the concentrations of HC1 and KC1 for the FIA-conductivity detector. The

sensitivities (slopes of the curves) were 11590 ADC units per mmolIl of HC1 over the

linear dynamic range of 0.0012 to 0.07000 mmol/l for HCI solution and 1590 ADC units

per mmol/l of KCI over the dynamic range of 0.05000 to 0.5000 mmolJl for KCI solution.

Measurement precisions (relative standard deviations) were 0.59% (n = 5) at 0.06000

mmol/l for HC1 solution and 0.26% (n = 5) at 0.5000 mmol/l. Error bars were too small

to be seen on the figures.
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Figure 2.8 Calibration plots for FIA-conductivity detector
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The conductivity detector demonstrated a much higher sensitivity for HCI than

KCI. Hydrogen ions, when hydrated, are larger than potassium ions and would be

expected to be less mobile. The higher mobility of the hydrogen ion is observed only in

hydroxylic solvents such as water and the alcohols, in which it is strongly solvated, for

example, in water to the hydronium ion, H3O. Thus the H3O ion is able to transfer a

proton to a neighboring water molecule. It is believed to be an example of a Grotthuss

type of conductivity, superimposed on the normal transport process.

H H H H

H 0— H + H H + H 0— H

This process may be followed by the rotation of the donor molecule so that it is again in a

position to accept a proton. This is the common mechanism for protonic solvents.

H H

0— H

The high mobility of the hydroxyl ion in water is also believed to be caused by a

proton transfer between hydroxyl ions and water molecules.

z + 0H H0 + 0

Figure 2.9 shows a calibration plot for the chloride ion selective electrode. The

measurement precision was between 0.80% and 5.3% (n = 8) across the linear dynamic

range of 5.000 x io to 1.000 molll. The electrode had a manufacturer’s (Orion
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Instruments) rated sensitivity of 56 mV per 10-fold change in concentration of chloride

ion. The amplifier circuit used experimentally had a calculated gain of 25, and the output

read by the chart recorder was found to be 966 mV per decade. This corresponds to only

39 mV per 10-fold change in concentration of standard solutions of chloride ion injected.

The difference could be due to a combination of the following effects: the cross-channel

design of the flow cell was such that only 16 % of the electrode surface saw the solution,

the observed signals were transients (not steady state), and the electrode saw the peak

maximum for less than 5 seconds (a time interval similar to the electrode’s expected

response time). The peaks observed were skewed Gaussian, rather than flat-topped,

indicating that limited dispersion had occurred.

6.00

5.00

4.00

3.00

2.00

1.00

0.00
1x105 1x10 1x103 1x102 1x101 lxlO° 101

Chloride ion concentration (M)

Figure 2.9 Calibration plot for FIA-chioride ISE detector.
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2.4.2 REPRODUCIBILITY OF PHOTODEGRADATION-FIA MONITORING

SYSTEM

The reactor vessel was loaded with 200.0 mls of solution containing 100.0 ppm

initial concentration of chloroform and 0.05 wt% anatase Ti02 catalyst powder.

Photodegradation was used, without sonication. Samples were withdrawn from the

reactor by the sampling system and analyzed every 5.5 mm for 60 mm. Three separate

replicate experiments were carried out.

Figure 2.10 shows the average FIA-C1 ISE monitoring curve for the three

replicates, and error bars which provide an estimate of its reproducibility. The variability

of results seen is due to less than perfect reproducibility of each of the steps involved:

i.e., the photodegradation reaction, sampling, filtration by the in-line microfilter, injection

of sample into a flow system, and detection.

The calibration and operation the ISE detector was checked before and after each

run using standard potassium chloride solutions of 5.000 x i0 M, 1.000 x io M,

5.000 x104 M, 1.000 x i03 M and 3.000 x103 M. The detector was found to maintain

its calibration throughout the process.
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CHAPTER 3

MONITORING PHOTODEGRADATION OF CHLOROFORM

BY FLOW INJECTION ANALYSIS

Photocatalytic degradation was examined by monitoring the product(s) formed

using FIA. Chloroform as a reactant was also monitored off-line by gas chromatography-

mass spectrometry (GC-MS). The effects of different amounts of anatase Ti02 and two

forms of Ti02 were studied, as was the effect of power ultrasound. The kinetics and

mechanism of photocatalytic degradation are proposed and discussed in this chapter.

3.1 IN-LINE MONiTORING CHLORIDE ION FORMATION BY HA

To determine the degree and the rate that chloroform is converted from toxic

organic chlorine into nontoxic free chloride ions, the formation of chloride ions during the

degradation process was monitored with the in-line FIA manifold described in Chapter 2.

The photo-reactor vessel (Figure 2.1) was initially filled with 200.0 ml of

140.0 ppm chloroform solution. A 0.1 gram sample of anatase titanium dioxide powder,

corresponding to 0.05 % by weight of the solution, was used as catalyst. While being

irradiated with UV light, the degraded chloroform solution in the reactor was sampled into

the FIA system every 2.75 minutes. As noted in Section 2.3.4, chloride ions formed in the

photodegradation process were quantitatively monitored by using an in-line chloride ion

selective electrode (CI-ISE) in the FIA manifold (Figure 2.4). Figure 3.1 shows a sample

of a series of recorded FIA peaks which reflect the change in chloride ion concentration

during the degradation process. The amount of chloride ions liberated is seen to increase
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with UV irradiation time over the initial 50 minute span. After that, the peak heights

remain at a maximum level, indicating that chloride ions are no longer being produced.

