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Abstract 
 

This thesis can be divided into two major parts: Monitoring of selected organochlorine pesti-
cides in surface waters and Study on the applying of novel Advance Oxidation Processes-
AOP (Air Ionisation and Solar Photocatalytic Oxidation) for the detoxification of waters con-
taining toxic organochlorine and organophosphorous pesticides, which are some well-known 
insecticides like Lindane, 4,4´-DDT, Methamidophos (Me) and Monocrotophos (Mo). 

The monitoring process was undertaken with the same procedure in two years (in the Dry 
Season: Nov. 1998 and in the Rainy Season: Aug. 1999) for an evaluation of the contamina-
tion of 15 organochlorine pesticides in surface waters, by sampling of 30 water samples from 
different sites (Red and Duong Rivers, irrigation canals, lakes and wells) on an area of ≈ 30 
by 20 km in Hanoi and its surroundings, Vietnam. Those pesticides (HCH isomers, Hepta-
chlor, Aldrin, Endrin, 4,4´-DDT and its derivatives) have been recently banned in Vietnam 
(from 1992 to 1998).  

This monitoring process was an initial systematic investigation of surface water quality in 
Hanoi, in order to find out a general evaluation towards the contamination of banned pesti-
cides in waters. The results showed that the pollution of those pesticides was highest in the 
rivers and then in the irrigation canals, followed by the lakes and wells. Out of HCH isomers 
investigated, only Lindane appeared in most of sampling sites at considerable concentration. 
In the rainy season, the highest concentration of Lindane was found surprisingly in a lake wa-
ter sample (West Lake) at 107 ng l-1, while that of Σ HCHs was 122 ng l-1. Besides, 4,4´-DDT 
and its derivatives were detected in most samples, and their concentrations were especially 
higher in the rivers and irrigation canals. The highest concentration of Σ DDTs was found in a 
Red River sample at 324 ng l-1 in the rainy season and at 232 ng l-1 in the dry season. Chlorin-
ated cyclodienes, including aldrin, endrin and heptachlor were detected at most of the sam-
pling sites at remarkable concentrations, while dieldrin and heptachlorepoxide (isomer A) 
were only detected in some samples. 

The photooxidation of Lindane and 4,4´-DDT (C0 = 5 mg l-1), the two major contaminated 
insecticides detected in surface waters in Hanoi, was investigated using two UV irradiation 
sources (High Pressure- and Low Pressure mercury lamp: HP and LP). The addition of 
NaNO3 in the degradation of 4,4´-DDT could not significantly speed up the degradation proc-
ess. Besides applying the well-known oxidative agent H2O2, the influence of the photocatalyst 
TiO2 (P25 Degussa) in different pH media (3, 7 and 12) on the decomposition of those 2 in-
secticides was extensively studied. Lindane was considerably degraded faster than 4,4´-DDT 
(e.g. with the HP, 0.2 % H2O2 at pH 7, k = 0.0139 min-1, t1/2 = 49.8 min for Lindane, while 
that were k = 0.00892 min-1, t1/2 = 77.7 min for 4, 4´-DDT. 

The photooxidative decomposition studies focused on the mineralisation of the two highly 
toxic organophosphorous insecticides, namely Methamidophos and Monocrotophos (C0 = 5 
mg l-1). The photodegradation of Me and Mo was first undertaken using the 2 UV Lamps HP 
and LP with addition of H2O2. 50 % Me was degraded with the HP after 22.9 min when no 
H2O2 was added, while that degradation process was relatively slower for Mo (t1/2 = 166.6 



  

min). The degradation of them was extremely fast when using the LP with or without addition 
of H2O2. The HP was much more effective when H2O2 was added. 

Using a new developed reactor Ionised Air Pilot System 2 (IAPS-2), Mo was mineralised 
drastically faster than Me. The half-life of the photodegradation of Mo was only 1.7 min (k = 
0.3963 min-1), while that of Me was 59.2 min (k = 0.0117 min-1). The mineralisation of Me 
and Mo was also followed by means of Ion Chromatography. Based on the concentrations of 
anions, including NO3

-, PO4
3-, SO4

2- detected during and after each oxidative process, the 
mineralisation of those insecticides was reconfirmed. The treated water samples of all oxida-
tive processes using the HP, LP and IAPS-2 were biologically tested with Daphnia and Lumi-
nescent bacteria for a confirmation of the detoxification of water contaminated with Me and 
Mo after the treatment. 

The photocatalytic detoxification of Me and Mo (C0 = 10 mg l-1) was investigated using a Lab 
Solar Simulated Reactor (LSSR) and a new kind of solar non-concentrating Double Skin 
Sheet Reactor (DSSR) in the Institute of Solar Energy Research, Hannover (ISFH). 12 di-
verse different commercial, modified and novel photocatalysists (TiO2 at concentrations of 
500 and 1000 mg l-1), which are mostly pure anatase TiO2 powder, except well-known cata-
lyst P25 Degussa (70 % anatase, 30 % rutile) were tested with those reactors in the photocata-
lytic degradation of Me and Mo at different pH values of 3, 7, 12.  The photonic efficiency (ζζζζ) 
of them was calculated for searching for optimal catalysts.  

Using the LSSR at pH 7 and 500 mg l-1 catalyst for the detoxification of Me, the highest val-
ues of ζ reached with Cat 11 (Pt-Hombikat) at 1.1 %, while that increased surprisingly to 1.78 
% with Cat 8 (Mikroanatase) at 1000 mg l-1 concentration. Both the correspondent highest 
values of ζ = 1.87 and 2.43 % reached with Cat 11 for the detoxification of Mo. Using the 
DSSR at pH 7 and 500 mg l-1 catalyst for the detoxification of Me, the highest values of ζ 
reached with Cat 1 (P25 Degussa) at 0.81 %, while that increased also to 1.1 % with Cat 8 
(1000 mg l-1 concentration). For the detoxification of Mo, both the correspondent highest val-
ues of ζ = 2.94 and 3.01 % reached with Cat 11. The lowest photonic efficiency reached 
mostly with Cat 12 (Bayoxide T2). The novel Cat 5 supplied by Millennium (PC 500) was 
also an effective catalyst. In acidic and alkaline media (3 and 12), the photocatalytic degrada-
tion of Me and Mo was much faster than that at pH 7, the degradation rate increased around 
10 times even when some low effective catalysts at pH 7 used. The DSSR was significantly 
more effective in the degradation of those 2 insecticides than the LSSR. 

The intermediates formed in the photooxidation processes of Me and Mo were detected and 
identified using the new analytic technique - High Performance Liquid Chromatography cou-
pled with a Mass Spectrometer (HPLC-MS). The possible molecular structure of those inter-
mediates was explained based on their mass spectra (All MS and MS/MS). An initial detailed 
possible photocatalytic oxidation mechanisms of the degradation of Methamidophos and 
Monocrotophos has been found by combination of a proposed general photocatalytic oxida-
tion mechanism of an organic pollutant (assuming an initial oxidative attack by a hydroxyl 
radical to a methyl group) with the molecular structures of identified intermediates. 
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1 Introduction 

The contamination of the environment by toxic substances is linked both to industrialization 
and to agriculture. Toxic substances find their way into ecosystems from discharges and leaks 
of industrial products, consumer wastes and urban sewage, from farming and forestry runoff, 
and from accidental spills. Contaminants may be dispersed over great distances by winds and 
water currents. Some of these compounds (organochlorine pesticides) accumulate in animal 
tissues, particularly in predators that are at the top of the food chain. Organochlorine pesti-
cides pose a serious threat to both the general environment and human health in particular, 
because it can take decades for them to decompose naturally. Indeed, although most or-
ganochlorine pesticides were banned worldwide from 1970s, onwards their effects still persist 
today. These contaminants affect the ability of living organisms to reproduce, to develop, and 
to withstand the many other stress factors in their environment, by depressing their nervous, 
endocrine, and immune systems. 

In the meantime, new generations of pesticides such as organophosphates and carbamates 
have been developed. These too are highly toxic, but their half-life in the environment is 
rather short. Many of these products, especially herbicides, have a very broad action spec-
trum, so that they also may kill non-targeted species. This characteristic will have an effect on 
the food chain and on habitats, and thereby have an indirect impact on the species that eat 
certain kinds of prey or that use those habitats. By measuring the concentrations of these con-
taminants in the body tissues of indicator species and studying their effects, we can become 
alert to possible threats to the integrity of ecosystems and to human health. The chronology of 
pesticide development is shown in Tab. 1-1. 

Vietnam is characterised by a diverse climate ranging from a subtropical climate along with 
temperate conditions in the mountainous areas. Over 30 percent of Vietnam is forested and 
about 20 percent is cultivated [Riceweb.com]. With 78 million people and a population den-
sity of 236 people per sq km, Vietnam is one of the most populous countries in the world and 
the majority of the population is rural. Of the 35 million people in the workforce, 20 million 
Vietnamese are in the agricultural sector. Agriculture in Vietnam accounts for approximately 
half of the country's employment and GDP. Vietnam's role in rice farming is significant. With 
6.3 million hectares devoted to rice, rice is the most important crop accounting for more than 
two thirds of Vietnam's food grain output.  

After the war, the Vietnamese government moved towards instituting reforms to help its ail-
ing economy. In a series of reform measures in 1981, Vietnam turned away from the collec-
tive farming system to a group-oriented system. In 1986, the production system was altered 
again, but this time the change was towards individual contracts. For the average small 
farmer, the reforms resulted in a 40 per cent increase in individual income from harvested 
crops. For the first time, small farmers in Vietnam had a vested interest to increase crop pro-
duction not only for consumption, but for export as well [Naylor, 1994]. According to official 
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estimates, in 1995, Vietnam food grain production was close to 26.1 million tons, of which 
24.7 million tons were rice [Riceweb.com]. With such a large percentage of Vietnam's pro-
duction being rice, rice insects and pests are a considerable concern to Vietnam's farmers.  

Table 1-1 :  Chronology of pesticide development [from Stephenson et al., 1993]       
   

Period Example Source Characteristics 
1800-1920s Early organics, nitro-

phenols, chlorophe-
nols, creosote, naph-
thalene, petroleum 
oils 

Organic chemistry, 
by-products of coal 
gas production, etc. 

Often lack specificity 
and were toxic to user 
or non-target organ-
isms 

1945-1955 Chlorinated organics, 
DDT, HCH, chlorin-
ated cyclodienes 

Organic synthesis Persistent, good selec-
tivity, good agricul-
tural properties, good 
public health per-
formance, resistance, 
harmful ecological 
effects 

1945-1970 Cholinesterase inhibi-
tors, organophospho-
rous compounds, car-
bamates 

Organic synthesis, 
good use of structure-
activity relationships 

Lower persistence, 
some user toxicity, 
some environmental 
problems 

1970-1985 Synthetic pyrethroids, 
avermectins, juvenile 
hormone mimics, 
biological pesticides 

Refinement of struc-
ture activity relation-
ships, new target sys-
tems 

Some lack of selectiv-
ity, resistance, costs 
and variable persis-
tence 

1985- Genetically engi-
neered organisms 

Transfer of genes for 
biological pesticides 
to other organisms 
and into beneficial 
plants and animals. 
Genetic alteration of 
plants to resist non-
target effects of pesti-
cides 

Possible problems 
with mutations and 
escapes, disruption of 
microbiological ecol-
ogy, monopoly on 
products 

 

To combat pests, farmers worldwide annually spend close to $2.4 billion in pesticides for rice 
fields, of which approximately 80 percent is used in Asia [Science News, 1994]. The annual 
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amount spent on pesticides for rice surpasses pesticide purchases for any other crop. Unlike 
the less toxic herbicides, insecticides are the most toxic pest-control method.  

The unavoidable problem regarding pesticide use is the development of pesticide resistant 
insects. More than 900 species of insects, weed and plant pathogens, for example, are now 
resistant to at least one pesticide up from only 182 in 1965. At least 17 insect species have 
shown some resistance to all major insecticide classes. A decade ago, there were only a dozen 
herbicide resistant weeds; today there are 84 [Gardner, 1996]. Continued use of pesticides 
will necessarily lead to a development of stronger and even more harmful agrochemicals.  

Millions of farmers in Asia view pesticides as a product with medicinal qualities that cure the 
ailments of their crops, and because of this misconception, farmers have been applying pesti-
cides indiscriminately. In a survey of rice farmers in Southeast Asia, 31 percent viewed all 
insects as pests, and 80 percent applied pesticides when they discovered any type of pests. 
Additionally, although many of the farmers introduced pest resistant rice strains into their 
fields, their spraying levels continued to remain constant [Science News, 1994].  

A study of insecticide use in Vietnam showed that a significant amount of pesticides applied 
on rice fields is unnecessary. Vietnam's researchers at the International Rice Research Insti-
tute (IRRI) in conjunction with Vietnam's Ministry of Agriculture and Rural Development 
monitored insecticide use patterns of 950 farmers. Their findings indicate that 42 percent of 
insecticide used was focused on leaf-feeding insects such as the green leaf hopper (nephotettix 
virescens), but spraying patterns did generally not correlate with current pest situations [Pan-
ups, 1995]. Over 95 percent of the farmers interviewed applied at least one type of pesticide 
during the growing season and the mean number of annual sprays in Vietnam is seven [Pan-
ups, 1995]. Over 90 percent of pesticides sprayed were insecticides, approximately half were 
organophosphates, including methyl parathion, monocrotophos, and methamidophos. Of the 
pesticides used, nearly 20 percent are classified by the World Health Organisation as “ex-
tremely hazardous”, especially methyl parathion. Although the use of chemicals does not af-
fect the exportability of rice, the contaminants remain in the soil, affecting future rice crop 
yields.  

Recent studies have shown unsafe storage, handling, application and disposal of pesticides, 
which all increases the risk of incidental exposure and contamination of water canals and 
ducts. The side effects of pesticides on humans are also linked to bronchial asthma, eye irrita-
tion, and pulmonary disorders [Naylor, 1994]. Furthermore, toxic chemicals used in rice pad-
dies are often not confined to them. During heavy rains, rice fields often overflow paddy 
boundaries contaminating the surrounding soils and waters. 

Several monitoring projects have been conducted in Northern Vietnam since 1992 in order to 
determine the organochlorine pesticides in biota, soil, sediment, and in various foodstuffs 
[Nhan et al., 1998, 1999, 2001; Quyen et al., 1995; Iwata et al., 1994]. In these works, 
DDTs were very often detected in all environmental compartments, it was also an indispensa-
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ble consequence of the use of DDTs over long time periods against malaria. However, there 
has been no systematic monitoring project involving the investigation of chlorinated pesti-
cides in surface waters in Hanoi.  

In this thesis, the determination of 15 selected organochlorine pesticides, which were banned 
in Vietnam in the period from 1990 to 1998, in water samples collected from 30 sites in the 
area of Hanoi was undertaken. 

Because in 15 investigated pesticides, Lindane and 4,4´-DDT appeared in most of sampling 
points with considerable concentrations, therefore they were selected for the photochemical 
detoxification experiment using UV/H2O2, /NO3

-, /TiO2 process (High- and Low Pressure 
Mercury Lamps - HP, LP) at pH 2, 7 and 10. 

Two very efficient organophosphorous insecticides Methamidophos (Me) and Monocrotophos 
(Mo) are used in great quantities worldwide and in Vietnam. They possess a very high acute 
toxicity, but pose no chronic toxicity. In Vietnam, these insecticides were detected very often 
in the environment, especially in vegetables and in surface water [Doanh, B.S., 1998]. There-
fore, oxidative detoxification experiments with these two insecticides were carried-out using 
UV/H2O2 process, a novel Ionised Air water treatment Pilot System (IAPS) as well as 
UV/TiO2 process in a Lab Simulated Solar Reactor (LSSR) and in a Double Skin Sheet Reac-
tor (DSSR) (constructed in Institut für Solarenergieforschung GmbH Hameln-Emmerthal, 
branch Hannover). Because of their high solubility in water, these two organophosphorous 
insecticides could be used very well as model substances for testing the IAPS, especially the 
simulated sunlight used systems LSSR, DSSR and different conventional and novel photo-
catalysts titanium dioxide. The achieved results may be helpful for the construction of a solar 
wastewater treatment system in the near future in Vietnam, a sun-rich country. The treated 
water samples of some oxidative processes, including the oxidative detoxification experi-
ments of Methamidophos and Monocrotophos using UV/H2O2 process, novel Ionised Air wa-
ter treatment Pilot System (IAPS) were tested with Biological Tests, including Daphnia Test 
and Luminescent Bacteria Test for showing, whether the treated samples were sufficiently 
detoxificated. The grade of the mineralisation in those processes was also studied using the 
Ion Chromatography Technique. The HPLC-MS was used for the determination of intermedi-
ates and by-products in the degradation of methamidophos and monocrotophos. Based on the 
structure of identified intermediates, the mechanisms of the photocatalytic oxidation of those 
2 insecticides could be proposed. 
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2 Theoretical Part 

2.1 Introduction of Organochlorine and Organophosphorous Pesticides 

Tab. 2-1 lists each of the organochlorine and organophosphorous pesticides investigated in 
this thesis. The organochlorine pesticides discussed in this work are generally rather stable in 
the environment and undergo only limited decomposition or degradation under normal ambi-
ent conditions. Organochlorine pesticides are not particularly volatile, but because they tend 
to persist in the environment, they can circulate among air, water, soil, vegetation, and ani-
mals. Organochlorine pesticides can travel long distances via the atmosphere and deposit in 
soil and water, so they can be found often hundreds or thousands of miles away from their 
point of use. They can also be transported in foods and other products treated with them. 

Because these organochlorine pesticides are fairly nonpolar molecules, they tend to dissolve 
readily in hydrocarbon-like environments, such as the fatty material in living matter. They are 
only slightly soluble in water. Although organochlorine pesticides can evaporate to some ex-
tent into the air, they adhere strongly to soils or sediments, where their local concentrations 
can increase, often exceeding those of surrounding water by orders of magnitude.               
Organochlorine pesticides in water and sediment tend to bioaccumulate in living tissues, par-
ticularly in fish and other aquatic organisms. They also bioaccumulate in plants, birds, terres-
trial animals, agricultural livestock, and domestic animals, where their concentrations increase 
by orders of magnitude as they rise through the food web, particularly as they reach higher     
organisms. 

At low concentrations, organochlorine pesticides exhibit relatively low acute toxicity towards 
humans; however, they may mimic human hormones like estrogen, or possess other properties 
that may cause long-term health effects. At higher concentrations, organochlorine pesticides 
can be very harmful, causing a range of problems including mood change, headache, nausea, 
vomiting, dizziness, convulsions, muscle tremors, liver damage, and ultimately death. Be-
cause of observed effects on animals and plants in the environment, and potential harmful 
effects to humans, uses of many organochlorine pesticides had long been banned in most of 
countries in the world. 

Contrary to “classic” organochlorine pesticides such as DDT, aldrin etc., which are very per-
sistent and relatively stable, “modern” pesticides, including organophosphorous pesticides are 
significantly less stable; their degradation can be catalysed by many physico-chemical factors. 
Organophosphorous Pesticides (OPs) are typically esters of phosphoric acids, and are widely 
used in agriculture. To a large extent, these compounds have replaced the persistent or-
ganochlorine compounds, and are now the most frequently used group of insecticides. Even if 
insecticides of this type typically act biologically through inhibition of the enzyme acetylcho-
linesterase, they display large variation in physicochemical properties such as polarity and 
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water solubility (Tab. 2-1). 

 

Table 2-1 : Properties of selected organochlorine and organophosphorous pesticides 

 

Compounds 
 

Chemical Structure Molecular 
Formula  

Water Solubility 
(µg l-1) (250C) 

LD50 Rat Oral 
(mg kg-1) 

   

α-HCH 2000  600  

β-HCH 240  6000  

Lindane (γ -HCH) 7800  88  

δ-HCH 

 

H

Cl

Cl

H

Cl Cl
H

Cl

H

Cl

H H

γ-HCH
α -HCH aaeeee u. aeeeea 160°
β -HCH eeeeee 309°
γ -HCH aaaeee 114°
δ-HCH aeeeee 139°

C6H6Cl6 

560  3.500  

Heptachlor 

Cl

Cl

Cl

Cl Cl

Cl
Cl

 

C10H5Cl7 56  100  

Heptachlorepoxide  
(isomer A) 

Cl

Cl

Cl

Cl Cl

Cl
Cl

O  

C10H5Cl7O 350  76  

     

Aldrin 

Cl

Cl

Cl

Cl

Cl

Cl

 

C12H8Cl6 17  46  

Dieldrin 
 

Cl

Cl

Cl

Cl

Cl
OCl C12H8Cl6O 200  38  

Endrin 
Cl

Cl

Cl

Cl

Cl

Cl
O

 

C12H8Cl6O          0.1 7  
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Compounds 
 

Chemical Structure Molecular 
Formula  

Water Solubility 
(µg l-1) (250C) 

LD50 Rat Oral 
(mg kg-1) 

    

2, 4´- DDE 

Cl

C

CCI2

Cl

 

C14H8Cl4 12  > 650

    

4, 4´- DDE 
Cl C

CCI2

Cl

 
C14H8Cl4 14  > 880

    

2, 4´- DDD C

H

CHCl2

Cl

Cl

 

C14H10Cl4 8  > 5600

    

4, 4´- DDD C

H

CHCl2

ClCl C14H10Cl4 16  > 4000

    

2, 4´- DDT 

Cl

C

CCl3

H

Cl

 

C14H9Cl5 26  > 113

    

4, 4´- DDT Cl C

CCl3

H

Cl C14H9Cl5      5.5 > 113

    

Methamidophos H3CO

O

SCH3

P NH2

 

C2H8NO2PS       < 2000 (g l-1)            7.5

     

Monocrotophos 
H3CO

O

OCH3

P

H3C

O

C=C

O

C

H

NH CH3

C7H14NO5P        < 1000 (g l-1) 17-21
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2.1.1 Chemical, Physical and Toxicological Properties 

The organochlorine pesticide are absorbed by skin and are associated to cancer and reproduc-
tive, endocrinological and immunological dysfunction. Today, they are short-listed by the 
United Nations Environment Program (UNEP) as the Persistent Organic Pollutants (POPs) to 
be banned by the POPs convention, which was signed in Stockholm in May 2001. 

 

2.1.1.1 Lindane and HCH isomers 

Lindane belongs to the organochlorine (OC) pesticide class. This is one of the oldest classes 
of pesticides, and only few OCs are still in use today. There are three major subclasses of OC 
pesticides: diphenyl aliphatics, cyclodienes, and hexachlorocyclohexanes (HCHs). The well-
known pesticide DDT belongs to the first class. The HCH subclass is not so much a class as 
the collection of the five isomers of HCH: alpha (α), beta (β), gamma (γ ), delta (δ), and epsi-
lon (ε). Only the gamma isomer has strong insecticidal properties [Angerer et al., 1983]. This 
is the isomer named lindane. The use of lindane is restricted by the corresponding Environ-
mental Protection Agencies of many countries; it can be applied only by certified pesticide 
applicators.  

Lindane production involves the purification of technical grade HCH (16 % α-HCH, 7 % β-
HCH, 45 % γ -HCH) to a 99.8 % pure product. The α-HCH and β-HCH isomers (which have 
a half-life of seven to eight years) are metabolised, but γ -HCH is metabolised much faster (its 
half-life is less than one day); therefore, most metabolites recovered in urine originate from 
the gamma isomer (i.e., lindane). The most common human metabolites observed are 2,3,5-
trichlorophenol, 2,4,5-trichlorophenol, 2,4,6-trichlorophenol, and 2,4-dichlorophenol [An-
gerer et al., 1983].  

Lindane has been used to control a wide variety of insect pests in agriculture, public health, 
and medicinal applications. It is available as a suspension, emulsifiable concentrate, fumigant, 
seed treatment, wettable and dustable powder, and ultra-low-volume (ULV) liquid. The 
chemical identity of lindane and HCH isomers is shown in Tab. 2-1 summarizing their physi-
cal and chemical properties. 