100

I

Time of UV irradiation (mm)

Figure 3.1 Chloride ion peaks recorded with an in-line FIA-chioride ISE detector

The chloride ion concentration corresponding to each peak in Figure 3.1 can be

calculated by using a calibration curve prepared prior to each monitoring period.

Figure 3.2 shows a curve of chloride ion concentration vs. UV irradiation time. For

clarity, every other peak from Figure 3.1 is used in Figure 3.2. The maximum chloride ion

concentration in the figure is measured to be 122.0 ppm. As summarized in Table 3.1, the

140.0 ppm of original chloroform solution corresponds to a chlorine (Cl) concentration of

124.8 ppm. Therefore, the 122.0 ppm maximum chloride ion concentration obtained

corresponds to 9776 % mineralization of chloroform, i.e., 97.76 % of the organic bonded

chlorine has been converted into inorganic free chloride ion.
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Figure 3.2 Variation of chloride ion concentration with UV irradiation time

Table 3.1 Degree of mineralization of chloroform

Initial concentration of chloroform

Initial chlorine concentration a

Final concentration of chloride ions detected

Degree of mineralization b

140.0 ppm

124.8 ppm

L22 ppm

97.8%

a Initial chlorine concentration = 140 ppm x 3 FWC1 / FWCHCI3

=140.0 ppm x 3 x 35.51(3 x 35.5 + 13) = 124.8 ppm (FW: formula weight)

b Degree of mineralization (%) = 100 * final concentration of chloride
initial chlorine concentration

0 20 40 60

Time of UV irradiation (mm)
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3.2 EFFECT OF TITANIUM DIOXIDE CONCENTRATION ON RATE AND

EFFICIENCY OF DEGRADATION

Anatase Ti02 with a determined BET surface area of 10.8 m2/g was obtained

commercially. In order to examine the effect of titanium dioxide concentration on the rate

and the efficiency of photodegradation, five chloroform solutions of the same

concentration (560 ppm) were prepared to contain 0.00, 0.01, 0.05, 0.20 and 0.40 weight

percentage of Ti02. UV irradiation was applied to each solution for 80 minutes during

which the degradation process was monitored by an in-line FIA-chloride ISE detector.

Samples were injected every 2.5 minutes. Figure 3.3 shows how the amount and rate of

chloride ions produced are effected by the amount of catalyst used and the time of UV

irradiation.

Time of UV irradiation (mm)

Figure 3.3 The effect of titanium dioxide concentration

on rate and efficiency of degradation.
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In the absence of photocatalyst, a slow photodegradation curve is observed.

Homogeneous reactions occurred under this condition. The energy of UV, provided by

the two mercury lamps, might be strong enough to cause breakage of C-Cl bond, but the

reaction is not sufficient, nor result in complete destruction of chloroform within a

reasonable time period.

When photocatalyst is present, UV irradiation can cause the desired heterogeneous

photocatalytic degradation process in addition to homogeneous photolysis reactions. A

significant increase in the rate and efficiency of reaction resulted from increasing the

concentration of Ti02 present from 0.0% to 0.05%. A Ti02 concentration at 0.05 wt%

provided the fastest and most efficient destruction. A gradual decrease in rate and

efficiency was observed for higher amounts of Ti02 tried.

Matthews [17] has shown that a dichotomous effect will occur with increasing

Ti02 concentration. At low concentration, the degradation rate can be enhanced by using

more catalyst material in order to increase the probability of reaction. The reaction rate

increases because more surface area is available for the reactants and because it is more

likely that photogenerated electrons and holes will reach the surface of the solid before

they recombine. At high concentration, the high opacity and light-scattering properties of

the semiconductor limit penetration of the UV light into the solution. Moreover,

aggregation of catalyst particles may also reduce the available surface area.

Tominaga et al [75] demonstrated that the oxidation rate of an organic solute on a

photocatalyst is proportional to the fraction of the surface of the semiconductor covered

by the solute molecules. At low solute concentrations, there is an overabundance of

adsorption sites available to the solute and any fi.irther increase in number of sites would

not significantly increase the rate of photocatalytic oxidation. In contrast, for solutions of

higher concentration, sites are available for only a fraction of the total solute present and

this limits the photooxidation rate. An increase in the number of adsorption sites will

51



therefore increase the rate of oxidation for solutions of higher concentration (subject to

the limitations discussed above).

3.3 STUDY ON TWO DIFFERENT TYPES OF T102 CATALYSTS

The anatase modification of Ti02 in the form of powder suspended in water shows

promise as a photocatalyst for the photodegradation of organic contaminants in water.

Since this powder is very fine and light, it must be filtered before analysis can be

performed with the FIA system. This inconvenience has prompted the author to make a

preliminary investigation into the use of amorphous Ti02 in the form of a porous glass.

The high surface area of porous glassy Ti02 makes it suitable for photocatalytic

applications. Glassy Ti02 exists in the form of small pieces of glass and does not need

separation prior to the detection. Porous glassy Ti02 has been used as a photocatalyst for

hydrogen production from water [79]. No papers have reported its use in

photodegradation of aqueous organic impurities.

The glassy Ti02 was provided by Dr. Gesser of the Chemistry Department,

University of Manitoba. It was prepared by a slow low-temperature hydrolysis of TiCl4,

followed by partial removal of HC1 and partial neutralization by the addition of KOH.

Dialysis of the solution resulted in the formation of a gel which shrank as it dried to a

transparent porous glass which was then annealed (79, 80). The glassy Ti02 is in the

shape of flat wafers 0.5-1 mm thick and up to 3.5 mm in diameter. Its BET surface area

was determined to be 91.6 m2/g.

In this experiment, three solutions with 700 ppm concentration of chloroform were

prepared, and run in series. 0.0, 0.2 g of glass and 0.2 g of anatase Ti02 powder were

added to separate solutions. Samples were analyzed every 1.5 minutes. Photodegradation

was monitored for 45 mm. Conductivity responses were recorded on a chart recorder.
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Figure 3.4 shows the recorded peaks for each set of experimental conditions. All the

peaks were plotted using the same scale.

Reaction without catalyst is slow. It has a different reaction route. The

mechanism of photodegradation solely by UV irradiation involves homogeneous reactions

or bond cleavage caused by the high energy of IJV light. When catalyst was added to the

solution, efficiency was enhanced. The reaction involves electrons, holes, and HO

radicals as intermediates which have a much higher reactivity. With a same weight

concentration (0.1%), anatase Ti02 acts about four times more efficiently than glassy

Ti02. The first step of the reaction involves the movement of chloroform molecules to

reach the Ti02 surface by diffi.ision. The size of glass is much larger than powder, thus

only a few pieces of glass were used in 200 ml solution while anatase Ti02 was suspended

throughout the solution. Therefore, in glassy Ti02 catalyst solution chloroform molecules

have to travel a longer distance on average to reach the catalyst. Further, most of the

surface area is already saturated by water molecules before the chloroform reaches them

because water is much more concentrated and polar than chloroform. A greater number

of chloroform molecules are in the immediate vicinity of anatase Ti02 particles since these

particles are suspended everywhere in the solution. Therefore the anatase Ti02 had a

larger chance of reaction than glassy Ti02 even though the glassy Ti02 has a much larger

measured BET surface area.

This study shows the potential of glassy T102 in photodegradation of aqueous

organic impurities. Increasing the amount of glass and decreasing its size may improve the

efficiency of photodegradation significantly. This should be studied in the fi.iture. Using

glassy TiO2 is one way to solve the separation problem which exists when using the

anatase form. The system could be simplified from “photodegradation-filtration-FIA

monitoring” to “photodegradation-FIA monitoring”.
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3.4 COMPARISONS OF EFFICIENCIES OF PHOTODEGRADATION BY

USING DIFFERENT CONDiTIONS IN THE REACTOR CELL

Addition of power ultrasound did not affect the photodegradation of homogeneous

chloroform solution. For the study of power ultrasound, a heterogeneous solution was

prepared by adding 1.00 ml of chloroform to deionized water and making up to 200.00 ml.

The solution had two layers because the chloroform did not completely dissolve. Six

different conditions of the reactor cell were examined. These were: (1) testing of the

blank solution itself, (2) anatase Ti02 catalyst (0.1 wt %), (3) UV irradiation; (4) UV

irradiation with anatase Ti02 catalyst (0.1 wt %); (5) power ultrasound; and (6) the

combination of UV irradiation, catalyst and power ultrasound. Replicate chloroform

solutions were prepared for the study of each of the different conditions. UV light andlor

power ultrasound were turned off at different times and the degraded chloroform solution

under each condition was sampled and analyzed for three replicates. Signals obtained

were recorded using chart recorders. Figure 3. 5a shows the conductivity response and

figure 3. 5b shows the chloride ion selective electrode response obtained after degrading

for 20 minutes.

To establish that chloroform solution does not degrade on its own in water, a

chloroform solution which did not contain any catalyst, and was subjected to neither

ultrasonic nor UV irradiation, was also studied. Samples were propelled without passing

through the micro filter. It was found that no ions were produced during the first 20

minutes.

Chloroform solution containing Ti02 catalyst gave tiny signals at both detectors.

The signals did not increase with time. Therefore, chloroform did not degrade in the

presence of catalyst only. The small signals detected resulted from a very small amount of

ions from impurities contained in Ti02 powder or the 0.22 j.im microfilter.
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Figure 3.5 Recorded FIA peaks after 20 minute degradation with each different

conditions. (a) FIA-conductivity responses, (b) FIA-chioride ISE responses.
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UV illumination of aqueous solutions of chloroform in the presence of suspended

titanium dioxide caused a rapid degradation. UV irradiation causes homolytic cleavage of

the C-Cl bond of chloroform. Hydroxyl radicals, HO, produced from Ti02 catalyst

irradiated with UV light cause rapid destruction of chloroform. In the presence of UV

illumination without Ti02, or in the presence of ultrasound only, very slow degradation

was observed. Combined sonolysis and catalyzed photolysis provided the most efficient

degradation of chloroform and the yield was improved by about 41% based on the

detection of chloride ions.

The effects of power ultrasound on the degradation of chloroform are discussed

below.

Direct sonolysis ofchloroform:

Chloroform may be directly decomposed by irradiation with power ultrasound.

When an aqueous medium containing organic halogen compounds (e.g., CH2C12,CHC13

or CC14) is irradiated with ultrasound, the extreme energy of power ultrasound can cause

cleavage of the carbon-halogen bond [311.