 

2.1.1.2 Heptachlor and Heptachlorepoxide (isomer A) 

Heptachlor is a known to act as an endocrine disruptor, meaning it can alter the body's hor-
mone systems. An insecticide used primarily to kill soil insects and termites, it has also been 
used to control cotton insects, grasshoppers, and some crop pests, especially infecting corn. In 
addition, it has been used to combat malaria. Heptachlor has been banned in 52 countries and 
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severely restricted in 7. Application in the United States slowed down in the 1970s and 
stopped in 1988 when the U.S. Environmental Protection Agency banned the sale of all hep-
tachlor products and restricted the use of heptachlor to the control of fire ants in power trans-
formers. Insoluble in water, heptachlor binds to aquatic sediments and bio-concentrates in the 
fat of living organisms. It evaporates slowly into the air. The half-life of heptachlor in tem-
perate soil is up to 2 years.  

Heptachlor is toxic to humans and animals and damages the nervous system. [Extoxnet, 
1993]. A study of workers from a plant involved in the production of Heptachlor and Endrin 
found a significant increase in bladder cancer. Heptachlor can be absorbed through the skin, 
lungs, and gastrointestinal tract. It can also cross the placenta and has been found in human 
milk. Heptachlor has been associated with the decline of several wild bird populations, 
including Canada goose and the American Kestrel in the Columbia Basin, a region in 
Northeast Washington and Northeast Oregon (U.S.).  

Heptachlorepoxide is a breakdown product of Heptachlor. Residues of Heptachlorepoxide 
have been detected in the brains of birds and in the eggs of nests with low reproductive suc-
cess. Heptachlorepoxide residues in the egg have been associated with reduced productivity. 

 

2.1.1.3 Aldrin, Dieldrin and Endrin 

Aldrin and dieldrin are man-made insecticides that are similar in structure. Aldrin breaks 
down into dieldrin in the body and in the environment. These chemicals are used to control 
soil insects, such as termites, corn rootworms, wireworms, rice water weevils and grasshop-
pers. Aldrin and dieldrin were used on crops such as corn, cotton and potatoes. Aldrin and 
dieldrin are defined as hazardous solid waste. Aldrin and dieldrin bind tightly to soil and 
slowly evaporate into the air. Plants take in these chemicals from the soil and store them. Di-
eldrin is also stored in animal fat and leaves the body slowly. Dieldrin now exists everywhere 
in the environment, but at very low levels. Aldrin and dieldrin are also both known endocrine 
disruptors. 

Aldrin is readily metabolised to dieldrin in both plants and animals.  As a result, aldrin resi-
dues are rarely found in foods and animals. It is toxic to humans. The lethal dose of aldrin for 
an adult man was estimated to be 5 g, equivalent to 83 mg kg-1 body weight. [Ritter et al., 
1995]. People have died as a result of eating grain treated with aldrin [Smith, 1991]. Signs 
and symptoms of aldrin intoxication may include: headache, dizziness, nausea, general “mal-
aise”, and vomiting, followed by muscle twitching, myoclonic jerks, and convulsions [Ritter 
et al., 1995]. 

Occupational exposure of dieldrin, too, can cause headaches, nausea, vomiting, general mal-
aise, dizziness, convulsions and coma. These exposures are generally not fatal, though indi-
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viduals who have incorporated large quantities, either accidentally or intentionally died 
[Smith, 1991]. The lethal dose for adults was estimated to be about 10 mg kg-1 body 
weight/day [WHO, 1996]. The central nervous system is the main target organ.  

Inadequate evidence for the carcinogenicity in humans and limited evidence in animals led the 
International Agency for Research on Cancer (IARC) to classify all three “drins” as Group 3 
(Not classifiable as to carcinogens to humans). However, the last IARC evaluation took place 
in 1987 and since then, more research has been carried out. For example, a study in women in 
Denmark [Høyer et al., 1998] has shown that exposure to dieldrin is associated to an in-
creased risk of breast cancer and to a greater malignity of the disease.  The women with the 
highest dieldrin levels in blood had a two-fold greater incidence of breast cancer than women 
with the lowest levels. This study showed a dose-response relationship, i.e. while the level of 
dieldrin in blood increases, the chance of developing breast cancer. It was also shown to affect 
the survival rate [Høyer et al., 2000]. More studies need to be performed to clarify this issue. 

Endrin is a pesticide used to control pests in corn, rice, cotton and sugarcane crops, and to 
control mice. It probably is not produced anymore, and it seems not to be applied at present. 
The main source of exposure to endrin to the general population is residues in food; however, 
contemporary intake is generally below the acceptable daily intake of 0.0002 mg kg-1 body 
weight recommended by the Joint FAO/WHO Meeting on Pesticide Residues (JMPR). Recent 
food surveys did generally not include endrin; hence recent monitoring data are not available. 
Consumption of bread made with endrin-contaminated flour caused severe and sometimes 
fatal poisoning. Symptoms include severe convulsions, coma, high temperature, and lung 
congestion. Endrin is carcinogenic. In the longer term, headaches, dizziness, weakness, leth-
argy, and anorexia was reported. Finally, less severe poisoning was reported to cause dizzi-
ness, weakness in the legs, nausea, temporary deafness, disorientation and aggressive behav-
iour [Smith, 1991]. 

 

2.1.1.4 4,4´-DDT and its derivatives 

DDT was the first synthetic pesticide of the modern age. It promised much, but ultimately 
created widespread concern as an environmental hazard. Dichlorodiphenyltrichloroethane 
(DDT) is an organochlorine contact insecticide that kills by acting as a nerve poison. Exactly 
how DDT affects the nervous system is not yet properly understood, although a great deal of 
work has been done to try and find out its precise mode of action. 

Technical product “DDT” is a mixture of isomers, principally 4,4´-DDT, with lesser amounts 
of 2,4´-DDT. Small amounts of the breakdown products DDD and DDE can also be found in 
the formulation. DDT was originally used during World War II to control typhus, which was 
spread by the body louse. Since then it has been used to control mosquito borne malaria, and 
was used extensively as a general agricultural insecticide. Initially DDT was spectacularly 
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successful particularly in the control of malaria, as well as against agricultural pests. But by 
the 1950s, insect resistance problems had developed, and during the 1960s, a number of seri-
ous environmental problems were identified leading to wide-ranging restrictions on its use. 

In recent years, numerous studies on DDT showed its environmental persistence and its abil-
ity to bioaccumulate, especially in higher animals. Of particular concern is its potential to 
mimic hormones and thereby disrupt endocrine systems in wildlife and probably humans. 
There is no continuous record of world production of DDT, and estimates of usage vary. 
UNEP suggested that world consumption between 1971 and 1981 was 68800 tons per year 
[UNEP, 1990]. Today, most uses involve public health vector control, and the most recent 
figures suggest a worldwide production of 2800 tons for 1990 [UNEP/FAO, 1996]. In the 
U.S., annual usage reached a peak of 35771 tons in 1959, then declined to 13724 tons in 1969. 
Because of exports, production continued to grow until 1963 (81154 tons), and then this fig-
ure, too, gradually decreased [WHO, 1979]. From 1950 to 1970, more than 20000 tons of 
DDT were used annually in the old Soviet Union (former USSR) [PANUPS, 1997]. 

 

Table 2-2 :  Some countries, which permit the import of DDT (in 1995) [WWF, 1996] 

      

Bhutan Guinea Malaysia Nepal Sudan Venezuela 

Bolivia India Mauritius Philippines Tanzania Vietnam 

Ethiopia Kenya Mexico Sri Lanka Thailand   

 

DDT is moderately to slightly toxic to mammals. The acute oral LD50 ranges from 113-118 
mg kg-1 in rats; 150-300 mg kg-1 in mice; 300 mg kg-1 in rabbits; 500-750 mg kg-1 in dogs; 
and >1000 mg kg-1 in sheep and goats. DDT is less toxic to test animals if exposed via the 
skin than ingested. The acute dermal LD50 for female rats is 2510 mg kg-1 [Tomlin, 1997]. 
DDT is categorised by the World Health Organisation as Class II "moderately hazardous" 
[WHO, 1996]. It mainly affects the central and peripheral nervous systems, and the liver. 
Acute effects in humans exposed to low to moderate levels may include nausea, diarrhoea, 
and increased liver enzyme activity, irritation of the eyes, nose and/or throat. At higher doses, 
tremors and convulsions are possible [PMEP, 1994]. Deaths from exposure to DDT are rare. 
Even in developing countries, there have been few reported cases, especially when compared 
with organophosphate insecticides. 

DDT has caused chronic effects on the nervous system, liver, kidneys, and immune systems 
in experimental animals. Dose levels at which significant effects were observed are at very 
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much higher levels than those which may be typically encountered in humans. However, they 
may be at, or even below, levels found in body fat.  

DDT, DDD and DDE are all strongly suspected of being environmental endocrine disrupters. 
DDT can have reproductive endocrine effects and also shows a major toxic effect on the adre-
nal glands. DDT-related deformities in birds include clubbed feet and crossed bills. There is 
also concern that it has the potential to disrupt the endocrine system of humans [Colburn et 
al., 1996]. 

Many insect species have developed resistance to DDT. Scientists knew the first cases of re-
sistant flies as early as 1947, although this was not widely reported at the time. In the inter-
vening years, resistance problems increased mostly because of excessive-use in agriculture. 
By 1984 a world survey showed that 233 species, mostly insects, were resistant to DDT 
[Metcalf, 1989]. Today, with cross-resistance to several insecticides, it is difficult to obtain 
accurate figures on the situation regarding the number of pest species resistant to DDT.  

DDT is one of 9 persistent organic pollutants (POPs), which bioaccumulate, and which are 
transported by air and water currents from warmer climates to temperate zones, where they 
have never been used before. The process of degradation is dramatically slowed down in 
cooler climates. The global risk of adverse effects to human health and the environment has 
led the international community to mandate the UN Environment Programme (UNEP) to con-
vene an intergovernmental negotiating committee (INC) for a POPs Convention to phase out 
production and use. The first INC meeting took place in June 1998. This action endorses the 
recommendations of the Inter-governmental Forum on Chemical Safety (IFCS) And Working 
Group on POPs [UNEP GC, 1997; UNEP, 1997]. 

There is a rather global contamination of DDT. It is a hazard to the environment, both in such 
areas where it is still used, as well as in many regions thousands of miles away where it is no 
longer, or never has been used. As a matter of urgency the use of DDT, a major POP, needs to 
be phased out. Control actions to ban or severely restrict DDT have been taken by over 38 
countries that began in the early 1970s. In at least 26 countries, DDT is completely banned, 
and in 12 others it is severely restricted. In these latter cases, it is still permitted for use by 
government agencies for special programmes, usually involving vector control programmes 
[UNEP/FAO, 1991]. 

 

2.1.1.5 Methamidophos 

Methamidophos belongs to the organophosphorous family of pesticides. These very efficient 
pesticides are used worldwide. They attack an specific enzyme called acetylcholinesterase 
which is essential for the normal transmission of nerve impulses in the nervous system of all 
animals. Methamidophos is a very potent acetylcholinesterase inhibitor [Hussain, 1987] used 
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to control chewing and sucking insects and spider mites on ornamental plants, citrus fruits, 
stone fruits and other intensive agriculture crops in the El Ejido area [Malato et al., 1999]. 
Methamidophos, which has been classified as a Restricted-Use Pesticide (RUP) by the US- 
EPA is highly toxic for mammals (acute oral LD50 = 16 mg kg-1 in rats and 30-50 mg kg-1 in 
guinea pigs), birds (bobwhite quail 8-11 mg kg-1) and bees. The 96-hour LC50 is 25-51 mg l-1 
in rainbow trout [Tomlin, 1994], but concentrations as low as 0.22 ng l-1 are lethal to larval 
crustaceans in 96-hour toxicity tests. As methamidophos is highly soluble in water (> 200 g   
l-1, 250C), it promotes groundwater contamination. Although hydrolysed or broken down by 
water (half-life from 3 days at pH 9 to 309 days at pH 5 [Tomlin, 1994]), the very high con-
centration found in disposal water used for washing equipment could make such contamina-
tion relevant. 

 

2.1.1.6 Monocrotophos 

Monocrotophos is also an organophosphorous (OP) insecticide, a hazardous chemical espe-
cially for conditions of use in developing countries. This non-specific systemic insecticide 
and acaricide, used to control common mites, ticks and spiders with contact and stomach ac-
tion, quickly penetrates plant tissue [Tomlin, 1994]. In common with other OPs, its toxic ac-
tion is achieved by inhibiting acetylcholinesterase. It is widely used, mainly for foliar applica-
tion to cotton. Monocrotophos is stable when stored in glass or polyethylene containers [EPA, 
1985]. The product was withdrawn from use in the US, and within the European Union it is 
registered in Austria, France, Spain, Italy and Greece. While mainly applied against cotton 
pests, it is used on citrus, olives, rice, maize, sorghum, sugar cane, sugar beet, peanuts, pota-
toes, soy-beans, vegetables, ornamental plants and tobacco. 

Monocrotophos is classified by WHO as Ib, highly hazardous, and has been responsible for 
deaths resulting from accidental or intentional exposure. It is highly toxic orally, as well by 
inhalation or absorption through the skin. Early symptoms of poisoning may include exces-
sive sweating, headache, weakness, giddiness, nausea, vomiting, hypersalivation, abdominal 
cramps, diarrhoea, blurred vision and slurred speech. Inhalation or skin contact may increase 
the susceptibility to the pesticide without showing immediate symptoms [Watterson, 1988]. 
The acute oral toxicity for rats (LD50) is 23 mg kg-1 (males) and 18 mg kg-1 (females). The 
acute dermal toxicity for a rat is 354 mg kg-1. Tests on rabbits indicate that it is slightly irritat-
ing to eyes and causes reversible corneal opacity: reports on human health indicate eye con-
tact will cause pain, bleeding, tears, pupil constriction and blurred vision. Like other OPs, 
monocrotophos is a potent cholinesterase inhibitor. The no effect level (NOEL) is 0.03 ppm in 
rats. It is slightly irritating to the skin and mildly irritating to the eyes. Monocrotophos is not 
carcinogenic in rats at 0.45 mg kg-1 day-1, the highest dose tested [FAO/UNEP, 1997]. 
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Many incidents in developing countries have been linked to monocrotophos. It is often diffi-
cult to trace an incident to a particular active ingredient: frequently a “block” of pesticides 
commonly used in a region may be linked to a survey indicating occupational and other health 
impacts in the area. For examples in Brazil, Parana State, monocrotophos caused 107 of 412 
reported accidents analysed in 1990, and the toxicology centre and health clinics also noted 
1650 incidents involving monocrotophos between 1982 and 1991 [Dinham, 1993]. 

The EU classified monocrotophos as dangerous for the environment. Monocrotophos has a 
half-life of 14-21 days at pH 9 and 250C, with the rate decreasing at lower pHs and increasing 
at higher temperatures. Degradation on soil exposed to natural sunlight is rapid (half-life less 
than 7 days) and in the dark, control samples showed a slower half-life approximately 30 
days. Monocrotophos is mobile in soil, and although it degrades rapidly, it may possess a con-
siderably potential for groundwater contamination. 

Monocrotophos is a widely used and extremely dangerous insecticide. Its low cost and many 
applications will present a challenge to users looking for safer alternatives, or measures that 
will protect health. 

 

2.1.2 Transport, Distribution and Degradation of Pesticides in the Environment 

The widespread use and disposal of pesticides by farmers, institutions and the general public 
provide many possible sources of pesticides in the environment. Following their release into 
the environment, pesticides may show up in various forms, depending on the specific circum-
stances. Pesticides, which are sprayed, may move through the air and eventually end up in 
other parts of the environment, such as in soil or water. Pesticides, which are applied directly 
to the soil, may be washed off the soil into nearby bodies of surface water or may percolate 
through the soil to lower soil layers and groundwaters. The application of pesticides directly 
to bodies of water for weed control, or indirectly as a result of leaching from boat paint, run-
off from soil or other routes, may lead not only to build-up of pesticides in water, but also 
may contribute to air levels through evaporation [EXTOXNET, 1993]. 

Once they are released into the environment, pesticides may also be broken down, or “de-
graded”, by the action of sunlight, water, other chemicals, or microorganisms, such as bacte-
ria. This degradation process usually leads to the formation of less harmful breakdown prod-
ucts but in some instances may produce even more toxic products. The other possibility is that 
the pesticide will be very resistant to degradation by all means and thus remain unchanged in 
the environment for long periods of time. The ones, which are more rapidly broken down, 
have only little time to move or to have adverse effects on people or other organisms. The 
ones, which last the longest, the so-called persistent pesticides, can move over long distances 
and can build up in the environment leading to a greater potential for adverse effects to occur.  
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In addition to their resistance to degradation, there are a number of other properties of pesti-
cides, which determine their behaviour and fate. One of them is their volatility. The ones, that 
are more volatile show the greatest potential to travel into the atmosphere and, if persistent, to 
move over long distances. Another important property is their solubility in water. If a pesti-
cide is very soluble in water, it is more easily carried off with rainwater, as runoff or through 
the soil as a potential groundwater contaminant (leaching). In addition, the water-soluble pes-
ticide is more likely to remain in the surface water, where it can show adverse effects on fish 
and other organisms. If the pesticide is insoluble in water, it usually tends to stick to soil and 
also settle to the bottoms of surface waters, making it less available to organisms. 

The downward movement of non-persistent pesticides is a common scenario and several pes-
ticides with short half-lives, such as aldicarb, have been widely found in groundwater. In con-
trast, very persistent pesticides may have such properties, which would limit their potential 
for movement throughout the total environment. Many of the chlorinated hydrocarbon pesti-
cides are very persistent and slow to breakdown but also very water insoluble and tend not to 
move down through the soil into groundwater. However, they can become problems in other 
ways, since they remain on the surface for a long time where they may be subject to runoff 
and possible evaporation. Even if they are not so volatile at all, their transport through aerosol 
together with the tremendously long time that they persist can lead, over time, to measurable 
concentrations moving through the atmosphere and accumulating in remote areas.  

 

2.2 Use of Pesticides in Vietnam 

In 1999, Vietnam exported more than 4 million tons of rice and is today the second-largest 
rice exporter in the world. Most of the pesticides used in Vietnam are applied as insecticides 
in agriculture (in 1991: 82%, Fig. 2-1), while in Germany in 1989, this rate is only 19%.  

In Vietnam, different pesticides were applied not only in agriculture (total consumption in 
1992: 21400 tons; 1997: 40973 tons, [Quyen et al., 1998] in comparison with Germany 1991: 
36937 tons [Statistisches Bundesamt, 1993]), but also in the health service, e.g. for the use 
of DDT against malarial/mosquito from 1957 to 1994: 24042 tons (Tab. 2-3) [Tu et al., 
1998; Hien, 1999]. Currently, the general contamination with insecticides in Vietnam is es-
sential, because of their large amount used. However, the relative proportions of pesticides 
changed recently in Vietnam (insecticide: 33 %, fungicide: 29 %, herbicide: 37 % in 1998). 
The amount of insecticide used was also similar in Thailand (insecticide: 36 %, fungicide: 11 
%, herbicide: 50 % in 1998), the worldwide leading country in rice export. The change in this 
relationship is beneficial for the environment, because of the generally higher toxicity of most 
insecticides compared with herbicides or fungicides. But insecticides were still used in large 
amount in other countries, including India (70 %, 1998) and the Philippines (56 %, 1998). 
Chlorinated pesticides are still employed in some Third World countries. In Vietnam, a gen-
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erally ban of these pesticides was first issued in 1993. Since then the contamination of these 
compounds in different environmental compartments has been more systematically studied. 
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Figure 2-1 :  A survey of the percentage distribution of authorized pesticide  

 

Table 2-3 :  Chemicals being use for Malaria control in Vietnam [Hien, 1999] 

Year Quantity (T) Chemical Origin 

1957-1979 14847  DDT 30 % Former Soviet Union 
1976-1980 1800  DDT 75 % WHO 
1977-1983 4000  DDT 75 % The Netherlands 
1981-1985 600  DDT 75 % Former Soviet Union 
1984-1985 1733  DDT 75 % The Netherlands 

1986 262  DDT 75 % WHO 
1986-990 800  DDT 75 % Former Soviet Union 

1992 238  DDT 75 % Former Soviet Union 
1993 34  DDT 75 % Former Soviet Union 
1994 152  DDT 75 % Former Soviet Union 
1995 24  ICON, Deltamethrin, Vectron  
1996 18  ICON 10 WP Germany 
1997 1.3  ICON 10 WP Germany 
1998 50 

20 
 Permethrin 50 EC 

ICON 10 WP 
Germany 

1999 50 
20 

 Permethrin 50 EC 
ICON 10 WP 

Germany 
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2.3 Basis of Analytical Method 

2.3.1 Solid Phase Extraction 

 

 

Figure 2-2 :  Solid-phase extraction [Baker, 1997] 

 

Solid-phase extraction (SPE) (Fig. 2-2) is a specific extraction method that uses a solid phase 
and a liquid phase to isolate one type of analyte from a solution. It is usually used to clean up 
a sample before using a chromatographic or other analytical method to quantify the amount of 
analytes contained in the sample. The general procedure is to load the pesticide solution onto 
the SPE phase, column wash away undesired components, and then wash off the desired ana-
lytes with another organic solvent into a collection tube.  

Solid-phase extractions use the same type of stationary phases as are used in liquid chroma-
tography columns. The stationary phase is contained in a glass or plastic column above a frit 
or glass wool plug. The column might have a frit on top of the stationary phase and might 
have a stopcock to control the flow of solvent through the column. Commercial SPE (Baker) 
cartridges have 1-10 ml capacities and are discarded after use. The SPE system used here con-
tained a 6 ml cartridge connected to a vacuum line at the outlet, which increases the solvent 
flow rate through the cartridge. A collection tube is placed beneath the SPE cartridge (inside 
the vacuum system) to collect the final eluent containing the concentrated solution. 
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2.3.2 Gas Chromatography (GC) 

Gas chromatography is a powerful technique for separating complex mixtures of organic 
compounds of a minimum volatility. It is now the standard technique for analysis of specific 
organics in waters and wastewaters. Gas chromatography first became commercially available 
in 1955. However, it wasn't until the 1970s before they were widely used in the analysis of 
waters and wastewaters. The three major components of a gas chromatograph are: injector, 
separating column, detector (Fig. 2-3). Samples are introduced into the flowing gas stream by 
means of an injector. Separation of the constituents is achieved in the column. Finally, the 
detector measures the amount of each compound as it leaves the column. 

The major types of gas chromatography are gas-liquid chromatography and gas-solid chroma-
tography. Most environmental applications employ gas-liquid chromatography. This means 
that the GC column contains a viscous liquid into which the solutes dissolve. This liquid is 
ultimately responsible for the separation of solute from the solvent and of the various solutes 
from each other. In gas-solid chromatography, the columns contain a solid packing material, 
which serves to adsorb solutes to its surface. In either case a phase change occurs: the former 
to a liquid, the latter to a solid. 

 

 

Figure 2-3 :  A schematic diagram of a GC [modified from Schwedt, 1997] 

 

2.3.2.1 Electron Capture Detector (ECD) 

The electron capture detector or ECD is widely used for halogenated organic compounds. It 
contains a small piece of radioactive foil containing 63Ni, a beta particle emitter (sometimes 
3H is used). These emitted high-energy electrons will ionize the carrier gas, and produce low-
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energy electrons and positive ions. The secondary electrons are collected at the anode, which 
is typically operated in a pulsed mode to avoid polarization and collection of large anionic 
fragments. When an electrophilic constituent passes out of the column and into the ECD, it 
will pick up some of these low-energy electrons and thereby eventually reduced the electron 
current. The more electronegative a compound is, the more sensitive the ECD is. The most 
sensitive compounds are the halogenated organics, peroxides and nitro-organics. The ECD 
shows almost no response to amines, alcohols and hydrocarbons. This detector is exception-
ally sensitive for halogenated pesticides and chlorination by-products. It is also highly selec-
tive, which means it will not be troubled by interference from non-halogenated compounds. It 
will, however, respond to oxygen, so care must be taken to avoid any oxygen contamination 
of the carrier flow. 

 

2.3.2.2 Nitrogen-Phosphorous Detector (NPD) 

The thermionic detector, nitrogen-phosphorus detector (NPD) and alkali-flame detector are 3 
names for the same detector. It is identical to the FID except for the presence of a rubidium 
silicate bead near the collector. This "active element" serves to dramatically increase specifi-
cally the detector's sensitivity for nitrogen and phosphorus compounds. When tuned properly 
(correct hydrogen and air flows, and correct voltage) the detector is 3-5 orders of magnitude 
more sensitive for nitrogen than carbon, and 4-6 orders of magnitude more sensitive for phos-
phorus than carbon. Its sensitivity for these elements compared to the FID is 50 times greater 
for nitrogen and 500 times greater for phosphorus. For this reason it has found special use for 
phosphorus-containing pesticides. 