A very detailed study has been made of the decomposition of chloroform by the

irradiation of power ultrasound [81]. Homolysis occurs yielding a large number of

products among which are HC1, CC14 and C2C14. One of the products of sonolysis of

chloroform, HC1, can be detected by both a conductivity detector and a Cl-ISE detector.

The precise mechanism involved in the decomposition is complex but almost certainly

involves the homolytic fission of chloroform to radicals and the formation of carbenoid

intermediates as shown in scheme 3.1 [82].

CHC13 —* •CHC12 + •Cl

—* •CC13 + H•

—* :CCI2 + HC1

— :CHCI + Cl2

Scheme 3.1 Decomposition reactions of chloroform
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Evidence for the generation of these reactive intermediates was obtained from a

study of the effect of added cyclohexene (1) on the sonication of chloroform [82]. The

presence of free radicals in the system was confirmed by the appearance of

chlorocyclohexane as a product and by the increase rate of decomposition of chloroform

in the presence of cyclohexene. Carbene intermediates are implicated by the formation of

three member ring compounds such as (2) via dichiorocarbene addition to cyclohexene.

+ :CCl

(1) (2)

A second important factor is the generation of active intermediates — HO radicals

from water. When water is sonicated, extreme conditions are generated by collapse of the

cavitation bubbles. These are sufficient enough to cause the rupture of the 0-H bond

itself with formation of highly reactive radical species and subsequent production of

oxygen gas and hydrogen peroxide (Scheme 3.2) [34]. The ultrasonically produced HO

radicals are very important in the photodegradation of organic impurities. Any species

dissolved in the water are clearly going to be subject to chemical reactions with these

ultrasonically produced HO radicals and/or hydrogen peroxide H02. Organic

compounds can be degraded in this environment, and inorganic compounds can be

oxidized or reduced.
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H20 -* HO• + H•

H- + 02 —* H02•

HO2- + HO2- -* H202 + 02

HO• + HO• -* H202

Scheme 3.2. The decomposition of water by power ultrasound

Sonochemicalphotodegradation ofchloroform:

When power ultrasound irradiation was combined with catalytic UV irradiation, an

enhanced degradation efficiency was obtained. Some factors which may contribute to this

effect are as follows:

(1) Reaction was promoted by improving the activity of the catalyst powder.

Solid catalysts suffer from surface deactivation through chemical contamination

(poisoning) and passivation during continuous usage. The cleaning effect of ultrasound

and its surface activation are important in the enhancement of catalytic reactions.

Ultrasound also increases movement of fresh solution to the catalyst surface. When the

catalyst is in the form of a powder like anatase Ti02, power ultrasound can also be used to

increase its dispersion in solvents and reduce the particle size, thereby increasing the

available surface area for reaction. Thus, the activity of Ti02 powder as catalyst in the

photodegradation study was improved by sonication.

(2) Sonication generated an extremely fine emulsion, resulting in very large interfacial

contact areas between the two layers. More chloroform molecules contacted the aqueous

solution where photodegradation occurred. The vigorous mechanical vibration from

ultrasound enhanced the transfer of chloroform molecules from organic to aqueous layer,

thus increasing the reactivity.
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(3) Photodegradation reaction was further facilitated by the localized high

temperatures and pressures associated with cavity implosion near the catalyst surface.

3.5 OFF-LINE QUANTITATIVE ANALYSIS OF RESIDUAL CHLOROFORM

The decrease in chloroform concentration during the degradation process was

monitored by using gas chromatography-mass spectrometry (GCIMS). Samples of

chloroform solutions were taken from the photo-reactor (Figure 2.1) at different UV

irradiation times and stored in glass vials without headspace at 4°C in a refrigerator for

several days until GC-MS instrument time was available. Each of these degradation

samples was introduced into the GC column via a purge and trap procedure. To minimize

the effects of run-to-run changes in instrument performance or execution of the purge and

trap technique, C6D6 was added into each sample as an internal standard and detected

together with chloroform.

To dilute the sample solution, 1.0 p.1 C6D6 (20 ppb) internal standard and 100.0 p.1

of chloroform sample solution were added to deionized water and made up to 5.00 ml.

This aqueous sample was then purged by Helium gas and the resultant effluent was

allowed to pass through a gel column which adsorbed the purged organics. The trapped

organics were then desorbed into the GC column where chloroform and the internal

standard were separated. The GC effluents were finally analyzed by a mass spectrometer

equipped with an electron impact ionization source.

Figure 3.6a shows a sample total ion current (TIC) chromatography detected by

GC/MS. The small TIC peak corresponds to C6D6, as verified by the mass spectrum

extracted from the peak. Figure 3.6b shows the mass spectrum extracted from the large

TIC peak; it matches the standard mass spectrum of chloroform. Therefore, the large TIC

peak in Figure 3.6a corresponds to chloroform, the only major component that was

purged from the sample solution.
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Figure 3.6 (a) Total ion current chromatogram of partially degraded sample.

(b) Mass spectrum of chloroform.
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In order to determine the concentration of chloroform in each degradation sample,

a series of calibration solutions were prepared in a similar way in which the sample

solutions were prepared. Internal standard was added to both the calibration solutions and

to the degradation samples. Any changes in the instrument conditions affect the response

of analyte and internal standard in the same way. Therefore, the ratio of chloroform

response (peak area) to that of the internal standard will not be affected by measurement

fluctuations in the GC/MS system. The relative response factor (R) is used to build the

relationship between internal standard and standards or analytes in samples and is defined

as:

R= (Cstd Alstd) / (Cjstd Astd)

where Cstd is the concentration of the sample standard (CHCI3), Clstd is the

concentration of the internal standard (C6D6),Astd is the peak area of the sample standard

and Alstd is the peak area of the internal standard. The relative response factor is a

constant. In this experiment, all the calibration solutions prepared had the same

concentration ofC6D6 and therefore the ratio of peak area of standard to that of internal

standard was proportional to the concentration of standard. In the mass spectrum of

benzene-d6,the molecular ion C6D6 (m/z 84) gives the base peak. As noted in Figure

3 .6b, CHCl2 (m/z 83) is the most abundant ion in the mass spectrum of chloroform. In

this study, the ratio between the peak area of CHC12’ and that of C6D6 for each

calibration sample was used to prepare the calibration curve shown in Figure 3.7. The

CHCl2-to-C6D6ratio was then calculated for each degradation sample to determine the

concentration of chloroform.

62



1.5

Concentration of chloroform (ppm)

Figure 3.7 Calibration curve of chloroform

The concentration of chloroform for each degradation sample taken at a different

UV irradiation time was measured. The disappearance curve of chloroform with

irradiation time is shown in Figure 3.8. Chloroform was rapidly degraded and the

percentage converted at 44 minutes was about 94%, which is compatible with the value

obtained by monitoring the formation of chloride ions (Figure 3.2).
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Figure 3.8 Disappearance of chloroform
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3.6 MECHANISM AND KINETICS OF PHOTOCATALYTIC

DEGRADATION

Figure 3.9 shows the disappearance curve of chloroform and the appearance curve

of chloride ions plotted using the data from sections 3.1 and 3.5. Chloroform disappears

exponentially with UV irradiation time, which indicates a first-order decomposition.

Assuming that the first-order decomposition of chloroform directly yields chloride

ions, i.e., the reaction follows an A -4 B’ kinetic model (A is a reactant, B’ is a product),

the appearance of C1 would follow the dotted curve indicated in Figure 3.9. Instead, the

formation rate of CP at shorter times is slow and then increases significantly until the

concentration of C1 reaches the maximum level. This formation pattern resembles an

A -4 B —> C consecutive first-order reaction (A is a reactant, B is an intermediate

product, C is a final product), with Cl- being the final product. Accordingly, this author

proposes the following mechanism for catalyst-assisted photodegradation of chloroform.

k1
CHC13 . [CHC13 - Ti02 - H20J

(A) Adsorption (B)

k2 k3
Products . Products which can be detected

Decomposition Desorption (C)

Scheme 3.3 Three steps of photocatalytic degradation of chloroform.
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Figure 3.9 Variations of the concentrations of CHC13 and C1 vs. UV irradiation time.

The dotted curve is manipulated by assuming an A—> B’ reaction mechanism from CHC13

to Cl-.

The whole degradation process is believed to involve three major steps:

(Step 1) adsorption of chloroform on the surface of T102, (Step 2) decomposition of

chloroform on the surface of Ti02 and, (Step 3) desorption ofproducts from the surface

of TiO-,. Steps 1 and 2 are slow and determine the rate of the overall reaction, i.e. the

formation rate of chloride ions. Therefore, the reactions correspond to the A —* B —> C

series reactions, which is consistent with the appearance curve of chloride ions indicated in

Figure 3.9 by filled circles.

0 20 40 60

Time of UV irradiation (mm)
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Assuming that the process corresponds to the simplest first-order consecutive

reactions: A undergoes a first-order reaction to give B, which in turn undergoes a

first-order reaction to give C, back reactions are neglected. The system can be

represented as:

A ki> k2>C

in our case, k1 is the rate constant of the adsorption reaction, k2 is the overall rate

constant of the decomposition reaction. The rate of disappearance of A is given by

-d[A]/dt =k1[A]. (1)

The rate of appearance of B is given by

d[B]/dt =k1[A] -k2[B]. (2)

and that of C by

d[C]/dt = Rk2[B] (3)

where [A], [B] and [C] are concentrations in ppm units, R is the ratio of chlorine in

chloroform.

It is to be noted that

d[A}/dt + d[B]/dt + d[C]/(Rdt) = 0; (4)

this is necessary since the sum of the concentrations of A, B, and C must remain constant

throughout the degradation process.

Equation (1) may be integrated at once to give

[A] = [A0] e -kit (5)

where [A0] is the initial concentration of reactant which is 140 ppm.

Equation (2) can be integrated by inserting equation (5) to give

[13] = [A0] {k1 / (k2 - ki)}{ e1t - e2t}. (6)

The rate of change of C is readily found using the fact that

[C] = R([A0]- [A]
-

[B]), (7)
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which leads to

[C] = R [A0] (1- (k2eklt - k1 e2t) / (k2-k1)} (8)

or [C] = [Cf] { 1- (k2eklt - k1 et) / (k2-k1)} (9)

where the final concentration of chloride ion, Cf is 125 ppm.

According to the equation (5), the variation of [A] with time in

Figure 3.8 is shown schematically in Figure 3.10 (fitted curve). It was obtained from the

curve fitting program (Jandel Sigma Plot for Window, Version 1.0), using k1 as a fitted

parameter. The k1 value was calculated as 0.0488 min1. The mean value of the sum of

square errors (MS SE = (X -X)2/N, Xe experimental value; X, calculated value; and

N, number of points) of the fitted curve was 26.13 ppm2.