 

2.3.2.3 Mass Spectrometry (MS) and GC-MS 

Mass Spectrometer 

Mass spectrometry is an analytical technique that is used to identify unknown compounds, 
quantify known materials and elucidate the structural and physical properties of chemical 
compounds. It is a technique associated with very high levels of specificity and sensitivity. 
Analyses can often be accomplished with minute quantities - sometimes requiring less than 1 
picogram amounts of material. 

Mass spectrometers can be divided into 3 fundamental parts, namely the ionisation source, the 
analyser, and the detector. The sample under investigation has to be injected into the ionisa-
tion source of the instrument. Once inside the ionisation source the sample molecules are ion-
ised, because ions are easier to manipulate than neutral molecules. These ions are extracted 
into the analyser region of the mass spectrometer, where they are separated according to their 
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mass (m) -to-charge (z) ratios (m/z). The separated ions are quantified and the corresponding 
signal sent to a data system, where the m/z ratios are stored together with their relative abun-
dance for presentation in the format of a m/z spectrum. The analyser and detector of the mass 
spectrometer, and often the ionisation source too, are maintained under high vacuum to give 
the ions a reasonable chance of travelling from one end of the instrument to the other, without 
any collision from air and other ions. The entire operation of the mass spectrometer, and often 
the sample introduction process also, is under complete data system control on modern mass 
spectrometers. Ionisation can be accomplished by one of the following methods: 

 

Atmospheric Pressure Chemical Ionisation   (APCI) 

Chemical Ionisation                  (CI) 

Electron Impact                     (EI) 

Electrospray Ionisation                (ESI) 

Fast Atom Bombardment              (FAB) 

Field Desorption / Field Ionisation        (FD/FI) 

Matrix Assisted Laser Desorption Ionisation (MALDI) 

Thermospray Ionisation               (TSP) 

 

There are a number of mass analysers currently available, the better known of which include 
quadrupoles, time-of-flight (TOF) analysers, and magnetic sectors. The type of detector is 
supplied to suit the type of analyser; the more common ones are the photomultiplier, the elec-
tron multiplier, and the micro-channel plate detectors. 

 

GC-MS 

Gas Chromatography coupled with Mass Spectrometry (GC-MS) permits separation of com-
plex mixtures into single components before ionisation and mass analysis. This is particularly 
useful when analysing relatively low levels of target compounds derived from complex bio-
logical matrices. The target analyte must be relatively volatile or must be susceptible to con-
version to a volatile derivative to permit GC separation. In general, the derivatised analyte 
should have a molecular weight (MW) of less than 1000 Da in cases, where GC-MS can be 
successfully applied. In special cases, derivatised analytes with MW 1000-2000 Da can be 
investigated. The ionisation methods that can be used are EI and CI in both positive and nega-
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tive modes. This analysis is usually done at low resolving power or at high resolving power in 
case of known target compounds for proving compound presence. 

 

2.3.3 High Performance Liquid Chromatography (HPLC) 

A HPLC device consists of 4 main components: a pump, an injection system, the separation 
column and the detector with a processing system (Fig. 2-4). HPLC uses separation particles 
with a particle size of 3 to 10 µm. Therefore, it achieves high theoretical plate numbers, but at 
the same time, it makes it necessary to overcome a relatively high counter-pressure during the 
transport the mobile phase through the narrow column (2-6 mm inner diameter). All compo-
nents must be connected to one another to be completely free of dead volume if possible (cap-
illary attachments are used), and they must be resistant to pressure (up to approximately 300 
bar or 30 MPa). When the sample is applied, it is firstly injected without pressure into a sam-
ple loop located in a four-valve. By switching, the eluent flow goes through this sample loop, 
whereby the sample is brought into the column. The analytical separation column, usually 
made of stainless steel, should be thermostatable. For detection, one uses UV/VIS and fluo-
rescence spectrometers, refractive index and amperometric and conductivity detector with 
small flow-through cells (a few microliters in volume). 

 

 

 

Figure 2-4 :  Structure of a HPLC [modified from Schwedt, 1997] 
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2.3.3.1 Ultraviolet (UV) Detector 

The single most popular detector for HPLC is a UV detector.  UV detectors vary in design 
and most detectors have some combination of the features describe below: 

Source: Line source detectors using Hg (254 nm, 280 nm), Zn (214 nm) or other lamps were 
once popular because or their low noise, high stability and low cost.  The optical path consists 
of the lamp, interference filter to reject unwanted radiation, flow cell and detector.  Variable 
wavelength detectors using a deuterium light source combined with a monochromator now 
dominate the market as their detection limits now approach those of line source detectors, 
while they cover needed large of the spectrum needed. Some detectors also cover the total 
visible range with the use of a W-light source.  

Detection: A silicon based detector is used in all cases.  For single wavelength or variable 
wavelength detector a single detector chip is all that is required.  Diode array detectors use 
from 32 to 1024 diodes to provide near simultaneous detection of all wavelengths. Multi-
wavelength data are obtained with single diode systems by scanning with the aid of a mono-
chromator.  

Bandpass: The bandpass of line source detectors is controlled principally by the width of the 
emission line for Hg at 254 nm and Zn at 214 nm.  The interference filter is needed to remove 
the other emission lines of Hg and contributes to the optical properties of the system in that 
manner.  For a Hg lamp and 280 nm detection, a fluorophore is used and the bandpass is con-
trolled by the interference detector. For systems using a deuterium light source and a mono-
chromator, the bandpass is controlled by the width of slits in the optical bench.   The wider 
the slit, the lower the optical noise of the system. 

 

2.3.3.2 LC-MS 

Liquid Chromatography-Mass Spectrometry (LC-MS) allows separation of complex mixtures 
of non-volatile compounds, before introduction to the mass spectrometer. It is used exten-
sively for compounds that have a high molecular are too polar to evaporate at accessible tem-
perature of up to 3000 C. The most common ionisation methods that applied in LC are Elec-
trospray Ionisation (ESI) and Atmospheric Chemical Ionisation (APCI) into positive and 
negative-ion modes. The LC is operated in most cases with a Reverse Phase on the separating 
column, and the buffer system should not contain involatile salts (e.g., phosphates). ESI can 
be used for m/z 500-4000 Da and is run at low resolving power. LC-MS can be used to inves-
tigate virtually all biologically important compounds including, peptides, proteins, 
oligonucleotides, lipids, and others. 
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2.3.4 Ion Chromatography 

Ion chromatography is a form of liquid chromatography that uses ion-exchange resins to sepa-
rate atomic or molecular ions based on their interaction with the corresponding resin. Its 
greatest utility is for the analysis of anions, for which there are no other rapid analytical 
methods. It is also commonly used for the quantification of cations and biochemical species 
such as amino acids and proteins. Ion exchange separations are run with pumps and metal 
columns. Simple LC columns are used to separate one ion from others in ultra-trace analytical 
concentration. 

Ions in solution can be detected by measuring the conductivity of the solution. In ion chroma-
tography, the mobile phase contains ions that create small background conductivity, making it 
difficult to measure the sole conductivity caused by the analyte ions as they exit the column. 
This problem can be largely reduced by selectively removing the mobile phase ions behind 
the analytical column and before the detector. This is achieved by converting the mobile 
phase ions to a neutral form or removing them with an eluent suppressor, which consists of an 
other ion-exchange column or membrane. For cation analysis, the mobile phase is often HCl 
or HNO3, which can be neutralized by an eluent suppressor that supplies OH-. The Cl- or NO3

- 
are either retained or removed by the suppressor column or membrane. The same principle 
holds for anion analysis, where the mobile phase is often NaOH or NaHCO3, and the eluent 
suppressor supplies H+ to neutralize the anion and retain or remove the Na+ ion. Molecular 
ions, such as proteins, that have absorption bands in the ultraviolet or visible spectral region 
may be easily detected by absorption spectroscopy. 

 

2.4 Biological Test 

2.4.1 Daphnia Test 

Daphnia is a small Crustacean - barely visible with the naked eye. It lives in water and has 
large antennae in comparison with the rest of its body. These are used to make jumpy move-
ments hence the name "water flea". Daphnia is used as bio-indicator: changes in the heart rate 
may hint that a chemical compound has some physiological effect, and Daphnia magna is 
used to measure the general toxicity of a chemical compound in water (LD50).  

The Daphnia test (Daphnia magna Straus) is one of the most commonly used toxicity test for 
the determination of the acute toxicity of water soluble chemicals, in industrial effluents, sew-
age effluents, and surface and ground waters. The test is based on the determination of the 
sample concentration, which is able to immobilize 50 % of exposed Daphnia magna (after 24 
or 48 hours). Daphnia magna is usually chosen for its larger size, which is easier to see, but it 
is not as common in the waters of North America, where Daphnia pulexis dominating. Daph-
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nia magna should be used to test waters with a calcium carbonate concentration exceeding 
120 ppm, while Daphnia pulex is better suited for waters with a calcium carbonate concentra-
tion of around 45 ppm. 

 

2.4.2 Luminescent Bacteria Test 

The first use of luminescent bacteria for toxicity testing of aquatic samples was developed as 
a “two-organism coupled” assay [Tchan et al., 1979]. The organisms used included a photo-
synthesising strain of chlorella and a strain of P. phosphoreum. The technique was based on 
the ability of photosynthesis-inhibiting herbicides to interfere with the oxygen production by 
the algal culture. The oxygen produced was quantified using a culture of luminescent bacteria. 
Bulich et al. (1979) described the first commercial toxicity test using luminescent bacteria. 
The bacteria system was unique in that the test organisms were supplied as hydrated, freeze-
dried preparations. This bioluminescent bacteria test, sold under the trade name Microtox®

 

utilized a selected strain of P. fischeri (later identified as P. Phosphoreum). Under suitable 
conditions, selected strains of luminescent bacteria emit a constant amount of light as a meta-
bolic by-product. On exposure to toxicants, the light intensity of the luminescent bacteria sus-
pension is quickly diminished by a certain amount, which is proportional to the concentration 
of the toxicant.  
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2.5 Applied Oxidative Processes for the Treatment of Pesticides in Wastewater 

2.5.1 Direct Photolysis by UV 

A large number of papers have been published on the degradation of chemicals in water using 
the Hg emission at 253.7 nm produced in particular by low pressure mercury lamp. Most of 
these investigations have been made in order to quantify the contribution of the electronic 
excitation of the organic pollutant in mediated oxidation processes, such as UV/H2O2, UV/O3 

and UV/H2O2/O3. 

The simplest photooxidation treatment is pesticide degradation by the UV light, which has 
proved to be one of the most potent degradation actions on pesticides. Fleeker and Lacy 
(1977) studied the photolysis of MBC (Carbendazim) in dilute aqueous solutions, which was 
exposed to sunlight and to light from UV lamp, and discovered that the MBC decomposed in 
sunlight was much less than that when exposed to light from UV lamp after the same irradia-
tion time. In his research on the significance of light induced pesticide transformation, 
Crosby and Wong (1976) reported the photodecomposition of pesticides, such as DDT, 
DDE, TCDD, pentachlorophenol, and molinate, in the natural sunlight, and indicated the 
practical application of artificial light sources. Using a medium- pressure Hg lamp, Peterson 
et a1. (1990) studied the photochemical degradation of pesticides, m-xylene and captan in 
aqueous solution. Their results showed that the half-life of m-xylene and captan was appreci-
ately shortened by the UV light irradiation. Nevertheless, most literature on pesticide degrada-
tion by photolysis alone at an emission 253.7 nm demonstrated that this technique could not 
be used as a very effective procedure for the removal of organics from water [Legrini et al., 
1993]. 

 

2.5.2 UV/H2O2 Process 

UV light combined (with or without hydrogen peroxide added) has also been demonstrated as 
a successful means of degrading pollutants in aqueous solution. Hydrogen peroxide has some 
advantage over ozone since hydrogen peroxide is soluble in water at all concentrations, easy 
to store and transport, and is inexpensive to generate. In the past decade or so, the potential 
use of the photo-oxidation of organic pollutants in the presence of H2O2 has aroused the inter-
est of environmental chemists [Weir et al., 1987, 1993; Hager and Smith, 1986]. The 
UV/H2O2 process has proved effective in treating waters containing organochlorine insecti-
cides [Bandemer and Thiemann, 1986; Sundstrom et al., 1986], Phosphorous organics 
[Hicke and Thiemann, 1987], a number of aromatic compounds [Sundstrom et al., 1989], 
the pesticides carbofuran, fenamiphos sulfoxide, propazine [Peterson et al., 1988], fluoran-
then, lindane [De Silva, 1992], and atrazin [Viehweg and Thiemann, 1992]. While the 
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UV/H2O2 process has received much attention, also for commercial use, few studies have ex-
plored their uniquely photochemical aspects. 

 

2.5.3 Air Ionisation Process 

“Ionised air particles” is a comprehensive term for electrically positive or negative, simple or 
multiple charged particles in the air of atomic or molecular dimensions. They exist more or 
less everywhere in our environment. According to their dimensions and their properties, the 
ionised air particles will be divided into 3 groups: small ions (3-30 molecules), middle ions 
(100-1000 molecules), big ions (106 molecules). The physical properties of these groups are 
listed in Tab. 2-4 according to Varga (1973): 

 

Table 2-4 :  The physical properties of ionised air particles 

 Small ions Middle ions Big ions 
Radius [m] 
Elementary charge 
Mobility [cm2.s-1] 
Lifetime 
Concentration in atmosphere [m-3] 

6 ×  10-10 
± 1 
1.9-0.1 
30-300 s 
(1-10) ×  108 

(1-5) ×  10-9 
± 1 
10-1-10-3 
minutes-hours 
(1-10) ×  109 

>10-5 
until ± 10 
<10-3 
days-weeks 
(1-100) ×  109 

 

Ionised particles are generated in the air through an energy transfer (e.g. electric discharge). 
At first, a positive ion and a free electron are formed. The free electron attaches again to a 
neutral molecule and builds up a negative ion. These ions serve as starting point for larger 
molecular clusters, which consist of some neutral molecules (ca. 3-30) clustered around an 
ion. This molecular groups are called small ions, they can further attach neutral, bigger parti-
cles and build up to middle ions or big ions according to their dimensions. The process is de-
picted in Fig. 2-5 [Reinhold, 1994]. 

 

Table 2-5 :  The detected monomolecular ions in ionised air particles 

Positive Ion Negative Ion 

O+•, O2
+•, O3

+• 
N+•, N2

+•, N3
+•, N4

+• 
NO+•, N2O+• 
H2O+•, Ar+• 

O-•, O2 
2-• 

 
NO2

-, NO3
- 

OH- 
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Figure 2-5 :  The formation of ionised air particles 

 

The listed monomolecular ions in Tab. 2-5 were identified by mass spectrometry by Knoll 
(1964). In this thesis, the Ionised Air water treatment Pilot Systems-2 (IAPS-2) (Fig. 2-8) 
(based on the principle of the formation of “ionised air particles” through electric discharge) 
was applied as a novel water treatment system to study the mineralisation of methamidophos 
and monocrotophos. 

 

2.5.4 Sunlight (UV) / TiO2 Process 

The degradation of organic pollutants present in wastewater utilising the irradiation of       
contaminants in dispersions of titanium dioxide is a fast growing field in basic as well as ap-
plied research. The development of this process in order to achieve complete mineralisation of   
organic pollutants has been widely tested for a large variety of chemicals [Jakob, 1992; Pe-
lizzetti et al., 1988; Matthews, 1989]. The UV/TiO2 process ia able to mineralise a large 
number of organic compounds dissolved or dispersed in water. The rate of reaction is        
relatively high if large surface areas of the photocatalyst can be used. TiO2 is available at a 
relative modest price and could be recycled on a technical scale.  

UV lamps emitting in the spectral region required to initiate the photocatalytic oxidation are 
well known and are produced in various sizes. Improvements to increase the absorption cross 
section and to widen the spectral domain of absorption are sought by surface modifications 
and transition metal ion doping, and in particularly, the use of the visible part of the sunlight 
spectrum as a powerful tool of photochemical sources through the interaction of TiO2. The 
low energy region may be ultimately transformed by a complex heterogeneous charge transfer 
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to a higher light energy region, thus the TiO2 mediated photooxidation may eventually qualify 
as a viable technology for wastewater treatment, where electric energy is scarce and solar   
energy is abundant, e.g. in developing countries of the southern belt. Nevertheless, it remains 
surprising that only so far few experiments have been performed on a pilot scale. The devel-
opment of a practical treatment system based on heterogeneous photocatalysis has not yet 
been successfully achieved, because there are many operating parameters, which need be 
carefully selected, in particularly, type and geometry of photoreactor, the type photocatalyst, 
the optimal use of energy, and wavelengths of the radiation. 

 

2.6 Conventional and Novel Reactors 

2.6.1 High Pressure (HP) and Low Pressure (LP) Mercury Lamps 

The glass cylindrical photoreactor consists of a reaction chamber, a cooling jacket and an UV 
lamp (it can be a HP or LP depending on the experiment). The reaction chamber is a cylinder 
with a capacity of 500 ml for the LP and of 750 ml for the HP. Both the lamps were supplied 
by Heraeus (1995) (Fig. 2-6). 

 

 

Figure 2-6 :  High Pressure (HP), Low Pressure (LP) Mercury Lamps [Heraeus, 1995] 

 

The photodegradation experiments were undertaken with both UV-lamps in the presence or 
absence of hydrogen peroxide H2O2. The power consumption of the HP was 150 W and the 
radiant flux was 6.2 W in UV-C, 3.6 W in UV-B and 4.5 W in UV-A. The main lines of the 
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radiation spectrum are found at wavelengths of λ = 254, 302, 313, 366, 405/408 and 436 nm 
(Appendix A, Tab. 7-1). The power consumption of the LP was 6 W and the radiant flux was 
3.08 W in UV-C. The main line of the radiation spectrum is found at wavelength of λ = 254 
nm. The power emitted from the surface of the LP was measured as 20.55 mW cm-2. 

  

2.6.2 Ionised Air water treatment Pilot System (IAPS) 

There were two different concepts for two pilot systems, which have been developed recently 
in this laboratory. The IAPS-1 is depicted in Fig. 2-7. The untreated water was sprayed into 
the reaction chamber, which contains the ionised air generated in the ionisation module. 
Through this technique, a large reactive surface of treated solution could be achieved. Never-
theless, this process showed good efficiency in oxidising substance like dyes such as crystal 
violet, methyl violet, methylene blue and fuchsine [Wohlers, 1997]. However, it was not ef-
fective enough with some pesticides. The sprayed water had to be collected from the bottom 
of the reaction chamber and refilled into the chamber. This procedure cannot be practically 
applied because the system is interrupted, consumes high energy and is only suitable for 
rather clear water.  

 

 

Figure 2-7 :  IAPS-1: The sprayed chamber experimental system [Wohlers, 2001] 

 

In contrast to the concept IAPS-1, where the contaminated water is sprayed into the ionised 
air stream (Fig. 2-7), in the concept IAPS-2, the ionised air stream is distributed though a 
glass plate into the water reservoir (Fig. 2-8). This second concept called “bubble column 
reactor” consists of an air ionisation chamber (ionisation module LK 5-D-4, power consump-
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tion 23 W, supplied by LK Air quality AG, Switzerland) and a glass reaction chamber (inter-
nal diameter: 6 cm) with a volume of 1550 ml.  

 

 

Figure 2-8 :  IAPS-2: The bubble column reactor [Wohlers, 2001] 

 

2.6.3 Lab Simulated Solar Reactor (LSSR) 

The photochemical reactor was made of Duran® glass with a plain quartz window (through 
which the parallel light beam is entering) equipped with a magnetic stirring bar, a water-
circulating jacket and 5 openings for electrodes and gas supplies (Fig. 2-9). Irradiations were 
carried out using a high-pressure mercury lamp (Osram HBO 500 W). Infrared radiation (IR) 
and short-wavelength UV-radiation were eliminated by a 10 cm water filter. A 320 nm cut-off 
filter was used to avoid any direct excitation of the compound under investigation.  
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Figure 2-9 :  Lab Simulated Solar Reactor (LSSR) [Bockelmann, 1993] 

 

2.6.4 Double-Skin Sheet Reactor (DSSR) 
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Figure 2-10 : Double Skin Sheet Reactor (DSSR) [Sagawe, 1998] 

 

The experimental set-up used in the photocatalytic experiments is presented schematically in 
Fig. 2-10. It consisted of an UV-A light source, a light homogeniser, a reflector unit and a 
photoreactor with an air-sparging unit. 16 fluorescent tube-lamps of the type CLEO Perform-
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ance R 40 W from Philips were mounted in a 1200 mm x 675 mm sleeve support. The relative 
spectra of the emitted light of the lamps is shown in Appendix A1, Fig. 7-1b. 

The front of the light source was covered with the light homogeniser (1200 mm x 600 mm x 3 
mm) made of UV-A-transparent ground acryl glass to get a more homogenous and diffuse 
light field. To reach a nearly homogenous light field, 4 reflector plates covered with alumin-
ium foil were placed perpendicular to the light homogeniser to form a frame (840 mm x 490 
mm x 200 mm) for the light. At the irradiated side of the photoreactor the average incident 
photon flux density was measured as 22 W m-2 using a Dr. Hönle UV-A-meter. The local de-
viation of the incident photon flux density was less than 2.5%. The photoreactor was made of 
a polymethylmethacrylate, PMMA (Plexiglas, Röhm GmbH Darmstadt) double skin sheet  
(SDP 16/32) sealed on the bottom, thus forming 7 individual UV-A light transmitting rectan-
gular tubes (510 mm x 66 mm x 12 mm). The distance between light homogeniser and photo-
reactor was 190 mm. 

An advantage of this reactor construction is that the ratio of the suspension volume to the ir-
radiated surface of the suspension, which is proportional to the reactor depth (12 mm) is inde-
pendent of the suspension volume. This ratio, which is a main parameter in photocatalytic 
batch experiments (Sagawe et al., 1998), does not change during the experiments even if a 
large total sample volume is taken out of the reactor. Thus, the reaction kinetics or photonic 
efficiencies, respectively, are not influenced by withdrawing samples. 

 

2.7 Mechanism of the Pollutant degradation by UV/H2O2 

Advanced oxidation processes (AOP) provide a powerful economic alternative to conven-
tional methods for the removal of hazardous organic pollutants from groundwater and indus-
trial wastewater. Nevertheless, little is still known about the exact mechanism of interaction 
of UV radiation and environmental chemical agents on biological systems. 

 

2.7.1 Properties of UV Radiation 

UV radiation, like visible light, comes from a specific region of electromagnetic radiation. 
The UV range covers typically wavelengths of 100-400 nm. The UV spectrum are for practi-
cal reason divided into three major components which induce significantly different biologi-
cal effects [Ultraviolet, 1979]: UV-A 315-440 nm, UV-B 280-315 nm, UV-C 100-280 nm. 
Wavelengths below 200 nm are of little biological significance, since radiation in this region 
is absorbed within very short path lengths in air. 
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                                                  ν =  c / λ  (2-1)       

              ∆E =  hν =  h c/λ  (2-2) 

c      velocity of light, 2.998 x 108 m s-1 

λ      wavelength, m 

ν      frequency, s-1 

h      Planck's constant, 6.626 x 10-34 J s 

 

With its energy shown in Tab. 2-6, such relatively large energies are sufficient to excite an 
electron from its ground state orbital to an orbital of higher energy. The electron can be one 
that is initially either in a σ orbital or in a π orbital. Often the electron transitions are from a  

π orbital to the antibonding π* orbital or from a nonbonding orbital n to a π* orbital (n→  π*). 
 

Table 2-6 :  The energy of UV light [Philipps, 1997] 

Wavelength (nm) Wavenumber (cm –1) Energy (eV) (kJ mol –1) 
    

100 
200 
254 
280 
315 
365 
380 

100000 
50000 
39370 
35714 
31950 
27397 
26316 

12.40 
6.19 
4.88 
4.43 
3.94 
3.40 
3.26 

1196 
598 
471 
427 
380 
328 
315 

 

2.7.2 Properties of H2O2 

Physically, hydrogen peroxide is a colorless, odorless, syrupic liquid of a bitter taste. The 
relatively low vapour pressure and high boiling point are caused by hydrogen bonding be-
tween hydrogen peroxide molecules. Hydrogen peroxide is thermally unstable, and decom-
poses spontaneously with evolution of a large enthalpy. 