150 -

______________________________

120 \
\\
\\

90-
\\o

• 60 - \ fitted curve

30-
expenmental curve

0- I I I

0 10 20 30 40 50 60

Time of UV irradiation (mm)

Figure 3.10 The variations of chloroform concentration with UV irradiation time:

(_) experimental curve; and (--) fitted curve.
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According to equation (9), the variations of [C[] with the time used in

Figure 3.2 are shown schematically in Figure 3.11. Fitted curve 1 was obtained by using

k2 as the only fitted parameter. k1 was known as 0.05 min1,which was calculated from

the fitted curve in Figure 3.10. The k2 value was given as 0.16 min1. The MSSE value

of the fitted curve 1 was 64.96 ppm2. Ifk1 was allowed to vary, the better curve fit (fitted

curve 2) with the MSSE value of 36. 80 ppm2was obtained. The values ofk1 and k2 were

both calculated as 0.08 min1.

150
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30

0
20 40 60 80

Time of UV irradiation (mm)

Figure 3.11 Variations of chloride ion concentration with UV irradiation time:

(1) experimental curve, (2) fitted curve 1- k1 as the only fitted parameter,

and (3) fitted curve 2 - k1 and k2 as fitted parameters.

0
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The mechanisms of individual step are proposed as follows:

Step 1, adsorption of chloroform molecules on the surface of the Ti02 catalyst.

Chloroform molecules in the solution move and reach the surface of Ti02 In the original

solution, the concentration of chloroform is much lower than that of water. Chloroform

molecules are also less polarized than water molecules. It is believed that the surface of

the Ti02 catalyst is mainly covered by water molecules. In addition to the adsorption

properties of catalyst and the bonding ability of reactant, the rate of this step mainly

depends on the concentration of chloroform and the distance between Ti02 catalysts and

chloroform molecules.

The rate of adsorption, R5, can be expected to be proportional to the fraction of

coverage (Os) by an adsorbed reactant, S on the illuminated catalyst surface:

Rs = k1 O

where k1 is the rate constant which is proportional to the available surface area of the

catalyst and Os is given by a Langmuirian isotherm. Thus the rate of adsorption is given

by:

R5kK[A]/(1 +K[A])

where K is the adsorption equilibrium constant which is related to the adsorption

properties of the catalyst and the bonding ability of the reactant, [A] is the concentration

of the reactant.

Step 2, decomposition of chloroform on the surface of the Ti02 catalyst. As

noted in Section 1.1.1, under UV irradiation, holes and electrons are created on the Ti02

surface and then H0 radicals are formed. As schematically shown below, hydroxyl

radicals would be expected to have the highest concentration on the surface of Ti02.

Once a chloroform molecule is absorbed on the surface of Ti02, it will undergo a series of

reactions (discussed below) with the hydroxyl radicals to form chloride ions as one final
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product. These reactions affect the overall formation rate of chloride ions. The proposed

mechanism is as follows:

hv -

Ti02 TiO * (h + e ) (1)

H20 + h HO+H (2)

02+e O (3)

02 + H HO 1/2 02 + HO (4)

Sub-total reaction (1 )+2x(2)+(3)+(4):

2H20 + 2h + e + 1/202 3H0 + H (5)

Cl Cl

H0
Cl—C——H Cl—C-—- H + ci (6)

ci OH

Cl OH

H0
Cl—C-—-H Cl—C——H + ci (7)

OH OH

OH 0 0

-H20 H2O
Cl—c--— H H—C——Cl ‘ H—C——OH + + cr (8)

OH
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0 0

HC OH
H0

HO C OH + H (9)

0

HO C— OH CO2 + H20 (10)

H + h H (11)

2Cl + 2e 2C1 (12)

Sub-total reaction (6)+(7)+(8)+(9)+( 1 0)+( 11 )+( 12):

CHCI3 + 3H& + h + 2e CO2 + 2H + H20 + 3Cl (13)

Total reaction (5)+(13):

CHCI3 + H20 + 1/202 CO2 + 3H + 3C1 (14)

Scheme 3.4 Proposed mechanism of decomposition of chloroform

Step 3, desorption of chloride ions from the surface of Ti02. Chloride ions

formed will desorb from the surface of TiO2 and diffuse to the bulk solution where they

are detected. The catalyst contained jn solution was stirred by using a magnetic stirrer

during the reaction time and the rate of transfer of Cl to bulk solution was dramatically

improved. Therefore, the rate of this step was relatively fast and do not affect the overall

reaction rate.
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CHAPTER 4

FURTHER WORK

Development of an in-line automated flow injection analysis (FIA) system for

continuous real-time monitoring of photodegradation has been completed. A photo-

reactor has been developed which efficiently degrades chloroform in water. The in-line

microfilter has provided fast, unpressurized filtration. However, there are still many ways

in which the whole system can be improved to increase its efficiency, capability and

flexibility. Some advancement strategies and suggestions are detailed below.

4.1 OPTIMIZATION OF THE PHOTOREACTOR

In addition to concentration of titanium dioxide (anatase) in aqueous organic

solution, some other important facts should be considered.

pH value

In general, addition of acid into suspended solution can significantly inhibit the rate

of reaction. Many compounds show this effect [16, 74]. The photoreactor should be

optimized by chosing the best pH value of the degradation for each organic compound.

Oxygen

The oxygen concentration is an important parameter in determining the rate of

reaction since oxygen is necessary for the photooxidation [16]. Oxygenated and aerated

suspensions should be investigated in the future.
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Ti02glass as catalyst

Glassy Ti02 has shown the potential as a photocatalyst in photodegradation in this

study. Increasing its amount and decreasing its size to improve its surface area should be

investigated in the fi.iture. Its photocatalytical efficiency may exceed that of anatase Ti02

powder while eliminating the separation problem.

4.2 APPLICATION TO MORE COMPOUNDS

The application of this photochemical process should be extended to other

chlorinated compounds such as chiorophenols, and even nonchiorinated compounds.

Chlorophenols represent an important class of environmental pollutants. They are present

in untreated waste water from many pulp and paper mills.

4.3 iMPROVEMENTS TO OPERATING SOFTWARE

The present version of operating software can only obtain data and compute peak

quantities such as peak height, peak area from one of four ADC channels. The FIA

system uses more than one detector in series to obtain different information from more

than one channel. For example, a photodetector and chloride ion selective electrode can

be used in series to monitor the concentration change of reactant and product. Presently,

the information from other present detectors has to be sent to another computer or to a

chart recorder. The capability of the FIA system will be greatly improved if the operating

software allows more than one ADC channel (more than one detector) to work

simultaneously.
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4.4 IMPROVEMENTS TO TilE FL4 MANIFOLD

The present FIA manifold could be improved to monitor the change in

concentration of reactant andlor intermediates. Use of a single wavelength flow through

photodetector or diode-array spectrophotometry would both be possible. For

nonchiorinated compounds such as hydrocarbons, alcohols, etc. which give H20 and CO2

as final products, a conductivity detector can be used to monitor CO2 quantitatively.

Calibration could use standard CO2. Detectors can be set in series or in parallel so that

one sample injection gives all the information about reactant and product, even any stable

intermediates.

To help us identif,’ and characterize the products or intermediates formed, HPLC

capability would be added to our present system, as in Figure 4.1. This would be used to

monitor degradation of chlorinated or nonchiorinated organics. Two mercury lamps

and/or one sonicator horn are immersed in solution. An in-line filter removes the catalyst

powder from suspended sample solution. The filtered sample solution is injected by an

injection valve into the carrier stream and goes to detectors sequentially. More uninjected

sample solution periodically goes into HPLC system via its own injection valve.

The conductivity detector detects the total free ions, or CO2 itself quantitatively if

CO2 is the only conducting compound in the reaction. The chloride ion selective

electrode detects the free chloride ions. The pH electrode monitors the hydrogen ions.

The diode array is able to monitor the original organic reactant (at 220 nm in the UV

region). It also has the benefits of rapid scanning the solution over the entire UV-vis

range, and simultaneous detecting several species at different wavelengths.

In the HPLC system, a sample is injected by the HPLC injection valve into its

carrier. It is transported downstream to the column where components in solution are

separated and then carried into a UV detector in which the analytes are detected. Stable
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intermediates and some products can be separately identified and quantitatively

determined.
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APPENDIX

PRELIMINARY WORK

Chlorinated phenolic compounds have often been singled out as being a

particularly toxic group of compounds of industrial origin. Many pulp mills in Canada use

chlorine in the bleaching process to remove the brown lignin, a natural product present in

all wood puips. Typically, bleaching is done in 5 or 6 sequential steps, which are

designated as chlorination, alkaline extraction, hypochiorite, and chlorine dioxide stage.

Effluents are produced by washing the pulp after each stages. During this process,

chlorinated phenolics are formed as byproducts by electrophilic aromatic substitution,

electrophilic displacement, and dealkylation/demethylation reactions occurring on lignin.

The major phenolics found in pulp and paper effluents can be classified into the

following 5 groups of compounds: chiorophenols, chloroguaiacols, chiorocatechols,

chlorosyringols and chlorovanillins. The chemical structures of the above compounds are

given in Figure Al [3].

4-chiorophenol was the compound initially studied in this research. Due to the

initial unsuccessful development of photo-reactor and filtration system, the reaction was

not efficient and the monitoring system was insufficiently precise. Two experiments were

carried out: (1) photodegradation of 4-chiorophenol, and (2) chemical degradation of

4-chiorophenol with Fenton’s reagent (Fe2 + H202). In the following sections, we will

describe these preliminary experiments, the corresponding results, the reasons that work

had been discontinued and the potential to have 4-chiorophenol experiment continued if

the new system is used.
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C-C-C-

Clx

OH

Lignin Unit

OCH3

OCH3 OH

Chiorophenols Chloroguaiacols Chiorocatechols

Clx

CH3OOCH3

Chiorosyringols

CHO

LC1x

OCH3

Chiorovanillins

Figure Al Chemical structures of chlorinated phenolics (from ref. [3])
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Clx -Clx

OH OH
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A.1 EXPERIMENTAL - DECOMPOSITION OF 4-CHLOROPHENOL

All the chemicals used in the experiments were analytical reagent grade quality.

All the solutions were prepared using distilled water.