                       2 H2O2 →   2 H2O (l)  +  O2 (g)  ∆H = −  196 kJ   (2-3)  

Hydrogen peroxide can act as oxidant in either acid (H2O2) or alkali (HO2
− ) solution. Ther-

modynamically, it ought to be a better oxidant in acid than in alkali.  
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In the presence of acid: 

           H2O2 (l) + 2H+ (aq) + 2e−  →    2 H2O (l)   E0  = + 1.77 V  (2-4) 

In the presence of base: 

               H2O2 (l) + OH− (aq)   →     H2O (l) + HO2
− (aq)    (2-5) 

      H2O2 (l) + HO2
− (aq) + 2e−   →    3 OH  − (aq) + O−   E0  = + 0.87 V (2-6) 

For comparison with other common oxidants, their oxidation potentials are listed in Tab. 2-7. 

 

Table 2-7 : Oxidation potentials of some oxidants [Bad et al., 1990] 

  Oxidation potential, V 
Oxidant   pH = 0 pH = 14 

    
Fluor 
Hydroxyl radical 
Ozone 
Hydrogen peroxid 

F 
OH• 
O3 
H2O2 

3.06 
2.80 
2.07 
1.77 

2.87 
1.98 
1.24 
0.87 

 

It is commonly accepted that the photolysis of H2O2 leads to the formation of two OH• radi-
cals per quantum of radiation absorbed, and the rate of the photolysis was found to be pH de-
pendent [Hochanadel, 1962; Buxiton and Wilmarth, 1963; Laming et al., 1969]. This 
might be primarily due to the higher molar absorption coefficient (ε) of the peroxide anion at 
253.7 nm [Glaze et al., 1987]. On the other hand, hydrogen peroxide is known to decompose 
spontaneously by a dismutation reaction with a maximum rate at the pH of its pKa value. 

 

   H2O2 →   2 OH•   (2-7) 

   H2O2 →      H+    + HO2
−  (2-8) 

   H2O2 + HO2
− →   H2O + O2 + OH−  (2-9) 
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2.7.3 General Principle of Photochemistry 

A photochemical reaction occurs when a molecule is raised from its electronic ground state to 
a higher state. In this higher state, the molecule can follow a variety of reaction paths. Thus, 
photochemistry is concerned with electronically excited molecules and the changes that they 
undergo. Such species can be produced in a variety of ways, but the most commonly used 
method for their generation is through absorption of a photon of UV or visible light by a 
molecule. The two fundamental laws of photochemistry are as followed: 

The first law, proposed by Grotthuss in 1818 and Draper in 1841, states that only the absorbed 
light is effective in producing a photochemical reaction. The intensity of light absorbed, Ia, is 
given by the Beer-Lambert law, as follows: 

   It = Io- Ia = Io × 10−εlc  (2-10) 

where Io is the incident light intensity and It is the transmitted light intensity; ε  is the molar 
absorption coefficient, which depends on the substance, wavelength, and temperature; l is the 
length of the light path, usually in centimetres; and c is the concentration of the substance in 
moles per liter. 

The second law, proposed by Einstein in 1905, states that each molecule activated has ab-
sorbed one photon. This is based on the fact, that the life-time of excited species can be very 
small (from 10-8 to 10-11 sec), and that such species cannot absorb a second photon before 
reacting. When a photon of light is absorbed by a molecule, several reactions may occur; they 
are as followed: 

 (1) A + hν    →    A* Absorption to an excited state 

 (2) A* →    A + hν Resonance emission 

 (3) A* →    A + hν´ Fluorescence 

 (4) A* →    A Internal degradation 

 (5) A* + A →    2 A Collision deactivation 

 (6) A* →    product Dissociation 

 (7) A* ⇔    A+  Singlet-to-triplet transition 

 (8) A+ →    A + hν´´ Phosphorescence 

 (9) A+ →    A Internal degradation 

 

The different steps are named as following: 
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Resonance emission. Molecule returns to the ground state with ν emitted equal to ν absorbed 
[Gesser, 1974]. 

Fluorescence. Occur within a very short time (10-5 to 10-9 sec) of excitation. The energy of 
the emitted photon, hν´, is less than that of the absorbed photon, hν. 

Internal degradation. Conversion of excitation energy to vibrational energy without emission 
of radiation from an electronic state. Vibrational quanta are emitted during the vibrational 
relaxation process. 

Collision deactivation. The conversion of electronic energy into vibrational, rotational, and/or 
transitional energy by collision. 

Singlet-to-triplet transition. S1 → T1, or intersystem crossing, is a fast process. The reverse 
process, T1 → S0, is much slower. 

Phosphorescence. Occurs within a longer time interval (10-2 to 100 sec) after the initial ab-
sorption of a photon. 

Reaction (1) is the primary process, and it may be followed after some time delay by reaction 
(6). Alternatively, reaction (6) may require an activation energy and occur somewhat more 
slowly, so that reaction (2), (3), (4), or (5) may occur. A schematic representation of photo-
chemical process in molecules is shown in Fig. 2-11. In photochemistry, a major distinction is 
made between the state of molecules, in which all the electrons are paired (called singlet state 
of the molecule, S) and the state of molecules, in which there are 2 unpaired electrons with 
parallel spin (called the triplet state of the molecule, T). When a molecule has one unpaired 
electron, then its ground state is called a doublet, D. 

 

 

Figure 2-11:     A simplified Jablonski diagram [Römp, 1995]  



Theoretical Part    37

Ground electronic states are usually indicated by a subscript 0, for example, S0 and T0. Singlet 
⇔ triplet transitions are forbidden by quantum mechanical selection rules, and therefore their 
occurrence, although not completely excluded, is not frequent. For example, the transition T1 
→ S0, is a slow process that gives rise to phosphorescence. It is distinguished from the transi-
tion S1 → S0 (fluorescence). Their state of energy is shown in Fig. 2-12. 

 

 

Figure 2-12:  Schematic representation of relative energies of fluorescence and 
phosphorescence [Horspool, 1992] 

 

2.7.4 Mechanism of H2O2 Photolysis in Water 

2.7.4.1 Hydroxyl radical generation 

Oxidation of organic pollutants by the combination of UV light and H2O2 implies in most 
cases generation and subsequent reaction of hydroxyl radicals [Baxendal and Wilson, 1957]. 
These may react with the organic target molecule like 

  HO•  + RH →    R• + H2O        (2-11) 

This reaction generates again organic new radicals, which by addition of molecular oxygen 
yield peroxyl radicals, as follows: 

R•  + O2 →    RO2
•                     (2-12) 

These intermediates initiate thermal reactions of oxidative degradation, leading finally to car-
bon dioxide, water, and inorganic salts. Besides hydrogen abstraction, electron transfer to 
hydroxyl radicals constitutes another mechanism of oxidative degradation. 
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  HO•  + RX →    RX•+  +  HO−  (2-13) 

2.7.4.2 H2O2 Photolysis 

The mechanism for the photolysis of H2O2 is the cleavage of the molecule into hydroxyl radi-
cals with a quantum yield of two HO• radicals formed per quantum of radiation absorbed 
[Dore, 1989]. 

  H2O2 +  hν →   2 HO•  (2-14) 

The rate of photolysis of aqueous H2O2 has been found to be pH dependent, and increase 
when more alkaline conditions are used [Dore, 1989; Nicole et al., 1990]. Reaction of hy-
droxyl radicals generated in the presence of an organic substrate may be categorised by their 
mechanism into three different classes: 

hydrogen abstraction HO• + RH →    R•  +  H2O  (2-15) 

eletrophilic addition HO• + PhX →    HOPhX•    (2-16) 

electron transfer  HO• + RX →    RX•+ + HO−     (2-17) 

Radical-radical recombination must also be taken into account. 

   2 HO•  →    H2O2
  (2-18) 

 

2.7.4.3 Hydrogen abstraction 

 

 

Figure 2-13:  UV/H2O2 processes [Peyton, 1990] 



Theoretical Part    39

The sequence of all possible reactions occurring during the UV/H2O2 process used for the 
oxidation of organic substrates is shown in Fig. 2-13. Hydroxyl radicals generated by hydro-
gen peroxide photolysis (a) react with organic compounds (HRH) primarily by hydrogen ab-
straction to produce an organic radicals (RH•) (b). This radical reacts quickly with dissolved 
oxygen to yield an organic peroxyl radical (RHO2

•) (c), initiating subsequent thermal oxida-
tion reactions. Peyton et al. (1990) proposed three different reaction paths to be followed by 
either peroxyl radicals or their tetraoxide dimers: (1) heterolysis and generation of organic 
cations as well as superoxide anion (d), (2) 1,3-hydrogen shift and homolysis into hydroxyl 
radicals and carbonyl compounds (e), and (3) back reaction to RH• and O2 (f). Fig. 2-13 re-
flects the need of oxygen saturation in oxidative degradation processes. In cases of lack of 
oxygen, organic radicals will initiate polymerisation of unsaturated organic substrate present 
in the reaction system or generated by dismutation. 

 

2.7.4.4 Radical-radical reactions 

Generated at high concentration, hydroxyl radicals will readily dimerise to H2O2 

  HO• +  HO•  →    H2O2
  (2-19) 

If an excess of H2O2 is used, HO• radicals will produce hydroperoxyl radicals, which are 
much less reactive and do not appear to contribute to the oxidative degradation of organic 
substrates. 

  H2O2 + HO• →    H2O + H2O•  (2-20) 

 

2.7.4.5 Electrophilic edition 

RR

RR  
+ HO• → OH

RR

RR  
(2-21) 

Electrophilic addition of HO• radicals to organic π-systems will lead to organic radicals, the 
subsequent reactions of which are quite similar to those mentioned in Fig. 2-13. 

Electrophilic addition is of particular interest for a mechanistic interpretation of the rapid 
dechlorination of chlorinated phenols yielding chloride ions. One possible pathway could in 
fact consist of an electrophilic addition of the hydroxyl radical to the arene system and of sub-
sequent fragmentation of the intermediate chlorohydrol. 
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OH

Cl

 

+ HO• → 

ClHO

OH

→ 

O

OH  

+  HCl (2-22) 

2.7.4.6 Electron-transfer reactions 

Reduction of hydroxyl radicals to hydroxide anions by an organic substrate is of particular 
interest in the case where hydrogen abstraction or electrophilic addition reactions may be dis-
favoured by multiple halogen substitution or steric hindrance. 

  HO• + RX →    RX•+ + HO−     (2-23) 

 

2.8 Mechanism of the Pollutant degradation by UV/TiO2  

Semiconductors (e.g., TiO2, ZnO, Fe2O3, CdS, and ZnS) can act as sensitizers for light-
induced redox processes due to their electronic structure, which is characterized by a filled 
valence band and an empty conduction band. Absorption of a photon with an energy exceed-
ing the band-gap energy leads to the formation of an electron/hole pair. In the absence of suit-
able scavengers, the stored energy is dissipated within a few nanoseconds by recombination. 
If a suitable scavenger or surface defect state is available to trap the electron or hole, recom-
bination is prevented and subsequent redox reactions may occur. The valence band holes are 
powerful oxidants (+ 1.0 to + 3.5 V depending on the type of semiconductor and pH), while 
the conduction band electrons are good reductants (+ 0.5 to − 1.5 V vs NHE). Most organic 
photodegradation reactions utilize the oxidizing power of the holes either directly or indi-
rectly; however, to prevent a buildup of charge, one must also provide a reducible species to 
react with the electrons. In bulk semiconductor electrodes only one species, either the hole or 
electron, is available for reaction due to band bending. However, in very small semiconductor 
particle suspensions both species are present on the surface. Therefore, careful consideration 
of both the oxidative and the reductive paths is required [Bahnemann, 1999]. 

Fig. 2-14 illustrates the photocatalytic processes. It consists of a superposition of the energy 
bands of semiconducting TiO2, (valence band VB, conduction band CB) and the behavior of 
the adsorbed target particle. Absorption of a photon with energy by greater than or equal to 
the bandgap energy Eg generally leads to the formation of an electron hole pair in the semi-
conductor particle. Subsequently these charge carriers either recombine and dissipate the in-
put energy as heat, get trapped in metal stable surface states, or react with electron donors and 
acceptors adsorbed on the surface or bound within the electrical double layer. 
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Figure 2-14:  Energetic principles of photocatalysis (TiO2) [Bahnemann, 1999] 

 

A general stoichiometry for a heterogeneously photocatalysed oxidation of a generic chlorin-
ated hydrocarbon to complete mineralisation can be written as follows: 

         CxHyClz + (x + (y - z)/4) O2 →   x CO2 + y H+ + z Cl− + (y - z)/4 H2O (2-24) 

Anatase, titanium dioxide (TiO2), the material with the highest photocatalytic detoxification 
efficiency is a wide bandgap semiconductor (Eg ~ 3.2 eV). Thus, light below 400 nm is ab-
sorbed and capable of forming electron-hole pairs, which are the prerequisite for the photo-
catalytic process. Absorption of a photon with an energy hν greater or equal to the band-gap 
energy Eg generally leads to the formation of an electron/hole pair in the semiconductor parti-
cle (Eq. 2-25). 

  TiO2 + hν →   TiO2 (e−
CB + h+

VB)     (2-25) 

Following their generation in the bulk, both charge carriers diffuse rapidly to the particle's 
surface [Goslich et al., 1997]. In an extremely fast process, the valence band electron is 
trapped at TiIV surface sites (Eq. 2-26), or by extrinsic traps (e. g. adsorbed electron accep-
tors, Aads), via interfacial electron transfer (Eq. 2-27). 

 {TiIV}surface  + e−
CB →   {TiIII}surface     (2-26) 

  Aads + e−
CB →   A•−

ads
  (2-27) 

While molecular oxygen (O2) normally serves as the adsorbed electron acceptor yielding the 
superoxide radical anion (Eq. 2.28), metal cations or even several organic compounds can act 
as efficient oxidants. 

  O2.ads + e−
CB →   O2

•−
ads

  (2-28) 
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•OH radicals can be formed if hydrogen peroxide is added. 

  H2O2 + e−
CB →    •OH  +  OH−    (2-29) 

The valence band hole can either be trapped at intrinsic oxygen sites (Eq. 2-30), or by ad-
sorbed electron donors, Dads, at the particles's surface (Eq. 2-31). 

 {TiIV – O2−- TiIV}  + h+
VB →    {TiIV – O•−- TiIV}     (2-30) 

  Dads + h+
VB →    D•+

ads
  (2-31) 

In the case of the strongly hydrated and hydroxylated TiO2, surface, hole-trapping results in 
surface bound hydroxyl radicals (Eq. 2-32a and 2-32b) 

 {TiIV}surface-OH  + h+
VB →    {TiIII}surface-OH•+     (2-32a) 

 {TiIV}surface-OH2
+  + h+

VB →    {TiIII}surface-OH•+   +  H+
aq

  (2-32b) 

Commonly, it is assumed that the degradation of organic compounds is initiated by an anodic 
process. 

 {TiIV}surface-OH•+  + D →    {TiIV}surface           +  D•+-OH  (2-33) 

In the presence of air, the radical thus formed react quickly with molecular oxygen leading to 
the eventual formation of the final mineralisation products. Only in a few cases, a reductive 
pathway has been discussed as the initiating step of photocatalytic conversions. For example, 
using tetrachloromethane CCl4, as a model pollutant, Hilgendorff et al. (1992, 1996) ob-
served that protons and chloride ions are formed when oxygen-containing aqueous suspen-
sions of bare or platinised TiO2 particles and CCl4 are irradiated with light of sufficient en-
ergy at pH 11, while the concentrations off O2 and CCl4 are decreasing. CCl4 cannot be oxi-
dized and its degradation can thus be only initiated by conduction band electrons. The follow-
ing mechanism was proposed to explain the experimental observations: 

  CCl4 + e−
CB →    •CCl3  + Cl−  (2-34) 

  O2      + •CCl3 →    •O2CCl3
  (2-35) 

  •O2CCl3    →    •OCCl3 + ½ O2    (2-36) 

  •OCCl3  + e−
CB + H+ →    HOCCl3

  (2-37) 

It is known from homogeneous phase free radical chemistry that •CCl3 radicals do react very 
fast with O2 (Eq. 2-35 – 2-37). The HOCCl3 formed in Eq. 2-37 decomposes spontaneously 
forming phosgene (Eq. 2-38), which rapidly hydrolyses yielding the observed products (Eq. 
2-39). 

  HOCCl3    →    OCCl2 + H+  + Cl−    (2-38) 
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  OCCl2  +  H2O →   HOCCl3
  (2-39) 

It has been suggested that reductive steps are also involved in the photocatalytic degradation 
of several nitroaromatic compounds [Schmelling et al., 1996; Low et al., 1991]. 

 

2.9 Photokinetic analysis 

In the study of the chemical kinetics, which concerns the rates of the reactions and the mecha-
nisms by which they occur, the rate of a chemical reaction can be determined by observation 
of either the disappearance of one reactant or the formation of the product. In our experi-
ments, the rate of a reaction is defined as the rate of change in concentration of the or-
ganochlorine and organophosphorous pesticides studied with the time of irradiation and, 
therefore, the rate of the reaction can be calculate from the slope of the concentration vs. time 
curve for that particular pesticide at a specific time. 

The rate of the reaction 

  Reactant C →    Product P  (2-40) 

   ν = −  dCt / dt  =  kcn  (2-41) 

where k is a proportionality constant called the specific rate constant, n is the order of the re-
action with respect to C. Integrating this equation, we have 

   ln ν =   ln k + n ln c  (2-42) 

If a photochemical oxidation obeys first-order kinetics, then we get 

   ν =   −  dCt / dt  =  kc  (2-43) 

By integration, 

   ln Ct  =   −  kt + A  (2-44) 

When t = 0, Ct = C0, thus 

   ln (Ct/C0) =   −  kt    (2-45) 

The time required for half-time reaction is called the half-life time of the reaction, and is 
given by t1/2. 

   t1/2 =   0.693 / k    (2-46) 

Therefore for the case of 1st order kinetics only, the half-life period of first-order reaction is 
independent of the initial concentration of reactant. 

 



  Experimental Methods   44

3 Experimental Methods 

3.1 Experimental Chemicals and Solvents 

All chemicals, including organochlorine and oranophophorous pesticides, and the solvents n-
hexane and methanol were supplied by Riedel de Haeen Co. Ltd, Germany, at reagent grade 
quality (>99.8% purity). The octadecyl (1g/6 ml Isolute) cartridge used as a sorbent for solid 
phase extraction was obtained from Baker (USA). Hydrogen peroxide was prepared from a 
concentrated solution at 35 % by weight of p.a. quality (Fluka). Photocatalysts titanium diox-
ide were supplied by Degussa, Sachtleben Chemie, Bayer (Germany), Millennium Inorganic 
Chemicals (USA), ISFH. 

 

3.2 Analysis of organochlorine pesticides in surface waters in Hanoi 

3.2.1 Sampling 

15 different insecticides, which all were banned in Vietnam in the period from 1990 to 1998 
(Appendix A2, Tabs. 7-2 to 7-4) were chosen for the investigation of surface water samples 
in Hanoi and its surroundings. The investigation was focused on an area of ≈  30 by 20 km 
(Fig. 3-1). 30 water samples in total were analysed: 11 samples from the Red River, 7 from 
the Duong River, 4 from various lakes (West lake, Thuyen Quang, Bay Mau, Ba Mau), 6 
from irrigation canals and two samples from wells. The same procedure was repeated in No-
vember 1998 and in August 1999. The water samples were transferred to cleaned, air-free 
bottles with conical shoulders (5 l nominal volume for samples from rivers and irrigation ca-
nals and 10 l nominal volume for samples from lakes and wells) and stored in refrigerator     
(~ 120C). 

 

3.2.2 Sample Preparation 

SPE clean-up 

Solid phase extraction is a proven technique for traditional solvent extraction for the separa-
tion and enrichment of middle- and strongly volatile organochlorine pesticides from water. A 
solvent extraction of the water samples for the clean-up process was performed as described 
by Baker (1997). A column (cartridge) of octadecyl (1000 mg/6 ml Isolute) in a Baker spe-12 
G system, was conditioned using a flow of 1 ml min-1 and applying 3 ml n-hexane, 3 ml 
methanol and flushed with 6 ml of distilled water, before the vacuum was released. 5 l (river 
and irrigation canal) or 10 l (lake and well) water samples -first filtered using a fibre glass 
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filter funnel- were drawn through the conditioned octadecyl column as above, while the vac-
uum was controlled at about 400 mbar. At the end of the adsorption process, the column was 
dried by purging with nitrogen and then eluted with 5 ×  1 ml n-hexane.  

 

 

Figure 3-1 :  The sampling map of Hanoi, North Vietnam  

 

The total extract was dried over sodium sulphate, concentrated to 1ml under a stream of nitro-
gen and analysed using GC-ECD. The calibration curve was obtained from the measurement 
of the organochlorine standard solution diluted in various steps (Appendix B, Figs 7-2 to     
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7-6). The area of the peak of the real water samples (collected in Hanoi) or irradiated water 
samples (containing lindane and 4, 4´-DDT), is recorded and compared with the area of the 
peak measured for the organochlorine pesticides from a standard solution, which is of known 
concentration; hence the amount of the organochlorine pesticides in the sample solution was 
calculated. 

The recovery rates and standard deviations of the clean-up method are given in Tab. 3-1. The 
volume of the water samples influenced the recovery rate. For this work, the recovery rate 
was determined for 5 l and 10 l of water samples. The water samples were doted with the in-
dividual pesticide pro analysis at a concentration of 100 ng l-1. The specific values were calcu-
lated in each case via 6 independent measurements. The calculated recovery rates were stable 
and corresponded to the guidelines of the supplier Baker. This procedure was applied for the 
preparation of the concentrated water samples between November 1998 and September 1999 
in Hanoi. 

  

Table 3-1 : The recovery rates of HCH- and DDT isomers and other chlorinated pesticides 
through solid phase extraction process via octadecyl phase and elution with n-
hexane (6 measurements) 

 
Component Recovery rate  

in % 
± Standard deviation 

in % 
Limit of detection 

in ng l-1 
 
α-HCH 82 7.3

  
0.5 

β-HCH 76 7.6  1.25 

Lindane (γ -HCH) 89 8.1  0.05 

δ-HCH 87 10.4  0.5 
Heptachlor 92 12.3  0.025 
Heptachlorepoxide (isomer A) 87 7.8  0.5 
Aldrin 93 9.5  0.5 
Dieldrin 94 7.7  0.1 
Endrin 87 9.2  1.00 
2, 4´- DDE 91 8.3  0.075 
4, 4´- DDE 90 7.1  0.5 
2, 4´- DDD 83 8.5  1.5 
4, 4´- DDD 79 8.6  0.5 
2, 4´- DDT 81 7.9  0.1 
4, 4´- DDT 88 8.3  0.05 
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3.2.3 Analytic Condition: GC-ECD 
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Figure 3-2 :  Chromatograms of a real sample (P5, upper) and of a spiked water sample  
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The qualitative and quantitative determination of chlorinated pesticides was performed using 
a gas chromatography Fisons Instruments GC 8000 series, electron capture detector 63Ni-ECD 
(GC-ECD). The column for GC-ECD was a HP-5-MS capillary (30 m x 0.25 mm I.D., 0.25 
µm film thickness). Helium 5.0 was used as carrier gas for the system (75 Psi, 1ml min-1). The 
make-up gas was argon/methane (ECD-Quality) 165 Psi. The temperature of the injector was 
2500C and the temperature of the detector was set to 3000C. The oven temperature pro-
gramme was: start (t=0) at 600C, 70C min-1 to 1600C and 40C min-1 to 2800C. The injection 
volume was 3 µl in the splitless mode.  

The qualitative and quantitative detection of the organochlorine pesticides was accomplished 
by comparison of retention times and peak areas with a corresponding standard substance 
(Fig. 3-2). The application of one internal standard during gas chromatographic analysis is 
recommended to minimise systematic errors. The internal standard used in this work was 2, 4, 
5 - Trichlorbiphenyl (TCB), which separated well from all gas chromatographic analysed or-
ganochlorine pesticides and has physicochemical properties similar to those of the analysed 
substances. 

 

3.3 Photooxidation of lindane and 4, 4´-DDT using HP, LP/H2O2, /TiO2 

The degradation of lindane and 4, 4´-DDT was first studied by Stachel et al. (1982), Bande-
mer et al. (1986), Galadi et al. (1995), Kulovaara et al. (1995), Guillard et al. (1996), Za-
leska et al. (2000) using different photoreactors and reaction agents (H2O2, O3, TiO2). How-
ever, the photoreactors used in those works were very different with our photoractors HP and 
LP. Moreover, we have systematically investigated the degradation processes of lindane and 
4, 4´-DDT, concerning the variation with pH (2, 7, 10), with concentration of photooxidative 
catalytic agents, including H2O2 (0.1, 0.2 and 0.3 % for lindane and 0.1, 0.2 % for 4, 4´-DDT) 
and TiO2 (200 and 500 mg l-1 for lindane, 500 and 1000 mg l-1 for 4, 4´-DDT), which were 
not considered in the previous works. The initial concentration of lindane or 4, 4´-DDT was 5 
mg l-1. An aqueous pesticide solution/suspension (if TiO2 was added) was prepared by direct 
stirring an acetone pesticide solution into bi-distilled water before the reaction initiation. Ace-
tone concentration in the aqueous phase was 0.1 wt.%. Acetone is thought to be resistant to 
degradation in reactions involving hydroxyl radicals. The treated water samples were then 
prepared using a SPE Baker system as mentioned above. The pesticide concentration was 
determined using a GC-ECD with the condition as described in 3.2.3. 

 

3.4 Oxidative Processes of Methamidophos (Me) and Monocrotophos (Mo) 

The degradation of methamidophos and monocrotophos in pure bi-distilled water (with initial 
concentration: 5 mg l-1, pH 7 at the beginning) was studied. Initially, 2 Ionised Air water 
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treatment Pilot Systems (IAPS-1, -2, no additives) were installed. The degradation of both 
insecticides was carried out only with the IAPS-2 and with two different ultraviolet (UV) 
lamps: High- and Low Pressure mercury lamps (HP and LP, with or without H2O2). The ki-
netics of these oxidative processes was investigated. The mineralisation of methamidophos 
and monocrotophos was controlled by determination of the anions produced including NO3

-, 
PO4

3-, SO4
2- during and at the end of each experiment. The toxicity of water samples before, 

during and after the experiments was tested with Daphnia test. For finding out the potential of 
applying solar reactors in practice, the detoxification of methamidophos and monocrotophos 
was also investigated using a LSSR and a DSSR with the presence of different commercially 
available and novel photocatalysts of titanium dioxide. 

The decomposition of methamidophos and monocrotophos with UV/H2O2/O3/Fe or in process 
using photocatalyst (TiO2) was recently reported elsewhere (Zhao et al., 1995; Zhu et al., 
1995; Doong and Chang, 1997, 1998; Malato et al., 1999; Ku et al., 1998, 1999, 2000). 
However, those investigations have been carried-out with inapplicable reactors in praxis and 
only one commercial type of solar photocatalyst (P25 Degussa). On the contrary, in this the-
sis, 12 different catalysts, including novel types like PC 500, Mikroanatas were tested for 
finding-out the most suitable catalysts using for the mineralisation of Me and Mo with the 
LSSR and the novel DSSR developed by ISFH. The latter reactor ran with the sunlight energy 
and can be  applied in Vietnam, a sun-rich country. 

 

3.4.1 Photooxidation using HP, LP/H2O2 

Two UV-lamps (high pressure (HP) and low pressure (LP)), which have power consumptions 
as well as radiant fluxes totally different from the two lamps reported in the works of Doong 
and Chang (1997, 1998) were used in this study. The photodegradation experiments of 
methamidophos and monocrotophos (initial concentration: 5 mg l-1) were performed with 
both UV-lamps in the presence or absence of hydrogen peroxide H2O2 (by 0.2 % and 0 % 
H2O2 concentration). Each experiment was carried out at pH 7 at the beginning. There was no 
buffer solution added to keep the pH value constant due to monitoring of anions produced by 
the subsequent oxidation of the target molecules. 

 

3.4.2 Oxidation using IAPS 

Air flow was set at 1 m3 h-1 and 1000 ml untreated water ensured a reaction distance of 55 cm. 
Ionised air was distributed through a porous boron-silicates-sintered-glass plate (porosity: 1, 
porous size: 100-160 µm). The IAPS-2 is not a periodic system (Fig. 2-8). During the experi-
ments, valve 1 is opened, while valves 2, 3 and 4 are closed. Valve 3 is used for the filling of 
the water samples and valve 4 for withdrawing samples. Valve 2 is used when the system 
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must be cleaned-up after each experiment. Valve 1 is opened only when the experiment be-
gins. This system was constructed in co-operation with LuWaTec GmbH, Merseburg, Ger-
many. Experiments were run at different time intervals (the initial concentration of methami-
dophos and monocrotophos was 5 mg l-1): 5, 10, 15, 20, 40, 60, 90, 120, 180 and 240 min. 
Each experiment was carried out at pH 7 at the beginning. 

 

3.4.3 Solar Photocatalytic Detoxification 

3.4.3.1 Conventional and Novel Photocatalyst TiO2 

Heterogeneous photocatalysis has been discussed as an alternative method for the purification 
of water since long. Until now various investigations have been made, especially regarding 
the degradation of highly toxic and refractory organic compounds, such as chlorinated hydro-
carbons and others. Titanium dioxide (TiO2) has turned out to be the semiconductor with the 
highest photocatalytic activity, being non-toxic, stable in aqueous solution and relatively in-
expensive, too. The aim of the present study was to determine the best photocatalysts among 
different TiO2 materials and find further means to accelerate the efficiency of the photocata-
lytic process. The photocatalytic activities of 12 TiO2 materials have been compared studying 
the degradation of methamidophos and monocrotophos as model compounds under optimised 
experimental conditions (e.g., concentrations of TiO2, pH of the solution: 3, 7 and 12). The 
photocatalytic degradation processes were carried-out in both reactors: Labour Simulated So-
lar Reactor (LSSR) and Double-Skin Sheet Reactor (DSSR). 

Cat 1 (P 25) is a well-known photocatalyst widely used for waste water treatment process, 
supplied by Degussa, Germany. Cat 2, 3, 4 and 5 (PC 50, 100, 105 and 500) were obtained 
from Millennium Inorganic Chemicals, USA and are new developed catalysts, which were 
just used for some experiments in ISFH (Institut für Solarenergieforschung GmbH 
Hameln/Emmerthal). Cat 6 (Bayoxide T1) was obtained from Bayer, Germany. Tab. 3-2 
shows the characteristics (BET surface area, crystallite and average particle size) of these 6 
TiO2 materials. 

Cat 7 (Hombikat UV 100) and Cat 8 (Micro-Anatase) were obtained from Sachtleben Che-
mie, Germany. Cat 7 is a new commercially available anatase catalyst. Cat 9 (Series “H”, Lot 
48) was supplied by TCI Transcommerce, Switzerland. Cat 10 and 11 were 0.5 and 0.2 % 
platinised P25 and Hombikat UV100, respectively, which were modified by ISFH. These two 
TiO2 materials are prepared in order to enhance interfacial charge-transfer reactions of TiO2 
bulk-phase and colloidal particles. The properties of the particles were modified by selective 
surface treatments. Cat 12 was obtained from Bayer, Germany (Tab. 3-2). 
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Table 3-2:  Description of different TiO2 photocatalyst powders (Cat 1-Cat 12) used 

 

Catalyst Name Specification of supplier 

CAT 1 P25 BET surface area: 50 m2 g-1. Average particle size (nm): 30.  
Crystalline structure: Anatase/Rutile: 70 / 30 %.                           
Supplier: Degussa AG, Germany. 

CAT 2 PC 50 BET surface area: 40 m2 g-1. Average particle size (nm): 20-30. 
Crystalline structure: 100 % anatase.                                           
Supplier: Millennium Inorganic Chemicals, USA. 

CAT 3 PC 100 BET surface area: 90 m2 g-1. Average particle size (nm): 15-25. 
Crystalline structure: 100 % anatase.                                           
Supplier: Millennium Inorganic Chemicals, USA. 

CAT 4 PC 105 BET surface area: 85 m2 g-1.  Average particle size (nm): 15-25. 
Crystalline structure: 100 % anatase.                                           
Supplier: Millennium Inorganic Chemicals, USA. 

CAT 5 PC 500 BET surface area: >250 m2 g-1. Average particle size (nm): 5-10. 
Crystalline structure: 100 % anatase.                                           
Supplier: Millennium Inorganic Chemicals, USA. 

CAT 6 Bayoxide-T1 BET surface area: 300 m2 g-1. Average particle size (nm): 1.  
Crystalline structure: 90 % anatase, SO3: ca. 0.5 %, Na2O: ca. 
0.05 %, Fe: ca. 0.01 %. Lost by calcination: ca. 10 %.                       
Supplier: Bayer AG, Germany. 

CAT 7 Hombikat UV 100 BET surface area: > 250 m2 g-1. Average particle size (nm): < 
10. Crystalline structure : 99 % anatase, very few amount of Fe. 
Volatile content 1050C: 8 %. Lost by calcination at 8500C: 9 %.     
Supplier: Sachtleben Chemie GmbH, Germany. 

CAT 8 Mikro-Anatas BET surface area: 271 m2 g-1. Average particle size (nm): 10-20. 
Crystalline structure: 100 % anatase.                                 
Supplier: Sachtleben Chemie GmbH. 

CAT 9 Series « H » (Lot 48) BET surface area: 120 m2 g-1. Average particle size (nm): 5-15. 
Crystalline structure: 100 % anatase.                                           
Supplier: TCI Transcommerce International AG, Switzerland. 

CAT 10 P25 platinised 0.5 % Supplier: Institut für Solarenegieforschung ISFH, Germany. 

CAT 11 Hombikat UV 100 
platinised 0.2 % 

Supplier: Institut für Solarenegieforschung ISFH, Germany. 

CAT 12 Bayoxide-T2 Crystalline structure: Anatase TiO2 : 98%, Fe2O3 < 2%.     
Supplier: Sachtleben Chemie GmbH, Germany. 
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3.4.3.2  Photocatalytic Oxidation using LSSR 

For the irradiation experiments, 250 ml of the desired solution (10 mg l-1 methamidophos or 
monocrotophos) was filled into the photoreactor LSSR. The required amount of photocatalyst 
was added (the concentration of TiO2 materials were 500 and 1000 mg l-1). The solution was 
stirred in the dark to allow equilibration of the system and immersed into an ultrasound vessel 
for 20 min. To ensure a constant pH-value throughout the experiment avoiding the addition of 
any buffer solution, a pH-stat technique was employed. Details concerning this technique 
were reported elsewhere [Bahnemann et al., 1991]. To guarantee a constant O2 concentra-
tion, the suspensions were continuously purged with air oxygen throughout each experiment. 
Samples (5 ml) were collected before and at regular time intervals during the irradiation, and 
then were centrifuged or filtered by using a syringe filter and taken for further analyses. 

 

3.4.3.3 Photocatalytic Oxidation using DSSR 

The required amount of photocatalyst (500 or 1000 mg l-1 TiO2) was weighed and put into a 
conical beaker, which contained the organosphorous insecticide solution (10 mg l-1 methami-
dophos or monocrotophos). Then, the suspension was well stirred and the beaker was im-
mersed into an ultrasound vessel for 20 min. Each Plexiglas tube of the DSSR (7 tubes) was 
filled with 250 ml of the suspension, thus the suspension had an initial irradiated surface of 
0.0336 m2. During all experiments, the photoreactor was continuously purged with air at a 
rate of 35 l h-1 to get a well-mixed reacting medium and to guarantee a constant O2 concentra-
tion. Samples (5 ml) were collected before and in regular intervals during the irradiation, and 
then were centrifuged or filtered by using a syringe filter and taken for further analyses. 

 

3.4.4 Sample Preparation  

SPE clean-up 

For the analysis of water samples, a solvent extraction of irradiated solution was performed 
according with the procedure described by Baker (1997). A cartridge of octadecyl (1000 
mg/6 ml Isolute) in a Baker spe-12 G system, was conditioned using a flow of 1 ml min-1 and 
applying 3 ml n-hexane, 3 ml methanol, and rinsed with 6 ml of distilled water, applying vac-
uum through a water stream/pump. Then a volume of 100 ml treated solution was drawn 
through the conditioned octadecyl column, while vacuum was controlled at about 400 mbar. 
At the end of the adsorption process, the column was dried by purging with nitrogen, and then 
eluted with 5 ×  1 ml methanol. The total extracts were concentrated to 1ml under a stream of 
nitrogen and were diluted, and analysed using GC-NPD and GC-MS. The treated water sam-
ples were also analysed using HPLC-MS for the determination of intermediates. 
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3.4.5 Analytic Condition: GC-NPD, GC-MS and HPLC-MS 

The qualitative and quantitative determination of methamidophos and monocrotophos in all 
experiments was performed using a gas chromatography Fisons Instruments GC 8000 series 
coupled with Nitrogen-Phosphorus detection (GC-NPD). The water samples were then ana-
lysed for confirming the structure of methamidophos and for the determination of intermedi-
ate- or potential by-products by means of Gas Chromatography (GC) and High-Performance 
Liquid Chromatography (HPLC) coupled with Mass Spectrometric detection (GC-MS and 
LC-MS). 

The column for GC-NPD and GC-MS was a HP-5-MS capillary (30 m X 0.25 mm I.D., 0.25 
µm film thickness). Helium was used as carrier gas for both systems (60 psi, 1ml min-1).  

The GC-NPD system used hydrogen (99.99%) as make up gas and the temperature of detector 
was set at 2500C. The temperature of the injector was set to 2500C. The chromatographic 
temperature programme for GC-NPD was as follows: start (t = 0) at 600C followed by a 70C 
min-1 increase to 1600C and 40C min-1 to 2200C maintaining this final temperature for 10 min. 
Total GC analysis time was 39 min. The injection volume was 3 µl in the splitless mode. The 
recovery rate was 91 ± 7 % (r2 = 0.991). The limit of quantification was 0.5 µg l-1 and the rela-
tive standard deviation (R.S.D) was ± 9 %. 

The GC-MS is a Finnigan MAT, EI-ITS 40 (Electron Impact Ion Source, Ion Trap MS Detec-
tor). The chromatographic temperature programme for GC-MS was as follows: Start (t = 0) at 
400C followed by a 70C min-1 increase to 1800C and 50C min-1 to 2200C maintaining this final 
temperature for 10 min. Temperature of the injector was set to 2500C, transfer line: 2700C. 
The injection volume was 2 µl in the splitless mode.  

The LC-Electrospray Ion Source-MS (LC-ESI-MS, Bruker/Agilent Esquire) consists of a 
HPLC coupled with a UV-VIS detector and a MS-Ion Trap detection. A column LiChro-
CART ®250-4 (RP18 with pore size of 5 µm) was used. The injection volume for LC was 50 
µl. The flow rate was 0.3 ml min-1. The UV-VIS detector wavelength was set at 209 nm. The 
mobile phase for LC was a mixture of 70 % methanol and 30 % pure water, no solvent gradi-
ent was used. 

 

3.4.6 Ion Chromatography  

5 ml aliquots of treated solution were sampled during each experiment, and filled into poly-
ethylene vials. The determination of NO3

-, PO4
3-, SO4

2- was performed by ion chromatogra-
phy based on DIN 38405 unit 1 [DIN, 1988]. The ion chromatography (DIONEX DX-100) 
consists of a conductivity detector, an anion suppressor, an auto sampler and a column as 
given: input column: IONPAC® AG4A-SC (4 X 50 mm2) guard column; separation column: 
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IONPAC® AG4A-SC (4 X 250 mm2) analytical column. The flow rate was operated at 2 ml 
min-1 and injection volume was 25 µl. The used eluents were 1.8 mM Na2CO3 and 1.7 mM 
NaHCO3 in 2000 ml distilled water. The operation of the system was performed with 
DIONEX AI-450 software. 

 

3.4.7 Biological Tests of Treated Water Samples 

3.4.7.1 Daphnia Test  

The ecotoxicity of aqueous solutions after oxidative processes was investigated with the 
Daphnia test. The untreated and treated water samples were investigated in their action to-
wards Daphnia magna Straus in the 24-h immobilisation test, according to the standard test 
protocol of DIN 38412 part 11 [DIN, 1982]. For the evaluation of the acute Daphnia tests, 5 
Daphnia individual were tested for each process. If the numbers of immobile Daphnia ex-
ceeded 20 % of the total Daphnia (or 1 Daphnia) in the test, it would mean that the water 
sample was toxic. 

  

3.4.7.2 Luminescent Bacteria Test  

The bioluminescent bacteria test, available under the trade name Microtox® utilizes the halo-
phile microorgamism Photobacteria phosphoreum as a selected organism of strain, Vibrio 
fischeri. The luminescent bacteria were obtained from Dr. Lange GmbH. In this study, a 
short-term as well as a long-term test was carried out according to this method [Dr. Lange, 
1998] based on DIN 38412 part 34 [DIN, 1993]. Light emission of the luminescent bacteria 
was determined at 585 nm. In the acute toxicity test, the inhibition effect of the solution along 
dilution steps was determined in a contact time of 30 min with the decrease of light intensity 
compared to the untreated control.  

In addition, the chronic toxic effect was determined after an incubation time of 24 hours. The 
result is expressed as GL-value, describing the necessary dilution steps at which an inhibition 
of less than 20 % occurred. 
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4 Results and Discussion 

4.1 Contamination of Organochlorine Pesticides in Surface Waters in Hanoi 

Numerous investigations of chlorinated pesticides in the environment of Hanoi have been 
carried out in different environmental compartments, including soil, sediment and fresh water 
biota [Tu, 1994; Hoa, 1995]. In the report by Nhan et al. (1998), sediments and freshwater 
organisms of irrigation canals and rice fields were collected for investigation from two places 
in Hanoi in the dry season (November 1995) and in the rainy season (July 1996) and also 
from the Balat estuary of the Red River. Five other water samples collected from lakes and 
irrigation canals of plant-vegetable areas in Hanoi were analysed by other research group 
[Doanh, 1998]. Nhan et al. (1998) detected chlorinated pesticides in nearly all samples. 
However, they occurred only in some water samples taken from farming areas and at rather 
low concentration (from 1 to 6.5 ng l-1). The present study had been undertaken in order to 
estimate more precisely and systematically the distribution of banned chlorinated pesticides in 
Hanoi waters, including rivers, irrigation canals, lakes and wells. Water samples (Fig. 3-1) 
taken from surface water in Hanoi were systematically analysed in this work in order to trace 
their potential contamination. 

The concentration values of organochlorine pesticides detected in water samples from areas of 
Hanoi in November 1998 and August 1999 are presented (in Figs. 4-1 to 4-15). The analysis 
showed clearly the residues of lindane, heptachlor, aldrin, endrin, 4,4´-DDT at most of the 
sampling points. The concentration of lindane in rivers ranged between 1.62 and 85.92 ng l-1, 
endrin from 1.22 to 168.87 ng l-1 and especially, 4,4´-DDT from 1.55 to 178.60 ng l-1 above 
those of the other pesticides. The results indicate that many pesticides still today persist as 
relevant pollutants. 

 

4.1.1 Lindane and HCH isomers 

Rivers play an important role in contaminating the coastal environment with various types of 
pollutants received from the agricultural run-off, industrial discharge, and municipal sewage. 
Large amount of waste materials from the industries situated along the riverbanks as well as 
from the suburban areas are transported into the coastal water through these rivers thus caus-
ing serious concern of coastal pollution. 

The Red River (with a length of more than 1000 km) originates from Yunnan (South China), 
runs through North Vietnam and Hanoi before emptying into Tonkin Bay at the Balat estuary. 
The Red River is the second largest river in Vietnam after the Mekong River (South Viet-
nam), and the Duong River is a branch of the Red River. It is important to review other previ-
ous works related with the contamination of organochlorine pesticides in the environment in 
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China, because the Red River can transport a certain amount of pesticides from pollution 
sources in China into the Red River delta of North Vietnam.   

Vietnam´s neighbour China has a great influence on Vietnamese markets. Every year, Viet-
nam imports a large amount of pesticides from abroad, partly from China. Technical HCH 
mixture (α: 67%, β: 10%, δ: 15%, γ : 8%) and DDT had been used in China as low cost broad 
band insecticides. In China, the annual production of the HCHs in 1980 was 240000 tons, but 
its usage was banned already in 1983 [Hua and Shan, 1996]. Water and sediment samples of 
the Yangtse River, the third largest river in the world and the largest river in China, were 
studied in that work. The mean concentrations of all HCH isomers in water samples from the 
Yangtse River were relatively stable, ranged between 9.27-10.50 ng l-1, and much larger than 
the values of other pesticides, including DDT [Jiang et al., 2000].  

In comparison with the rather high lindane (γ -HCH) concentration (from 1.62 to 85.92 ng l-1) 
and the low concentrations of α,  β,  δ-HCH in the Red River, it is apparent that the Red and 
the Duong Rivers are contaminated mostly only by lindane, while the Yangtse River is con-
taminated only by the other HCH-isomers. It probably means that pure lindane was used in 
Vietnamese agriculture in contrast to the technical grade HCH mixture as used mostly in 
China and the pollution sources must be located in the local regions (Red River delta, North 
Vietnam), but obviously not in China. 
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Figure 4-1 :  Levels of Lindane and HCH isomers at different sampling points  
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Moreover, other investigations had showed that lindane was detected in low concentration in 
soil and sediment [Nhan et al., 1998, 2001]. The presented mean a large amount of lindane is 
released from soil to waters during the rainy season. Nhan et al. (1998) had found that the 
amounts of lindane in sediments (from irrigation canals, rice fields in Hanoi, Viet Nam and 
from the Delta of the Red River) were consistently lower in the rainy season (July 1996, dry 
weight from 0.025 to 0.16 ng g-1) than in the dry season (November 1995, 0.14 to 0.62 ng g-1) 
by an average factor of 7. In contrast to the results of our work, it is noted that the concentra-
tions of lindane in the Red and Duong Rivers in the rainy season (August 1999, of 3.56 to 
85.92 ng l-1) were slightly higher than in the dry season (November 1998, of 1.55 to 78.61 ng 
l-1) (Fig. 4-1).  

The concentration of ΣHCHs in the rivers in the RS (P1: 96.7 ng l-1) was definitely higher 
than in the DS (P1: 51.3 ng l-1) (Tab. 4-1). HCHs were detected at low concentration in the 
lakes in the RS (P20: 3.13 ng l-1), except in West Lake (Ho Tay) at high concentration of 
HCHs in the RS was 122 ng l-1. Ho Tay formed a part of Red River since long time and it still 
has some small canals adjoined with the Red River. The water quality of Ho Tay can hence be 
affected partly from the Red River, which could also explain why in the other 3 lakes in the 
centre of Hanoi, HCHs were detected at very low concentration, just in the range of 0.26 ng l-1 
in the DS to 3.13 ng l-1 in the RS.  

Concerning the considerable concentrations of HCHs in irrigation canals, the reason is that 
the water samples were collected at 6 canals, which adjoined Nhue River (connected to Red 
River at times annually for irrigation) and Duong River. HCHs were determined here at con-
centrations between1.58 and 18.1 ng l-1 in the DS, between 5.46 and 26.3 ng l-1 in the RS. 
HCHs were also detected in 2 water samples of wells near the Duong River at low concentra-
tions, e.g. 0.22 ng l-1 at P29 (DS). Not many well samples were collected because most of the 
people in this area (centre and near centre of Hanoi) are using treated underground water 
(from the depth of more than 30 m supplied by central waterworks) as drinking water.  