Photodegradation of4-chiorophenol

The reaction was carried out in a 100 ml glass beaker. An aqueous slurry

containing 0.1 wt % titanium dioxide (anatase) and 3.0 x io M 4-chiorophenol was

stirred by a magnetic stirrer. Two UV lamps were located outside of the beaker and the

UV irradiation illuminated the solution through the wall of the beaker. Each of 5.00 ml of

sample solution was collected at different time of UV irradiation: 5, 10, 20, 30, 40, 50 and

60 minutes. Solutions were filtrated manually through celite layers and made ready for

chloride ion determination using a FIA system with chloride ion selective electrode

detector (Figure 2.2).

Chemical degradation of4-chiorophenol with Fenton’s reagent (Fe2 +H202)

In this experiment, an 80 ml aqueous solution of 4-chlorophenol and perchioric

acid in the selected quantities (10.00 ml of 0.03 M of 4-chlorophenol and 5.00 ml of 0.5 M

of HC1O4) was thermostated at 23°C and maintained under vigorous stirring.

Subsequently, two 5.00 ml aliquots of a FeSO4 (0.01 M) and H202 (0.5 M) respectively,

were added simultaneously to the reaction mixture. The concentration of the chloride ions

produced at different reaction times was monitored by an in-line automated FIA system

with chloride ion selective electrode (Figure 2.2).
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A.2 RESULTS AND DISCUSSION

Photodegradation of4-chiorophenol

Figure A2 shows the preliminary results for the photodegradation of

4-chlorophenol. The reaction was not efficient. It is evident that there are at least two

distinct stages to the detectable reactions. The first occurs within the first 10 minutes of

degradation. The second proceeds rapidly after 40 minutes of reaction. There was 47 %

chlorine recovered after 60 minutes of reaction.

I 1.6

1.2

0.8

0.4

0.0
0 10 20 30 40 50 60 70

Time of UV irradiation (mm)

Figure A2 Photodegradation of 4-chiorophenol
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The main reasons for discontinuing this work at that time were:

(1) An effective in-line filtration system to remove catalyst powder had not been

found. A celite layer was used to filter out vely fine Ti02 powder manually and it made

procedure complicated, tedious, unprecise and inaccurate.

(2) The photo-reactor had not been fully developed. Two mercury lamps were located

outside of the photo-reactor. UV irradiation had been attenuated when it reached the

solution because air and the glass of the beaker could absorb UV.

Chemical degradation of4-chiorophenol with Fenton’s reagent (Fe2 +H202)

Photodegradation is based on reaction of organics with hydroxyl radical reaction,

Fenton’s reagent is another source which generates hydroxyl radicals. To gain insight into

the photodegradation reaction without having a complete solution for the above problems,

it was decided to make a preliminary study of the chemical degradation of 4-chlorophenol

with Fenton’s reagent.

Figure A3 depicts the increase in concentration of chloride ion as a function of

reaction time. The result demonstrates that the 4-chlorophenol is rapidly degraded in the

presence of the Fenton’s reagent and an equal (quantitative) amount of free chloride ions

in solution was detected.

The presence ofFe3 alone (without any Fe2)with H202 had no degrading effect

on 4-chiorophenol. The presence ofH202alone (without any Fe2jhad very little effect.

The results reported may be interpreted on the basis of the following

considerations. The interaction of iron (II) ions with hydrogen peroxide yields HO

radicals and iron (III) [38J.

Fe2 + H202 —+ Fe + HO + 0H

The HO formed can easily interact with an aromatic compound inasmuch as HO radicals

are good electrophiles and reactive species. They attack chiorophenol, following which
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ring opening occurs to form aldehydes, ketones, acids and the ultimate degradation ensues

to CO2 and HC1 (Figure A4) [23].

0.004

0.003

0.002

0.001

0.000

Time of reaction (mm)

Figure A3 Degradation of 4-chiorophenol with Fenton’s reagent

I
C.)

C

0 10 20 30 40 50

84



OH

+ H0

OH

+cI.

OH
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Figure A4 Mechanism of decomposition of chiorophenol (from ref. [23])

Cl. Cl-
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To be able to monitor the disappearance of 4-chiorophenol (280 nm) using a

spectrophotometric detector, ideally the reactant should be separated from intermediates

such as resorcinol before detection. Intermediates interfered with the spectrophotometric

detection of reactant since their absorption peaks overlapped with these of the reactant

(Figure. AS). Therefore, use of an HPLC technique equipped with a spectrophotometric

detector would be best suitable for this purpose. The calibration curve of 4-chiorophenol

whose absorbance was detected at 280 nm is shown in Figure. A6.

Power ultrasound provided little effect to this reaction since amount of HO

radicals generated from water by ultrasound is ignorable compared to the amount of HO

produced from Fentons reagent.

3518

A
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0

1
a
n
C
e

p1268

Figure AS UV spectra of 4-chlorophenol and a photodegaded sample
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Figure A6 Calibration curve of 4-chiorophenol

(The calculated molar absorptivity coefficient: e calculated = 13352 1 cm1mo11)

A.3 POTENTIAL TO CONTINUE THE STUDY OF 4-CHLOROPHENOL

WITH NEW DEGRADATION AND MONiTORiNG SYSTEM

With the degradation and monitoring system we successfully developed

(Figure 2.1 and Figure 2.2), 4-chiorophenol should be photodegraded efficiently and the

process could be easily monitored in-line. The new system has eliminated the catalyst

separation problem by inserting a micro-filter in the sampling line and an efficient photo-

reactor was obtained by directly immersing UV lamps in the sample solution. Generally,

most chlorinated compounds are compatible with the system as developed.
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