The highest concentration of HCHs detected at sampling station 1 (Red River) in the rainy 
season (96.7 ng l-1) is nevertheless much lower than their allowable limit in surface waters     
(< 15 µg l-1) according to Criteria of Vietnam (1995). However, Doanh (1998) had detected 
lindane in two sampling points (canals) near West lake (Hanoi) and found some much higher 
concentrations varying between 8 and 10 µg l-1. Most of the works related with the monitoring 
of organochlorine pesticides in Vietnam were focused on soil, sediment, food and biota sam-
ples, but not in waters. Just in a recent work, the contamination of these compounds in water 
has been investigated at Tamgiang-Cauhai Lagoon in Hue (central part of Vietnam) [Khoa et 
al., 2000]. In that work, no HCHs, aldrin, heptachlor, endrin, dieldrin could be detected at all 
above the detection limit. 
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Table 4-1:   Concentrations of HCH isomers, Heptachlor and  Heptachlorepoxide    (isomer 
A) (ng l -1) in surface waters in Hanoi in Nov 98 and Aug 99 

 

  ΣΣΣΣ HCHs Heptachlor Heptachlorepoxide (A) 

  DS RS DS RS DS RS 
Red River       
P1  51.3 96.7 0.91 1.63 <0.5 <0.5 
P2  68.1 21.4 3.58 <0.025 <0.5 <0.5 
P3  4.48 45.2 6.06 9.56 1.92 <0.5 
P4  <DL <DL 1.28 3.54 17.6 31.3 
P5  7.52 15.7 4.49 5.10 3.25 <0.5 
P6  1.55 18.3 0.81 2.26 <0.5 <0.5 
P7  <DL 3.56 2.83 <0.025 <0.5 <0.5 
P8  2.06 18.8 2.84 3.21 2.11 <0.5 
P9  8.67 9.26 12.1 <0.025 2.13 <0.5 
P10  <DL 3.12 4.09 <0.025 2.07 <0.5 
P11  83.0 65.6 104 126 5.72 <0.5 
 
Duong River 

      

P12  49.6 15.5 2.31 <0.025 <0.5 <0.5 
P13  2.61 37.3 1.32 <0.025 <0.5 <0.5 
P14  3.54 46.5 3.32 2.37 <0.5 <0.5 
P15  <DL 77.5 <0.025 4.02 <0.5 18.9 
P16  2.82 8.23 4.65 10.4 <0.5 21.2 
P17  8.79 7.25 3.16 8.51 <0.5 <0.5 
P18  15.4 36.7 7.82 7.46 <0.5 <0.5 
 
Lakes 

       

P19  2.16 122 2.15 50.8 1.96 <0.5 
P20  <DL 3.13 1.36 <0.025 <0.5 <0.5 
P21  0.26 0.74 4.84 <0.025 <0.5 <0.5 
P22 
 

 0.35 0.69 1.12 <0.025 <0.5 <0.5 

Irrigation Canals       
P23  3.15 7.78 4.16 8.20 <0.5 7.40 
P24  1.58 25.4 7.49 24.8 <0.5 <0.5 
P25  2.45 19.5 5.11 8.71 3.47 3.47 
P26  18.1 26.3 2.32 1.23 <0.5 <0.5 
P27  13.2 19.3 1.72 12.2 11.3 3.11 
P28  4.63 5.46 2.69 8.69 3.35 9.53 
 
Wells 

       

P29  0.22 <DL <0.025 0.05 <0.5 <0.5 
P30  0.19 0.07 0.33 <0.025 <0.5 <0.5 
 
DS = Dry season; RS = Rainy Season ; DL = Detection limit;  
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4.1.2 Chlorinated cyclodienes 

Chlorinated cyclodienes, including aldrin, dieldrin, endrin, heptachlor and heptachlorepoxide 
(isomer A) could not be detected in the waters of the Red River in 1996 and 1997 (in only two 
collected samples) between Hanoi and the sea coast, because cyclodiene had never been used 
in Northern Vietnam in significant amounts [Nhan et al., 1998]. In contrast, in 1998 and 
1999, chlorinated cyclodiene was detected here now by us in nearly all water samples taken 
from the Red and Duong Rivers (Figs. 4-2, 4-3, 4-4 and 4.5, Tabs. 4-1 and 4-2).  

Aldrin and endrin appeared more often with their mean concentrations decreased following 
the order:  river > irrigation canal > lake > well. Aldrin and endrin were not detected at some 
sampling points (irrigation canals and lakes), while dieldrin only appeared in some water 
samples (rivers and irrigation canals) (Tab. 4-2). The results hint that these compounds 
probably originate in a diffuse way from supraregional, atmospheric and river flow transport 
into the surface waters of Vietnam. 
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Figure 4-2 :  Levels of Heptachlor at different sampling points (P1-P30) in Hanoi  

 



  Results and Discussion   60

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

0

5

10

15

20

25

30

35

40

1 21  23  25   27  2911  13  15   17  19    3    5    7    9

HEPTACHLOREPOXIDE (ISOMER A)

 Dry Season
 Rainy Season

C
on

ce
nt

ra
tio

n 
in

 n
g 

l-1

Sampling points (P1 - P30)

 

Figure 4-3 :  Levels of Heptachlorepoxide (A) at different sampling points (P1-P30)  
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Figure 4-4 :  Levels of Aldrin at different sampling points (P1-P30) in Hanoi  
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Figure 4-5 :  Levels of Dieldrin at different sampling points (P1-P30) in Hanoi  
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Figure 4-6 :  Levels of Endrin at different sampling points (P1-P30) in Hanoi  



  Results and Discussion   62

4.1.3 4,4´-DDT and its derivatives 

DDT had been imported and used since 1957 and finally was stopped in Vietnam in 1994 due 
to its high toxic and long time residue in environment. At present, only chemicals belonging 
to the pyrethroid group are in use for malaria control in Vietnam [Hien, 1999]. DDTs were 
used by applying residual spraying method in highlands, remote and borderline areas in large 
amounts from 1957 to 1979. From 1985, the used amount of DDTs was decreased. However, 
due to lack of knowledge and management of using DDTs, they are still recently used for 
crop protection and controlling of mosquito and other insects. DDT are slowly metabolised to 
DDE and DDD in the environment, its derivatives are still more stable and more persistent 
than DDT itself [Bossi et al., 1992; Heinisch, 1992].  

4,4´-DDT was also used in China for a long time as an insecticide. In most analysed sedi-
ments of the Yangtse River (China), 4,4´-DDE occurred in relatively high concentrations (4.3 
ng g-1 dry weight). In one sample, 4,4´-DDT reached its highest concentration of 2.7 ng g-1 
dry weight). In water samples of this river, 4,4´-DDT and its derivatives were found in very 
low concentrations (<2 ng l-1) [Jiang et al., 2000]. 

Nhan et al. (1998) had shown that DDT occurred in sediments of rice fields in the Red River 
delta in higher concentrations (7.0-7.5 ng g-1 dry weight) compared with those in sediment at 
the sea coast (5.8-7.3 ng g-1 dry weight). In the rainy season, the concentration of DDT in the 
sediments of the Red River increased considerably. The derivatives of 4,4´-DDT were also 
identified as expected, e.g. 4,4´-DDD (from 2.54 to 64.3 ng l-1), 2,4´-DDE (2.22-72.2 ng l-1) 
as well as 4,4´-DDE (1.54-24.5 ng l-1). However, 4,4´-DDE showed a somewhat higher con-
centration in sediments (1.52-10.2 ng g-1) than 4,4´-DDT (0.51-2.43 ng g-1). In freshwater and 
marine molluscs, the concentration of DDTs was relatively high, in the range of 78-90 and 
17-24 ng g-1, respectively. This concentration difference in chlorinated compounds primarily 
reflects the higher concentrations of DDTs in the Red River valley in comparison with the 
coastal sea, than that observed in the sediments of this area [Nhan et al., 1998]. Their obser-
vations also correspond with the results of this work, namely that DDTs were found at con-
siderable concentrations in water samples of the Red and Duong Rivers (Figs. 4-7 to 4-12). 

4,4´-DDT was found in concentrations of between 2.31 and 178.60 ng l-1 in most of 18 water 
samples analysed from the Red and Duong Rivers. Its derivatives, like e.g. 2,4´-DDD, 4,4´-
DDD, 2,4´-DDE, 4,4´-DDE, did not appear frequently, neither in the rainy or dry seasons. 
Although 4,4´-DDE is more persistent than 4,4´-DDT, the contamination of 4,4´-DDT in sur-
face waters in the environment of Hanoi was relatively higher than that of 4,4´-DDE. Our 
results demonstrate that the residue concentrations of pesticide class in water samples from 
rivers as well as from irrigation canals was higher than those from lakes and wells (Figs. 4-10 
and 4-12, Tab. 4-2). Tab. 4-2 shows that the mean concentrations of ΣDDTs in the rivers 
were not quite different from those in irrigation canals. DDTs were also detected in lakes at  
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rather low concentration in the DS and also in the RS. Their concentrations in 2 well water 
samples were very low, ranged between 0.11 and 0.23 ng l-1. 
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Figure 4-7 : Levels of 2,4´-DDD at different sampling points (P1-P30) in Hanoi  
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Figure 4-8 :  Levels of 4,4´-DDD at different sampling points (P1-P30) in Hanoi  
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Table 4-2:   Concentrations of aldrin, dieldrin, endrin and DDTs (ng l -1) in surface waters in 
Hanoi in Nov 98 and Aug 99 

 

  Aldrin Dieldrin Endrin ΣΣΣΣDDTs 
  DS RS DS RS DS RS DS RS 
Red River         
P1  30.2 19.8 <0.1 <0.1 <1.0 <1.0 90.2 38.8 
P2  6.89 3.19 <0.1 <0.1 23.6 <1.0 21.9 18.8 
P3  <0.5 13.8 <0.1 <0.1 <1.0 <1.0 <DL 20.0 
P4  3.31 6.98 14.2 18.6 169 99.6 324 232 
P5  <0.5 4.73 1.03 0.21 <1.0 19.6 20.0 42.0 
P6  <0.5 2.12 2.35 <0.1 10.8 <1.0 10.2 29.3 
P7  1.30 0.56 <0.1 5.23 <1.0 8.97 0.55 10.7 
P8  1.49 9.70 2.08 <0.1 1.48 <1.0 8.71 8.4 
P9  1.17 1.81 <0.1 1.68 <1.0 15.6 4.06 15.2 
P10  0.98 1.89 <0.1 <0.1 1.22 4.65 24.6 12.2 
P11  <0.5 12.5 <0.1 3.15 2.68 7.82 153 107 
 
Duong River 

        

P12  23.5 <0.5 1.20 2.33 2.65 <1.0 59.2 127 
P13  4.65 <0.5 <0.1 <0.1 8.84 <1.0 11.7 64.5 
P14  2.57 0.23 <0.1 1.68 <1.0 3.50 5.15 12.4 
P15  4.04 1.67 <0.1 <0.1 <1.0 <1.0 <DL 189 
P16  19.7 8.20 <0.1 7.98 2.11 6.54 14.2 48.9 
P17  4.18 1.96 <0.1 <0.1 5.55 9.62 12.3 22.3 
P18  <0.5 32.1 <0.1 <0.1 <1.0 <1.0 27.9 12.4 
 
Lakes 

         

P19  <0.5 19.1 <0.1 <0.1 <1.0 <1.0 3.35 15.3 
P20  2.33 <0.5 <0.1 <0.1 0.89 <1.0 1.32 2.76 
P21  1.51 <0.5 <0.1 <0.1 <1.0 <1.0 0.21 1.55 
P22  <0.5 <0.5 <0.1 <0.1 <1.0 1.61 3.58 0.65 
 
Irrigation Canals 

        

P23  <0.5 <0.5 <0.1 <0.1 <1.0 <1.0 8.16 10.7 
P24  4.29 10.3 15.7 <0.1 <1.0 <1.0 67.8 20.2 
P25  <0.5 11.3 <0.1 <0.1 <1.0 6.12 79.4 59.9 
P26  16.0 9.69 <0.1 <0.1 <1.0 <1.0 132 54.7 
P27  <0.5 <0.5 1.84 8.14 <1.0 <1.0 50.7 46.5 
P28  <0.5 <0.5 7.72 9.65 <1.0 <1.0 13.3 106 
 
Wells 

         

P29  0.25 <0.5 0.21 <0.1 <1.0 <1.0 0.11 0.17 
P30  <0.5 <0.5 <0.1 <0.1 <1.0 <1.0 0.23 <DL 
 
DS = Dry season, RS = Rainy Season;  DL = Detection limit;  
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Figure 4-9 :  Levels of 2,4´-DDE at different sampling points (P1-P30) in Hanoi  
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Figure 4-10:     Levels of 4,4´-DDE at different sampling points (P1-P30) in Hanoi  
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Figure 4-11:  Levels of 2,4´-DDT at different sampling points (P1-P30) in Hanoi 
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Figure 4-12:  Levels of 4,4´-DDT at different sampling points (P1-P30) in Hanoi  
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In comparison with the results reported in the former  work [Doanh, 1998]: 4,4´-DDE: 5 to 9 
µg l-1, 4,4´-DDT: 4-7 µg l-1 in irrigation canals in areas of Hanoi, our study shows that  these 
concentrations decreased quite dramatically now, toward values of 4,4´-DDE ranging from 
2.17 to 12.15 ng l-1, 4,4´-DDT from 3.01 to 98.62  ng l-1. Concerning the work of Khoa et al. 
(2000) at Tamgiang-Cauhai Lagoon (Hue), the concentrations of ΣDDTs in waters there were 
extremely low and ranged between 7-90 pg l-1. 

 

4.1.4 Conclusions 

Out of HCH isomers investigated, only lindane appeared in most of sampling sites at consid-
erable concentrations. The results show the consequence of applying large amounts of lindane 
(or “666” insecticide), which was very popular in Vietnam up to 1993. The contamination of 
lindane in the surface waters of Hanoi is caused by its release from the contaminated soil or 
sediment in the area of Red River delta, the granary of North Vietnam, during the rainy sea-
son, corresponding with its low concentration in soil and sediment in previous and recent 
works [Nhan et al., 1998, 1999, 2001]. In comparison with recent work focussing on in Hue 
city (central part of Vietnam) [Khoa et al., 2000], there was no lindane at all detected. This 
could be expected, because Hue is not a granary and the amount of pesticides used is not sig-
nificant there.  

Chlorinated cyclodienes, including aldrin and endrin, heptachlor and heptachlorepoxide (iso-
mer A) were detected at most of the sampling sites at remarkable concentrations, dieldrin was 
detected in only some samples. There is no precise information concerning the amount used 
of them in the past in Vietnam, they could be transported through Red River flow or atmos-
phere from other regions near the border with China. 

DDTs were detected at highest concentrations in 15 analysed insecticides consecutively for 
two years from Nov 98 to Aug 99. It showed the dramatic consequence of using DDTs for 
malaria control in North Vietnam in the environment. The contamination of DDTs spreads 
over the large area of the whole Red River delta, also while reviewing other recent works 
studying the contamination of DDTs in soil, sediment and in biota. 

Although the application of the pesticides investigated in this report has been banned in Viet-
nam for several years, they still contaminate the waters of Hanoi at considerable concentra-
tions, especially in the rivers and in the irrigation canals. This study will contribute together 
with other previous investigations to the assessment of the influence of organochlorine pesti-
cides on different environmental compartments (water, soil, sediment, biota…) in the Red 
River delta. 
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4.2 Photooxidation of Lindane and 4,4´-DDT using HP, LP/H2O2, /TiO2 

4.2.1 Lindane 

4.2.1.1 Effect of pH, H2O2 Concentration and UV-light sources HP, LP 

For the investigation of the influence of pH values on the degradation of lindane, experiments 
at 3 different pH 2, 7 and 10 were carried out with both available UV-light sources (HP-High 
Pressure Mercury Lamp and LP-Low Pressure Mercury Lamp). The solution at pH 2 was pre-
pared with sulphuric acid (H2SO4) and at pH 10 with potassium hydroxide (KOH) in bi-
distilled water. The effect of pH on the UV plus addition of H2O2 process was further studied. 
The H2O2 concentrations were set at 0.1, 0.2 and 0.3 %.  The photo-degradation of lindane 
with the HP and LP, 0 % H2O2 was only studied at pH 7. H2O2 35% was used for the prepara-
tion of this dilution. 
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Figure 4-13:  Irradiation of lindane with the HP (0-0.3 % H2O2) at pH 7 

 

The results with the HP at pH 2, 7, 10 (0-0.3 % H2O2) are presented in Figs. 4-13, 4-14 and 
4-15. The results with the LP at pH 2, 7, 10 (0-0.3 % H2O2) are presented in Figs. 4-16, 4-17 
and 4-18.  
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Figure 4-14:  Irradiation of lindane with the HP (0.1-0.3 % H2O2) at pH 2 
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Figure 4-15:  Irradiation of lindane with the HP (0.1-0.3 % H2O2) at pH 10 

 

Figs. 4-13 and 4-16 show that the degradation rate of lindane was relatively low at pH 7, with 
both UV-light sources and different concentrations of hydrogen peroxide. The most effective 
degradation was reached with the HP, 0.3 % H2O2, yet only 64 % lindane could be degraded 
after 60 min irradiation.  
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Figure 4-16:  Irradiation of lindane with the LP (0-0.3 % H2O2) at pH 7 

 

At pH 2 with both the HP and LP (Figs. 4-14 and 4.17), the results show that acidity had a 
significant influence on the degradation rate of lindane, in comparison with the photo-
oxidation processes at pH 7 and 10. The lowest degradation rate obtained with the LP, 0.1 % 
H2O2 at pH 2 (Fig. 4-18) was nevertheless considerably higher than the highest degradation 
rate calculated with the HP, 0.3 % H2O2 at pH 7 (Fig. 4-14). 82 % lindane was degraded after 
60 min irradiation with the LP, 0.1 % H2O2 at pH 2, while with the HP, 0.3 % H2O2 at pH 7, 
efficiency reached only 64 %. The main reason here is that the oxidation potential of •OH 
radical depends strongly on the pH of the solution. As indicated in Tab. 2-7, the normal po-
tential of •OH radical is largest in acidic medium and lowest in basic medium, this value is 2.8 
eV at pH 0 and 1.98 eV at pH 14 [Bard et al., 1990]. 

In the absence of hydrogen peroxide at pH 7 (Figs. 4.13 and 4.16), the degradation rate of 
lindane was very low. 14 % lindane degraded with the LP and 34 % lindane degraded with the 
HP after 60 min irradiation. In this case, the photodegradation of lindane was caused to some 
extent by direct photolysis. The photodegradation of lindane (HP, LP, 0 % H2O2) occurred 
through direct photolysis or through the generation of very few •OH radical in water gener-
ated by metal ion impurities as Fe3+ described by the following equations: 

   [Fe3+ OH−] +  hν  →   Fe2+    +  •OH  (4-1) 

                                Fe2+ + O2   →   Fe3+    +  O2
−•  (4-2) 

 



Results and Discussion    71

0 10 20 30 40 50 60
0

20

40

60

80

100
5) Lindane (C0=5 mg l-1), LP, pH 2, H2O2

 0.1 % H2O2

 0.2 % H2O2

 0.3 % H2O2
C

on
ce

nt
ra

tio
n 

in
 %

Irradiation time in min

 

Figure 4-17:  Irradiation of lindane with the LP (0.1-0.3 % H2O2) at pH 2 
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Figure 4-18:  Irradiation of lindane with the LP (0.1-0.3 % H2O2) at pH 10 

 

According to the spectral energy distribution of the HP and LP (Appendix A, Tab. 7-1), the 
HP with a power consumption of 150 W and a power output of 40.6 W emits broad intensive 
bands of UV radiation at wave lengths of 254, 297, 303, 365 nm and even in the visible re-
gion. On the contrary, the LP with a power consumption of only 15 W and a power output of 
6.8 W emits mainly (96 %) at λ = 254 nm.  The dominant emitted energy quanta of the HP 
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lead to a larger excitation of the CBenzene-H bonding at longer wavelengths (425 kJ mol–1) and 
the CBenzene-Cl bonding (358 kJ mol–1) [Cox, 1962] of chlorinated compounds. Therefore, the 
photo-degradation of lindane was logically more rapidly when using the HP. 

When hydrogen peroxide was added, the photochemical degradation of lindane operated 
mainly via the •OH radical, which was formed from H2O2. Hydrogen peroxide as oxidation 
agent was homolysed to •OH radical under UV irradiation in the wavelength region from 200 
to 300 nm [Peyton, 1990]: 

                                H2O2 + hν  →   2 •OH  (4-3) 

Regarding the molar absorption coefficients of liquid hydrogen peroxide in wavelength region 
from 200 to 300 nm (Appendix A1, Fig. 7-1), it becomes that they would increase with de-
crease wavelength, and the necessary condition of generation of •OH radical is that the wave-
length of the incident UV-irradiation could be ≤  280 nm. Although the HP has a total radiant 
flux 6 times larger than the LP, the LP emits 45.87 X 103 mole quanta h-1 at a wavelength 254 
nm, while the HP emits only 30.58 X 103 mole quanta h-1 in this region [Heraeus, 1995]. 
However, the HP also emits 11.17, 4.88, 2.48 and 5.90 mole quanta h-1 per the longer wave-
lengths 265, 279, 275 and 280 nm, respectively. It can be concluded that the amount of •OH 
radicals generated from the homolysis of H2O2 by using the HP or LP is similar. On the other 
hand, the direct photolysis of lindane with the HP, 0 % H2O2 at pH 7 was significantly faster 
than that with the LP, 0 % H2O2 as mentioned above (Figs. 4-13 and 4-16). Therefore, it is 
easy understood, why in all experiments the results show, the degradation rate of lindane with 
the HP (0.1-0.3 % H2O2) was higher than that with the LP (0.1-0.3 % H2O2) at all the 3 differ-
ent pH values of 2, 7 and 10 (Figs. 4-13 to 4-18). For example, at pH 10, 52 % lindane was 
degraded with the HP, 0.1 % H2O2 (Fig. 4-15) after 60 min irradiation, while with the LP, 0.1 
% H2O2 (Fig. 4-18), degradation was only 33 %.  

The addition of hydrogen peroxide played a crucial role in the photo-degradation of lindane. 
The degradation rate was significantly higher, and a fast and completed degradation process 
of lindane was available when H2O2 was added. At pH 7 with the HP, 0.3 % H2O2 (Fig. 4-13), 

64 % lindane was degraded, while that was just 34 % after 60 min degradation when H2O2 
was not added. Only 3 % lindane was left at pH 2 with the HP irradiation and 0.2 % H2O2 
addition after 60 min degradation. In general, the degradation rate of lindane was lowest with 
0.1 % H2O2 concentration. In most cases, the oxidation process with 0.2 % H2O2 concentration 
was more effective than that with 0.3 % H2O2 concentration, except with the HP at pH 7 and 
with the LP at pH 2 (Figs. 4-13 and 4-17). An excessive hydrogen peroxide concentration can 
inhibit the degradation through the quenching of UV-irradiation, through the inhibition of the 
concurrence of substrate molecules with •OH radicals or through the recombination of •OH 
radicals. 
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4.2.1.2 Effect of pH, TiO2 Concentration and UV-light sources HP, LP 
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Figure 4-19:  Irradiation of lindane with the HP and LP (200, 500 mg l-1 TiO2) at pH 7 

The photocatalytic degradation of lindane was studied in aqueous suspension of TiO2 as a 
function of irradiation time employing only one type of commercially available photocatalyst: 
Degussa P25. The influence of the photocatalyst concentration on the degradation kinetics 
was investigated using 2 different concentrations of Degussa P25 (200 and 500 mg l-1) at pH 7 
with both the HP and LP (Fig. 4-19).  

It can be seen, that the addition of photocatalyst is improving drastically the degradation of 
the model pollutant in comparison with direct photolysis. Especially, while only 34 % lindane 
was degraded with the HP, 0 % H2O2 at pH 7 (Fig. 4-13), 91 % lindane was degraded after 60 
min irradiation with the HP in the presence of 500 mg l-1 TiO2. The photo-degradation with 
the LP proceeds rather slowly due to the energy spectrum of the LP. As mentioned in 2.8, 
light with the wavelength below 400 nm and over 320 nm (UV-A) is absorbed and capable of 
forming electron-hole pairs on the surface of titanium dioxide, which are a prerequisite for a 
photocatalytic process. In a band of λ from 320 to 400 nm, the LP irradiates very weakly in 
comparison with the HP (Appendix A, Tab. 7-1). Therefore, the degradation of lindane with 
the LP occurs via direct photolysis plus photocatalysis through a small amount of electron-
hole pairs, which formed under the UV-irradiation on the surface of the catalyst. It explains 
why the degradation rate of lindane was just slightly increased (14 % lindane was degraded 
by direct photolysis, while 36 and 44 % was degraded after 60 min irradiation with the LP, 
200 and 500 mg l-1 TiO2, respectively) when TiO2 is added. In contrast, the degradation rate 
of lindane was considerably increased with the HP, when TiO2 is added. The degradation of 
lindane proceeds also more quickly when the concentration of TiO2 increased from 200 to 500 
mg l-1.  
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4.2.1.3 Kinetic Evaluation of Lindane Destruction by HP, LP  

The kinetic evaluation of the degradation of lindane was calculated assuming a first-order 
reaction mechanism. The results are shown in Tab. 4-3. It is seen that the degradation of lin-
dane was most effective in acidic medium (pH 2) with both the HP and LP. The highest deg-
radation rate achieved with the HP was k = 0.05345 min-1 (HP, 0.2 % H2O2), with the LP it 
was k = 0.03879 min-1 (LP, 0.3 % H2O2). The half-lives of those two processes were 13.0 and 
17.9 min, respectively. There was not a significantly difference between oxidation processes 
in neutral (pH 7) and basic medium (pH 10). The lowest degradation rates achieved by direct 
photolysis of lindane were with the HP (k = 0.0076 min-1) and with the LP (k = 0.0024 min-1), 
when neither H2O2 nor TiO2 were added. The longest half-life of those processes was 288.8 
min with the LP and was 98.2 min with the HP. 

 

Table 4-3:  Kinetic data of lindane degradation using HP, LP, H2O2, TiO2 (assumed first-
order reaction mechanism) 

Oxidation Processes k (min–1) r2 t1/2 (min) 

 
Lindane, HP, pH 7 0 % H2O2 0.00706 0.9483 98.2
 0.1 % H2O2 0.01167 0.9497 59.4
 0.2 % H2O2 0.0139 0.9012 49.8
 0.3 % H2O2 0.01636 0.9145 42.4
 TiO2 (200 mg l-1) 0.02662 0.9815 26.0
 TiO2 (500 mg l-1) 0.03853 0.9952 18.0
Lindane, HP, pH 2 0.1 % H2O2 0.03389 0.9859 20.5
 0.2 % H2O2 0.05345 0.9580 13.0
 0.3 % H2O2 0.04026 0.9874 17.2
Lindane, HP, pH 10 0.1 % H2O2 0.01215 0.9966 57.0
 0.2 % H2O2 0.01593 0.9773 43.5
 0.3 % H2O2 0.01451 0.9966 47.8
 
    
Lindane, LP, pH 7 0 % H2O2 0.0024 0.9333 288.8
 0.1 % H2O2 0.00574 0.8338 120.8
 0.2 % H2O2 0.00845 0.7672 82.0
 0.3 % H2O2 0.00797 0.8149 87.0
 TiO2 (200 mg l-1) 0.00738 0.9771 93.9
 TiO2 (500 mg l-1) 0.00923 0.9686 75.1
Lindane, LP, pH 2 0.1 % H2O2 0.02723 0.9799 25.5
 0.2 % H2O2 0.03585 0.9740 19.3
 0.3 % H2O2 0.03879 0.9833 17.9
Lindane, LP, pH 10 0.1 % H2O2 0.00637 0.8757 108.8
 0.2 % H2O2 0.00917 0.7971 75.6
 0.3 % H2O2 0.00889 0.8577 78.0
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The influence of the photocatalyst TiO2 is clearly seen in the process with the HP, in some 
cases, at pH 7, TiO2 presence was even more effective than the presence of the strong oxidant 
H2O2. For example, the half-life of the HP (1000 mg l-1 TiO2) process was only 18.0 min (k = 
0.03583 min-1), while that of the HP, 0.3 % H2O2 was 42.4 min (k = 0.01636 min-1). How-
ever, a more thorough investigation of the influence of the photocatalyst on the degradation of 
the model pollutant should be carried-out with a special UV-light source, which emitted only 
in the band range of λ from 320 to 400 nm. 

 

4.2.2 4,4´-DDT 

4.2.2.1 Effect of pH, H2O2 Concentration and UV-light sources HP, LP 

The photo-degradation of 4,4´-DDT was investigated in the same experimental conditions as 
with lindane described in 4.2.1. The results achieved with 4,4´-DDT were similar to lindane, 
however, the degradation processes of 4,4´-DDT were generally slower by a factor of 2. 

For the investigation of the influence of pH values on the degradation of 4,4´-DDT, experi-
ments at 3 different pH values 2, 7 and 10 were carried out with both UV-light sources. The 
effect of pH on the UV/H2O2 process was further studied. The H2O2 concentrations were set at 
0.1 and 0.2 %.  The photo-degradation of lindane with the HP and LP, 0 % H2O2 was studied 
at pH 2, 7 and 10. In the absence of hydrogen peroxide, there was no significantly difference 
between oxidation processes when the pH values varied between 2, 7 and 10. 
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Figure 4-20:  Irradiation of 4,4´-DDT with the HP (0-0.2 % H2O2) at pH 7 
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Figure 4-21:  Irradiation of 4,4´-DDT with the HP (0-0.2 % H2O2) at pH 2  

 

The results achieved with the HP at pH 2, 7, 10 (0-0.2 % H2O2) are shown in Figs. 4-20, 4-21 
and 4-22. The results achieved with the LP at pH 2, 7, 10 (0-0.2 % H2O2) are shown in Figs. 
4-23, 4-24 and 4-25. 

0 20 40 60 80 100 120
0

20

40

60

80

100
3) 4,4´-DDT(C0=5 mg l-1), HP, pH 10, H2O2

 0 % H2O2

 0.1 % H2O2

 0.2 % H2O2

C
on

ce
nt

ra
tio

n 
in

 %

Irradiation time in min

 
Figure 4-22: Irradiation of 4,4´-DDT with the HP (0-0.2 % H2O2) at pH 10 
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Figure 4-23:  Irradiation of 4,4´-DDT with the LP (0-0.2 % H2O2) at pH 7 

 

Figs. 4-20, 4-22, 4-23 and 4-25 show that the degradation rates of 4,4´-DDT were lower at 
pH 7, 10 in comparison with pH 2, with both UV-light sources and different concentrations of 
hydrogen peroxide, especially with the LP. The most effective degradation at pH 7 was 
reached with the HP, 0.2 % H2O2 (Fig. 4-20), 67 % 4,4´-DDT was degraded after 120 min 
irradiation. With the LP, 0.2 % H2O2, that was only 43 % (Fig. 4-23).  

At pH 2 with both the HP and LP (Figs. 4-21 and 4.24), the results show that this pH value 
had a significant influence on the degradation rate of 4,4´-DDT, in comparison with the 
photo-oxidation processes at pH 7 and 10. The lowest degradation rate obtained with the LP, 
0.1 % H2O2 at pH 2 (Fig. 4-24) was equal to the highest degradation rate calculated with the 
HP, 0.2 % H2O2 at pH 7 (Fig. 4-20). 66 % 4,4´-DDT was degraded after 120 min irradiation 
with the LP, 0.1 % H2O2 at pH 2, while with the HP, 0.3 % H2O2 at pH 7, that was only 67 %. 
The main reason here again is that the oxidation potential of •OH radical depends very much 
on the pH values of the solution. That was described in 4.2.1.1. 

In the absence of hydrogen peroxide at pH 7 (Figs. 4.20 and 4.23), the degradation rate of 
4,4´-DDT was low, especially with the LP. 23 % 4,4´-DDT degraded with the LP and 45 % of 
that degraded with the HP after 120 min irradiation. In this case, the photo-degradation of 
4,4´-DDT was caused by direct photolysis. The photodegradation of 4,4´-DDT (HP, LP, 0 % 
H2O2) occurred through direct photolysis or through the generation of few •OH radical species 
in water caused by metal ion impurities such as Fe3+. 
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Figure 4-24:  Irradiation of 4,4´-DDT with the LP (0-0.2 % H2O2) at pH 2 
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Figure 4-25:  Irradiation of 4,4´-DDT with the LP (0-0.2 % H2O2) at pH 10 

 

The larger energy spectrum of the HP leads to a larger excitation of the CBenzene-H bonding 
(425 kJ mol–1) and the CBenzene-Cl bonding (358 kJ mol–1) [Cox, 1962] of chlorinated com-
pounds. Therefore, the photo-degradation of 4,4´-DDT was more rapid when using the HP. 
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When the hydrogen peroxide was added, the photochemical degradation of 4,4´-DDT pro-
ceeded mainly via the •OH radical, which was generated from the H2O2 added. It is assumed 
that the amount of •OH radicals generated from the homolysis of H2O2 by using the HP or LP 
is equal. On the other hand, the direct photolysis of 4,4´-DDT with the HP, 0 % H2O2 at pH 7 
proceeded significantly faster than that with the LP, 0 % H2O2 (45 % and 23 % 4,4´-DDT 
degraded after 120 min irradiation, respectively) (Figs. 4-20 and 4-23). Therefore, it is under-
stood, why all experiments, results show that the degradation rate of 4,4´-DDT with the HP 
(0.1-0.2 % H2O2) was higher than that with the LP (0.1-0.2 % H2O2) at the 3 different given 
pH values 2, 7 and 10 (Figs. 4-20 to 4-25). For example, at pH 10, 63 % 4,4´-DDT was de-
graded with the HP, 0.1 % H2O2 (Fig. 4-22) after 120 min irradiation, while with the LP, 0.1 
% H2O2 (Fig. 4-25), it was only 42 %.   

The addition of hydrogen peroxide played again an important role in the photodegradation of 
4,4´-DDT. A fast and completed degradation process of 4,4´-DDT was available when H2O2 

was added. At pH 7 with the HP, 0.2 % H2O2 (Fig. 4-20), 67 % 4,4´-DDT was degraded after 
120 min irradiation, while it was just 45 % when H2O2 was not added. Only 2 % 4,4´-DDT 
was identified at pH 2 with the HP, 0.2 % H2O2 after 120 min irradiation (Fig. 4-21). Gener-
ally, the degradation reaction of 4,4´-DDT proceeded at a slower speed with 0.1 % H2O2 con-
centration. The oxidation process with 0.2 % H2O2 concentration was more effective than that 
with 0.1 % H2O2 concentration. 

 

4.2.2.2 Extended studies of pH, NaNO3, TiO2 and UV-light sources HP, LP 

The effect of salt (NaNO3, 40 mg l-1) on the photo-degradation of 4,4´-DDT was investigated 
at pH 2, 7 and 10. The photocatalytic degradation of 4,4´-DDT was also studied in aqueous 
suspension of TiO2 as a function of irradiation time employing only one type of commercially 
available photocatalyst, namely Degussa P25. The influence of the photocatalyst concentra-
tion on the degradation kinetics was investigated using two different concentrations of De-
gussa P25 (500 and 1000 mg l-1) at three pH values 2, 7 and 10 with both the HP and LP 
(Figs. 4-26 to 4-31).  

When sodium nitrate at a concentration of 40 mg l-1 was added, there was a significantly posi-
tive influence on the photo-degradation of 4,4´-DDT. Nitrate can react with water under the 
UV-irradiation with λ in a band of 290-400 nm and form •OH radicals as described in the 
following equation [Kotzias et al., 1982]: 

                                NO3
− + H2O   →    NO2

− + OH−  +  •OH  (4-4) 

Because nitrate anion acts as a potential •OH radical source, therefore the photo-induced deg-
radation of 4,4´-DDT in the presence of this ion proceeded faster than in the absence of it.  
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There were also more •OH radicals formed than by the direct photolysis of water or via impu-
rities ion in water Fe3+

 as mentioned above. This reaction way proceeds in analogue according 
to the mechanism of photolytical induced oxidation studied by Peyton (1990) (Fig. 2-13). 
However, the effect was observed only in the oxidation processes with the HP. In the absence 
of NO3

−, the degradation rate of 4,4´-DDT after 120 min irradiation was rather slow with the 
HP at pH 7 (45 % of 4,4´-DDT degraded), while NO3

−
 presence accelerated this rate (61 % 

degraded). 
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Figure 4-26:  Irradiation of 4,4´-DDT with the HP (NaNO3, TiO2) at pH 7 
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Figure 4-27:  Irradiation of 4,4´-DDT with the HP (NaNO3, TiO2) at pH 2 
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The stronger influence of the HP with nitrate presence in comparison with the LP is related to 
the spectrum energy distribution. NO3

− is only active under UV-irradiation at the band of λ 
ranging from 290 to 400 nm. The HP emits in contrast with the LP, which emits only weakly 
at longer wavelength (90 % of energy emitted at λ = 254 nm). Thus, with the LP, the amount 
of nitrate ions reduced to nitrite ions was less than with the HP, and less •OH radicals were 
formed. 

At pH 2, with the HP, 71 % 4,4´-DDT was degraded after 120 min irradiation, while that was 
only 43 % with the LP (Figs. 4-27 and 4-30). The oxidation reaction (4-4) proceeded better in 
an acidic medium than in a basic medium, therefore more NO2

− ions were generated and the 
degradation processes at pH 2 worked a little bit faster than that at pH 10. For example, 71 % 
4,4´-DDT was degraded with the HP, NO3

− at pH 2, while it was just 51 % with the LP at pH 
10 (Figs. 4.27 and 4.28). 
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Figure 4-28:  Irradiation of 4,4´-DDT with the HP (NaNO3, TiO2) at pH 10 

 

It can be seen, that the addition of the photocatalyst drastically improved the degradation of 
the pollutant itself. Especially, while only 45 % 4,4´-DDT was degraded with the HP without 
TiO2 at pH 7 (Fig. 4-20), 82 % 4,4´-DDT was degraded after 120 min irradiation with the HP 
(1000 mg l-1 TiO2) at pH 7 (Fig. 4-26). The photo-degradation with the LP proceeded at a 
very slow because of its spectrum energy distribution as explained in 4.2.1.2. 
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Figure 4-29:  Irradiation of 4,4´-DDT with the LP (NaNO3, TiO2) at pH 7 
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Figure 4-30:  Irradiation of 4,4´-DDT with the HP (NaNO3, TiO2) at pH 2 

 

The degradation rate of 4,4´-DDT increased quickly when the pH of the solution was lowered 
to 2. Only 4 % 4,4´-DDT detected after 100 min irradiation with the HP (1000 mg l-1 TiO2). 
The pH of the solution is an important parameter in photocatalytic reactions taking place on 
the semiconductor particulate surfaces, since it determines the surface charge properties of the 
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photocatalyst and therefore the adsorption behaviour of pollutants. Since in heterogeneous 
photocatalysis, the adsorption of a pollutant molecule is a prerequisite for its degradation, a 
change in pH leads to a change of the degradation rate. For TiO2 (Degussa P25), the zero 
point of charge (pHzpc) is at pH 6.5. Hence at more acidic pH values, the particle surface is 
positively charged, while at pH values above 6.5, it is negatively charged. Thus, in acidic me-
dium, the photonic efficiency of TiO2 Degussa P25 was higher than that in basic medium.  

0 20 40 60 80 100 120
0

20

40

60

80

100
12) 4,4´-DDT (C0=5 mg l-1), LP, pH 10, NaNO3, TiO2

   40 mg l-1 NaNO3

  500 mg l-1 TiO2

 1000 mg l-1 TiO2

C
on

ce
nt

ra
tio

n 
in

 %

Irradiation time in min

 
Figure 4-31:  Irradiation of 4,4´-DDT with the HP (NaNO3, TiO2) at pH 10 

 

The degradation of 4,4´-DDT proceeded also faster when the concentration of TiO2 increased 
from 500 to 1000 mg l-1. When the concentration of TiO2 increased, more molecular oxygen 
were generated to speed up the oxidation process. It can be clearly observed at pH 7 with the 
HP (1000 mg l-1 TiO2) (Fig. 4-26), 82 % 4,4´-DDT was degraded after 120 min irradiation, in 
comparison with the HP (500 mg l-1 TiO2), where the rate was observed to be 67 %. 

 

4.2.2.3 Kinetic Evaluation of 4,4´-DDT Destruction by HP, LP  

The kinetic evaluation of the degradation of 4,4´-DDT was performed assuming a first-order 
reaction mechanism. The results are shown in Tab. 4-4. According to the results, the degrada-
tion of 4,4´-DDT was most effective similar to lindane in acidic medium (pH 2) with both the 
HP and LP. The highest degradation rate reached was with the HP (1000 mg l-1 TiO2) at pH 2 
(k = 0.05096 min-1) and with the LP, 0.2 % H2O2 process (k = 0.0146 min-1). The half-life of 
that two processes were 13.6 and 47.5 min, respectively. There was not a significant differ-
ence between oxidation processes in neutral (pH 7) and in basic medium (pH 10). The lowest 
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degradation rate reached with the direct photolysis of 4,4´-DDT was k = 0.00468 min-1 with 
the HP (pH 7) and k = 0.00214 min-1 with the LP (pH 7), when neither H2O2, NO3

− nor TiO2 
was added. The longest half-life of those oxidation processes was 323.9 min with the LP and 
was 148.1 min with the HP. 
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Table 4-4:  Kinetic data of 4,4´-DDT degradation using HP, LP, H2O2, TiO2 (assumed first-
order reaction mechanism) 

 

Oxidation Processes k (min–1) r2 t1/2 (min)

4, 4´-DDT, HP, pH 7 0 % H2O2 0.00468 0.8292 148.1
 0.1 % H2O2 0.00773 0.8791 89.7
 0.2 % H2O2 0.00892 0.9094 77.7
 NaNO3 (40 mg l-1) 0.00766 0.9974 90.5
 TiO2 (500 mg l-1) 0.00918 0.9990 75.5
 TiO2 (1000 mg l-1) 0.01413 0.9968 49.1
    
4, 4´-DDT, HP, pH 2 0 % H2O2 0.00521 0.8519 133.0
 0.1 % H2O2 0.01414 0.9910 49.0
 0.2 % H2O2 0.03009 0.9526 23.0
 NaNO3 (40 mg l-1) 0.00974 0.9936 71.2
 TiO2 (500 mg l-1) 0.02543 0.9686 27.3
 TiO2 (1000 mg l-1) 0.05096 0.8739 13.6
    
4, 4´-DDT, HP, pH 10 0 % H2O2 0.00539 0.9306 128.6
 0.1 % H2O2 0.00825 0.9050 84.0
 0.2 % H2O2 0.00893 0.9128 77.6
 NaNO3 (40 mg l-1) 0.00595 0.9936 116.5
 TiO2 (500 mg l-1) 0.00744 0.9912 93.2
 TiO2 (1000 mg l-1) 0.00957 0.9870 72.4
    
4, 4´-DDT, LP, pH 7 0 % H2O2 0.00214 0.9388 323.9
 0.1 % H2O2 0.00403 0.9283 172.0
 0.2 % H2O2 0.00448 0.8987 154.7
 NaNO3 (40 mg l-1) 0.0031 0.9724 225.0
 TiO2 (500 mg l-1) 0.0040 0.9520 173.3
 TiO2 (1000 mg l-1) 0.0042 0.9359 166.2
    
4, 4´-DDT, LP, pH 2 0 % H2O2 0.00244 0.9339 284.1
 0.1 % H2O2 0.00892 0.9220 77.7
 0.2 % H2O2 0.0146 0.9206 47.5
 NaNO3 (40 mg l-1) 0.00457 0.9520 151.7
 TiO2 (500 mg l-1) 0.00494 0.9736 140.3
 TiO2 (1000 mg l-1) 0.00506 0.9189 137.0
    
4, 4´-DDT, LP, pH 10 0 % H2O2 0.00248 0.9508 279.5
 0.1 % H2O2 0.00428 0.9438 162.0
 0.2 % H2O2 0.00500 0.9231 138.6
 NaNO3 (40 mg l-1) 0.00289 0.9902 239.8
 TiO2 (500 mg l-1) 0.00363 0.9847 190.9
 TiO2 (1000 mg l-1) 0.00404 0.9555 171.6

 

The influence of the photocatalyst TiO2 was clearly observed with the HP treatment, in some 
cases at pH 7, this was even more effective than presence of the oxidation agent H2O2. For 
example, the half-life of the process with the HP (1000 mg l-1 TiO2) at pH 7 was 49.1 min (k 
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= 0.01413 min-1), while that with the HP, 0.2 % H2O2 was 77.7 min (k = 0.00892 min-1). De-
gussa P25 reached highest photonic efficiency in acidic medium at pH 2. 

The addition of NaNO3 had a significant effect only with the degradation of 4,4´-DDT with 
the HP in acidic medium (pH 2). The degradation rate was k = 0.00974 min-1 and the half-life 
was 71.2 min. 

Hydrogen peroxide remained generally a very effective oxidant reagent. For the treatments 
with the HP, the second highest degradation rate achieved was k = 0.03009 min–1 when 0.2 % 
H2O2 added at pH 2 (t1/2 = 23 min). For the treatments with the LP, the degradation rate of 
4,4´-DDT was even the highest rate in comparison with other oxidation processes when 0.1 % 
H2O2 added at pH 2 (k = 0.0146 min–1, t1/2 = 47.5 min). 

 

4.2.3 Conclusions 

The photo-degradation of lindane and 4,4´-DDT was thoroughly investigated using both the 
HP and LP at different pH values. The effect of an added oxidant agent hydrogen peroxide, of 
the salt sodium nitrate, and of the photocatalyst titanium dioxide with different concentrations 
was also studied. The results showed that lindane can be completely degraded more quickly 
than 4,4´-DDT. In the absence of H2O2, NO3

− and TiO2, the photo-degradation of both insecti-
cides proceeded very slowly. The degradation rates of these processes increased when the HP 
was used and H2O2 or TiO2 were added; then the degradation rate increased to a maximum in 
acidic medium (at pH 2).  The influence of salt (NaNO3) was not significant in comparison 
with H2O2 or TiO2. 
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4.3 Oxidative Processes of Me and Mo using HP, LP and IAPS-2 

4.3.1 Methamidophos 

4.3.1.1 Photooxidation using HP, LP/H2O2 
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Figure 4-32:  The degradation of methamidophos with the HP and LP  

 

The degradation rate by the HP without H2O2 was relatively low (Fig. 4-32): only 38 % after 
10 min and 42 % methamidophos after 15 min irradiation were degraded, but the degradation 
rate with the LP, 0 % H2O2 was distinctly higher (90 % was degraded after 5 min). The direct 
photolysis of methamidophos played an important role in both processes because there was no 
reaction agent added and the main UV absorption spectrum of methamidophos is from 210 to 
260 nm. Although the HP has a total radiant flux 6 times larger than the LP, the LP emits 
45.87 ×  103 mole quanta h-1at a wavelength 254 nm, while the HP irradiates only 30.58 ×  103 

mole quanta h-1 [Heraeus, 1995]. The intensity of UV-light from the HP reaching the photo-
reactor can also decrease when it passed the cooling water tube. Besides, there were also very 
few •OH radicals generated through metal ion impurities as Fe3+ which might contribute to the 
decomposition of methamidophos. 

In the photooxidative processes with the HP and LP in the presence of H2O2  (Fig. 4-32), the 
degradation rate was much higher by the HP.  •OH radicals generated, presently, abundantly 
through the photolysis of hydrogen peroxide strongly affected the degradation rate with the 
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HP. 95 % of methamidophos was degraded already within 150 s, while without H2O2 only 13 
% was degraded in the same time. With the LP, the degradation rate was somewhat lower in 
the first 150 s in the presence of H2O2 (0.2 %). Methamidophos was degraded by 94 % after 
150 s and by 99 % after 15 min in the presence of H2O2, while 84 % and 95 % were degraded 
without addition of H2O2. It showed that the effect of UV irradiation was quite impressive, 
even with the low-energy lamp and without any addition of further reaction agents. 

 

4.3.1.2 Photooxidation using IAPS-2 

The application of the IAPS-1 and IAPS-2 (Figs. 2-27 and 2-28) for treatment of contami-
nated water is based on the formation of “reactive oxygen species”. This term includes both 
oxygen-centred radicals such as superoxide and hydroxyl, as well as some non-radical deriva-
tives of oxygen, i.e. hydrogen peroxide [Challenger et al., 1996]. Goldstein et al. (1992) 
showed the possibility of generating hydrogen peroxide, when pure oxygen was ionised to 106 
negative ions cm-3, and injected to water.  

Knoll (1964) could detect monomolecular ions, some of them are negative ions like O-•,      
O2 

2-•. These negative ions play an important role in the oxidative process. Besides, the      
generation of hydrogen peroxide at a lower rate of ionisation (104 – 2.5 ×  105 negative ions 
cm-3) was observed by Challenger et al. (1996). They measured the concentrations of H2O2 
at different ion concentrations, e.g. 0.70 µM (~ 24 ppb) H2O2 at 104 ion cm-3 and 1.58 µM (54 
ppb) H2O2 at 2 ×  105 ions cm-3 were produced. The concentration of negative ions in the 
IAPS-2 was measured by means of a Katrein Ionometer and was found to be 1.2 ×  104 ions 
cm-3 at a distance of 10 cm. Ozone was also identified within the IAPS-2 at a concentration of 
0.075 ppm with a Draeger small tube [Wohlers, 1997]. 

With the IAPS-2, the degradation rate of methamidophos was much lower than that of either 
of the UV Lamps, the HP and LP. Thirty-three percent of methamidophos was degraded after 
40 min and, after 240 min, 6 % residual could be detected (Fig. 4-33). 

The IAPS-2 showed different efficiencies towards diverse compound groups. With the degra-
dation of some antibiotics, dyes or carbamate pesticides, the IAPS-2 gave a larger reaction 
rate. The required time for a complete degradation of these groups was only from 3 to 20 min. 
In this study, about 80 % methamidophos was degraded after 180 min, a rather slow process. 
Concerning the other side of this problem, a considerable amount of NO3

- was produced as a 
side product from air, as long as the ionisation process operated. The concentrations of NO3

- 
were 53.36 and 70.91 mg l-1 (measured at 180 and 240 min, respectively, while the IAPS-2 
was applied to pure distilled water). There was no NO2

- detected during and at the end of 
treatment process. This is important because the concentration of NO2

- in drinking water is 
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strictly limited due to its toxicity to a value of < 0.01 mg l-1, while NO3
- is allowed to reach a 

maximum concentration of 50 mg l-1 (according to German criteria 1985 for drinking water).  
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Figure 4-33:  The degradation of methamidophos with the IAPS-2 

 

4.3.1.3 Kinetic Evaluation of the Degradation of Methamidophos 

 

Table 4-5:  Kinetic parameters of methamidophos degradation with 5 different oxidative 
processes (assumed first-order reaction mechanism) 

 

Methamidophos (5 mg l-1), pH 7, HP, LP, IAPS-2 
Treatment system, 
reaction condition 

k [min-1] 
(first-order equation)

Correlation coefficient 
(r2) 

Half-life 
time 

t1/2 [min] 

R.S.D 
(%) 

 
HP, 0 % H2O2 

HP, 0.2 % H2O2 

LP, 0 % H2O2 

LP, 0.2 % H2O2 
IAPS-2 

 
0.0303 
0.7524 
0.4749 
0.6328 
0.0117 

 
0.973 
0.983 
0.953 
0.941 
0.984 

 
22.9 

0.9 
1.5 
1.1 

59.2 

  
6 
5 
8 

12 
11 
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In Tab. 4-5, the kinetic parameters calculated from the investigated degradation processes of 
methamidophos are shown. The highest rate constant was achieved by the HP, 0.2 % H2O2 (k 
= 0.7524 min-1), followed closely by both treatments with the LP, 0.2 % H2O2 (k = 0.6328 
min-1) and LP, 0 % H2O2 (k = 0.4749 min-1). The lowest rate constants were achieved from 
the HP, 0 % H2O2 process (k = 0.0303 min-1) and from the IAPS-2 (k = 0.0117 min-1). The 
degradation efficiency was slightly enhanced when 0.2 % H2O2 was added in the LP process, 
while it increased rapidly when 0.2 % H2O2 was added in the HP process. It means that the LP 
proved very effective in the degradation of methamidophos, even if no additive was used. It is 
interesting to compare our results with previous works of Doong and Chang (1998) in the 
degradation of methamidophos (initial concentration: 10 mg l-1) with two 100 W and 450 W 
medium pressure mercury lamps (UV/H2O2, UV/TiO2).  

The shortest half-life of the degradation of methamidophos was in their work 6.1 min (450 W 
lamp, UV/TiO2) and the longest half-life was 28.9 min (100 W lamp, UV/TiO2). Although the 
initial concentration of methamidophos (5 mg l-1) in this work was 2 times less than it was in 
the report of Doong and Chang (1998), this work clearly shows that the LP, 0.2 % H2O2 (t1/2 
= 1.1 min) and the HP, 0.2 % H2O2 (t1/2 = 0.9 min) processes were more efficient than the 
other two lamps. The half-life for the IAPS-2 (59.2 min) was the largest and the IAPS-2 
proved not very suitable for an efficient elimination of methamidophos.  

 

4.3.1.4 Determination of the Degree of the Mineralisation using IC 

A theoretical maximum concentration of NO3
- (2.23 mg l-1), PO4

3- (3.42 mg l-1), SO4
2- (3.46 

mg l-1) was calculated assuming a 100 % mineralisation rate as in the following equation: 

      C2H8PSNO2 + 7 O2   →    2 CO2 + H3PO4 + H2SO4 + HNO3 + H2O  (4-5) 

The formation of NO3
- occurred at slower rates than that of PO4

3- and SO4
2- and the measured 

concentrations were about 10 times lower than the calculated maximum values (Fig. 4-35).  

It means that rather refractory degradation products (which were not identified here) were 
formed. This phenomenon was not reported in the previous works in the degradation of 
methamidophos by Doong and Chang (1998) or by Malato et al. (1999). But a similar case 
related with the degradation of the other organophosphate pesticide monocrotophos was also 
studied by Ku et al. (2000). Ammoniac (NH3) was first formed and then slowly oxidised to 
nitrate ion (NO3

−). Another explanation that can be assumed is that the produced NO3
- was 

reactive under UV-irradiation in the range of 290-400 nm wavelengths, where •OH radicals 
and NO2

- were generated as described in the following equation (4-6) [Kotzias et al., 1982]. 
However, we could not identify even trace of  NO2

- during all the processes studied. 

                                NO3
− + H2O   →    NO2

− + OH−  +  •OH  (4-6) 
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Figure 4-34:  The ion chromatograms of oxidative processes (X: unidentified anion)  
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Figure 4-35:  The production of NO3
- during the decomposition of methamidophos  
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Figure 4-36:  The production of PO4
3- during the decomposition of methamidophos  

 

The production of PO4
3- and SO4

2- during the decomposition of methamidophos (UV-process) 
is shown in Figs. 4-36 and 4-37. The observed concentrations of PO4

3- approached the calcu-
lated maximum values at the end of each oxidative process. The concentrations of SO4

2- on 
the other hand were considerably lower than the calculated maximum expected; it is supposed 
that some sulphur-containing organic intermediates were formed, resisting complete 
mineralisation even after 15 min irradiation.  
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Figure 4-37:  The production of SO4
2- during the decomposition of methamidophos  
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4.3.1.5 Identification of methamidophos using GC- and LC-MS 

As described in 3.4.5, the GC- and LC-MS were used to confirm the structure of methamido-
phos and for the determination of possible intermediate- or by-products. The analytic proce-
dures by the GC- and LC-MS technique focused on the qualification, but not in quantification 
(which have been done with the GC-NPD). According to the work of Fernandez-Alba et al. 
(1998), the main and typical identification ions [M]+• = 141, [M-CH3]+• = 126 (with lower 
intensity) and [M-CH3S]+• = 94 of methamidophos were achieved by GC-IT-MS, besides 142 
was also seen in most cases, but it was probably just an artefact produced by ITD detection 
(auto-CI). All the samples were also analysed using the LC-ESI-MS technique. The main and 
typical identification ion [M + H]+• = 142 was achieved with no fragmentation, but it had a 
much lower intensity in comparison with [M + Na]+• = 164. There were no intermediates 
found in the degradation of methamidophos using the HP, LP, possibly due to the fast oxida-
tion of those processes. In contrast, a considerable amount of intermediates detected in the 
photocatalytic of methamidophos with the LSSR or DSSR because of the slow oxidation of 
this process. 

 

4.3.1.6 Daphnia Test of Oxidative Processes 
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Figure 4-38:  Percentage of immobile Daphnia after 24 h test for the degradation of Me 
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As shown in Fig. 4-38, there were two observed immobile Daphnia (40 %) individual in the 
test still after the 8th dilution step of untreated methamidophos (C0 = 5 mg l-1). These results 
correctly showed its large acute toxicity for water organisms. By the photooxidative treatment 
process, HP without H2O2, there were 100 % Daphnia (GD = 1) and 40 % Daphnia (GD = 2) 
immobile. This showed the partial degradation rate of methamidophos after 39 % degradation 
of the parent compound at 15 min of treatment with the HP, 0 % H2O2. By the HP, 0.2 % 
H2O2 and LP, 0 % H2O2, there were 20 % observed immobile Daphnia in both processes (GD 

= 1) and also 20 % by the LP, 0 % H2O2 (GD = 2). The toxicity level of these treated samples 
is still permissible (not more than 20 %), but it would be more precisely if the number of 
tested Daphnia was 10. In both processes, methamidophos was degraded almost 95-97 % after 
15 min; the tests showed that the appearance of photoproducts was reasonable. In the IAPS-2 
process (after 180 min treatment), there were 60 % (GD = 1) and 40 % (GD = 2) observed im-
mobile Daphnia. It means the water sample after treatment process was still toxic correspond-
ing to a toxicity of 19 %, made up of undegraded methamidophos and other unidentified deg-
radation products.  

In the LP process (0.2 % H2O2), no immobile Daphnia were observed. It indicated that the LP 
treatment in the present of 0.2 % H2O2 was very efficient and most appropriate for application 
in the treatment of methamidophos solution. 

 

4.3.1.7 Luminescent Bacteria Test of Oxidative Processes 

As shown in Figs. 4-39 and 4.40, an acute toxic effect of methamidophos in this test (C0 = 5 
mg l-1) was not observed at 30 min incubation time, even when the water samples were not 
diluted. Although methamidophos possesses a high acute toxicity for many water organisms, 
its effect to the light emission intensity of luminescent bacteria was obviously not significant. 
In all the treatments, the maximum inhibition was observed in the treatment with the HP, 0 % 
H2O2 after 15 min irradiation at less than 20 % as compared with the control.  
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Figure 4-39:  Luminescent bacteria test (after 15 min treatment using the HP and LP) 
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Figure 4-40:  Luminescent bacteria test (for treated water samples using IAPS-2) 
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4.3.2 Monocrotophos 

4.3.2.1 Photooxidation using HP, LP/H2O2 

The degradation rate by the HP without H2O2 was very low (Fig. 4-41): only 95 % after 10 
min and 94 % monocrotophos after 15 min irradiation were degraded, but the rate with the 
LP, 0 % H2O2 was much higher (88 % was degraded after 5 min). The oxidation process of 
monocrotophos with the HP, 0 % H2O2 was much slower than that of methamidophos (94 % 
monocrotophos and 42 % methamidophos were degraded after 15 min irradiation, respec-
tively), although the structural chain of monocrotophos is longer (Tab. 2-1) and seemed to be 
easier directly broken or oxidised than methamidophos.  
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Figure 4-41:  The degradation of monocrotophos with the HP and LP  

 

The direct photolysis of monocrotophos played an important role in both processes because 
there was no reaction agent added and the main UV absorption spectrum of monocrotophos 
ranged from 190 to 250 nm. The HP emits very weakly in the band of λ < 254 nm. In the con-
trary, the LP emits 5.22 ×  103 mole quanta h-1 at a λ = 248 nm and  7.16 ×  103 mole quanta  
h-1 at a λ = 238/40 nm (Appendix A, Tab.7-1). Thus, it explains why the direct photolysis of 
monocrotophos with the HP did hardly proceed at all. 

In the two photooxidative processes with the HP and LP in the presence of H2O2  (Fig. 4-41), 
the degradation rates of monocrotophos were equivalent. •OH radicals generated, presently, in 
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abundant amounts and the photolysis of hydrogen peroxide strongly affected the degradation 
rate with the HP. Ninety-seven percent of monocrotophos was degraded already within 150 s 
with the HP, 0.2 % H2O2, while without H2O2 only 98 % was degraded in the same time. With 
the LP, 0.2 % H2O2, the degradation rate of monocrotophos was similar to methamidophos in 
the first 150 s. Monocrotophos was degraded by 96 % after 150 s and by 99.5 % after 10 min 
irradiation in the presence of H2O2, while 61 % and 88 % was degraded without addition of 
H2O2. It showed that the effect of the UV-irradiation of the LP was quite large, even with the 
low-energy lamp LP and without any addition of further reaction agents. 

 

4.3.2.2 Photooxidation using IAPS-2 

With the IAPS-2, the degradation rate of monocrotophos was much faster than that of 
methamidophos and was relatively lower than that with either of the UV-Lamps, the HP and 
LP in the first 150 sec. However, it was nearly the same with the degradation rates calculated 
with the HP and LP in the presence of H2O2. The oxidation process of monocrotophos with 
the IAPS-2 proceeded even faster and more effective than that with the LP, 0 % H2O2. 58 % 
of monocrotophos was degraded after 150 sec, 90 % after 10 min, and after 15 min, it could 
not be detected any more (Fig. 4-42). 
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Figure 4-42:  The degradation of monocrotophos with the IAPS-2 
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4.3.2.3 Kinetic Evaluation of the degradation of Monocrotophos 

In Tab. 4-6, the kinetic parameters of the investigated degradation processes of monocroto-
phos are listed. The highest rate constant was reached by the HP, 0.2 % H2O2 (k = 1.3404 
min-1), followed closely by both treatments with the LP, 0.2 % H2O2 (k = 0.5543 min-1) and 
the IAPS-2 (k = 0.3963 min-1). The lowest rate constants were achieved from the LP, 0 % 
H2O2 (k = 0.3194 min-1) and the HP, 0 % H2O2 process (k = 0.0042 min-1).  

The degradation efficiency was slightly enhanced when 0.2 % H2O2 was added in the LP 
process, while it increased rapidly when 0.2 % H2O2 was added in the HP process. It means 
that the LP was very effective in the degradation of monocrotophos, even if no additive was 
used. The half-life for the degradation of monocrotophos with the IAPS-2 (1.7 min) was very 
short in comparison with that of methamidophos (59.2 min). The IAPS-2 is well suited for a 
fast elimination of monocrotophos from water. 

 

Table 4-6:  Kinetic parameters of monocrotophos degradation with 5 different oxidative 
processes (assumed first-order reaction mechanism) 

 

Monocrotophos (5 mg l-1), pH 7, HP, LP, IAPS-2 
Treatment system, 
reaction condition 

k [min-1] 
(first-order equation)

Correlation coefficient 
(r2) 

Half-life 
time 

t1/2 [min] 

R.S.D 
(%) 

 
HP, 0 % H2O2 
HP, 0.2 % H2O2 
LP, 0 % H2O2 
LP, 0.2 % H2O2 
IAPS-2 

 
0.0042 
1.3404 
0.3194 
0.5543 
0.3963 

 
0.9643 
0.9926 
0.9738 
0.9518 
0.8981 

 
166.6 

0.5 
2.2 
1.3 
1.7 

  
9 
7 
6 

10 
12 

 

4.3.2.4 Determination of the Degree of the Mineralisation using IC 

A theoretical maximum concentration of NO3
- (1.34 mg l-1), PO4

3- (2.047 mg l-1) was calcu-
lated assuming a 100 % mineralisation rate after infinite treatment time as in the following 
equation (the initial concentration of monocrotophos: 5 mg l-1): 

            C7H14NO5P + 10 1/2 O2  →    7 CO2 + H3PO4 + HNO3 + 5 H2O  (4-7) 

The formation of NO3
- occurred at slower rates than that of PO4

3- and the measured concentra-
tions were not proportional to the degradation rates of oxidation processes at all (Fig. 4-43). 
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In contrast, the concentrations of PO4
3- increased directly proportional to the degradation rates 

of oxidation processes (Fig. 4-44). 
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Figure 4-43:  The production of NO3
- during the decomposition of monocrotophos  
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Figure 4-44:  The production of PO4
3- during the decomposition of monocrotophos  
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In the process with the HP and 0 % H2O2, the measured concentration of NO3
- and PO4

3- were 
close to the calculated theoretical maximum concentrations at a time of 15 min as following 
the equation (4-7). The concentrations of NO3

- ranged between 0.005 mg l-1 after 8 min and 
0.039 mg l-1 after 15 min. The concentrations of PO4

3- ranged between 0.016 mg l-1 after 2 min 
and 0.053 mg l-1 after 15 min.  

In the process HP, 0.2 % H2O2 (Fig. 4-43), the concentration of NO3
- reached 0.172 mg l-1 

after 4 min. At this time, about 99 % monocrotophos was already degraded (Fig. 4-41). The 
maximum NO3

- concentration would be 1.323 mg l-1 calculated according to the equation    
(4-7). It is assumed that some nitrogen-containing organic intermediates were formed, resist-
ing complete mineralisation even after 15 min irradiation (the detected concentration of NO3

- 
was only 0.709 mg l-1). Another possibility would be the formation of NH4

+ in the solution, 
which was slowly oxidised to NO3

-, but this could not be followed with our IC equipment, 
which its column was suitable for the detection of anions only. The achieved PO4

3- concentra-
tions in the process HP, 0.2 % H2O2 (Fig. 4-44) were also 2 or 3 times lower than its theoreti-
cal maximum concentration.  

With the LP, 0 % H2O2 process, the measured concentrations of NO3
- were much lower than 

the expected values (about 20 times), which of PO4
3- were 4 or 5 times lower. With the LP, 

0.2 % H2O2 process, the trend was similar to that in the process HP, 0.2 % H2O2. It means that 
considerable refractory degradation products (which were detected here by GC- and LC-MS) 
were formed.  

 

4.3.2.5 Daphnia Test of Oxidative Processes 

As shown in Fig. 4-45, there were 10 immobile Daphnia (100 %) in the test at 4th dilution 
step of monocrotophos solution (C0 = 5 mg l-1). There were still 1 immobile Daphnia (10 %) 
in the test with 12th dilution step of monocrotophos (C0 = 5 mg l-1). These results show the 
very high acute toxicity for water organisms, especially with Daphnia Magna. By photooxida-
tive treatment process, HP without H2O2, there were still 100 % Daphnia (Fig. 4-45) (at GD = 
4) and 20 % Daphnia (GD = 8) immobile. It corresponds to the very low degradation rate of 
monocrotophos by this treatment, only 6 % monocrotophos degraded after 15 min of treat-
ment.  

By the HP, 0.2 % H2O2, there were 20 % immobile Daphnia observed (GD = 1) and there were 
10 % by the LP, 0 % and 0.2 % H2O2 treatments (GD = 1). At GD = 2, 10 % immobile Daphnia 
observed only with the the HP, 0.2 % H2O2. The toxicity level of these treated samples is still 
permitted (not more than 20 %). In these latter 3 processes, monocrotophos was degraded 
completely after 15 min; the tests showed that the appearance of toxic intermediate- or by-
products were possible.  
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In the IAPS-2 process (after 15 min treatment), there were 10 % (GD = 1) and 0 % (GD = 2) 
immobile Daphnia observed. It means the water sample after treatment process lost its toxic-
ity and corresponded to a complete degradation of monocrotophos after 15 min treatment.  
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Figure 4-45:  Percentage of immobile Daphnia after 24 h test for the degradation of Mo 

 

4.3.2.6 Luminescent Bacteria Test of Oxidative Processes 

The effects of methamidophos toward the light emission potential of luminescent bacteria 
were not significant. Therefore, the luminescent bacteria test with monocrotophos were only 
carried-out with 3 water samples: without treatment, treated with the LP, 0.2 % H2O2 and 
IAPS-2. Similarly to methamidophos, as shown in Fig. 4-46, an acute toxic effect of 
monocrotophos (C0 = 5 mg l-1, without treatment) was not observed after 30 min incubation 
time, even when the water samples were not diluted. In the treatments with the LP, 0.2 % 
H2O2 and IAPS-2, the maximum inhibition was observed at less than 20 % as compared with 
the control.  
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Figure 4-46:  Luminescent bacteria test (before and after treatments using LP, IAPS-2) 
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4.4 Oxidative Processes of Me and Mo using LSSR and DSSR 

4.4.1 Solar Photocatalytic Oxidation of Me and Mo using LSSR   

The degradation of methamidophos (Me) and monocrotophos (Mo) was undertaken using the 
Lab Solar Simulated Reactor (LSSR) and 12 different photocatalysts (Cat 1-Cat 12 with con-
centrations of 500 and 1000 mg l-1). The experiments were carried-out at pH values of 3, 7 
and 12 to investigate the effect of pH on the photocatalytic degradation of 2 insecticides.  

 

4.4.1.1 Degradation of Me: Effect of pH  

Fig. 4-47 shows the different photonic efficiencies of 12 investigated photocatalysts in the 
mineralisation of methamidophos using the LSSR at pH 7. In all cases, the rate of disapper-
ance of the organic compound can be described by an apparent first-order rate law as was 
suggested recently [Bahnemann et al., 1993]. From the slopes of the individual ln (C0/Ct) vs. 
t profiles the apparent first-order rate constants were determined. The degradation rate can be 
calculated by multiplying this constant with the initial concentration of methamidophos. The 
photonic efficiency ζ (in %) was determined as the ratio of the photocatalytic degradation rate 
d[Me]/dt over the incident light intensity d[hν]/dt or calculated following the equation:  

             ζ = (k [C0] / I0) * 100 %  (4-8) 

k: rate constant (min-1) 

C0: initial concentration of methamidophos (mM) 

I0: incident light intensity (I0 = 0.084 and 0.23 mM photons l-1 min-1 for the LSSR and DSSR, 
respectively ) [Rauer, 1998; van Well et al., 1997].  

The so-called photonic efficiency ζ is generally used to compare the activity of the different 
photocatalysts with each other. At pH 7 (Fig. 4-47), the highest and lowest photonic efficien-
cies were achieved with Cat 11 (1.10 %) and Cat 12 (0.09 %), respectively. A relatively low 
photonic efficiency means that the photocatalytic degradations were generally slow. For ex-
ample, the half-life (t1/2) of the process using Cat 12 (Bayoxide T2) was 640.3 min, while it 
was only 52.4 min for Cat 11 (Pt-Hombikat UV100). 

In the acid and alkaline mediums (pH 3 and pH 12) (Fig. 4-48), the photonic efficiencies of 
those catalysts increased very quickly. Cat 11 yielded the highest photonic efficiency (ζ = 
16.2 % at pH 3 and 25.1 % at pH 12). The low photonic efficiency (ζ = 5.49 % at pH 3 and 
1.72 % at pH 12) reached by Cat 12, however, was still considerably higher than that at pH 7 
(ζ = 0.09 %). 
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Figure 4-47:  Photonic efficiency of different catalysts (concentration: 500 mg l-1) in 
the degradation of methamidophos using the LSSR at pH 7 
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Figure 4-48:  Photonic efficiency of different catalysts (concentration: 500 mg l-1) in 
the degradation of methamidophos using the LSSR at pH 3, 7 and 12 
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Numerous experimental data are published dealing with the effect of pH on photocatalytic 
degradation of various organic compounds [Hoffmann et al., 1995; Bahnemann, 1999]. 
They showed that changes in reaction rates were generally rather insignificant over a wide pH 
range. For ionic substrates, on the other hand, a significant dependency of the photocatalytic 
degradation efficiency on pH has often been observed, since the overall surface charge and 
hence the adsorptive properties of TiO2 particles depend strongly on solution pH [Bahne-
mann et al., 1994]. Generally spoken, alkaline pH values have been found to favour the 
photocatalytic degradation of pollutant molecules in their cationic form while negatively 
charged molecules are more readily degraded at low pH values when the photocatalyst surface 
was positively charged (pHzpc of TiO2≈ 6.5). Normally, there are 4-5 hydroxyl groups per 1 
nm2 adsorbed on the surface of TiO2 in the aqueous solution [Auguststynski, 1988]. At large 
pH values (pH 12), adsorbed OH- ions on the surface of the photocatalyst particles act as effi-
cient traps for the photogenerated holes [Arslan et al., 2000]: 

             OHsurface
− + h+   → OHsurface

•  (4-9) 

On the other hand, other studies concluded from their analyses that the photocatalytic process 
does not need to occur at the catalyst surface, as it was assumed here that the reactive OH 
radicals and other oxidizing species can diffuse into the solution bulk to react with organic 
pollutants [Bahnemann et al., 1994]. Lindner et al. (1997) observed a similar effect of pH 
on the photocatalytic degradation of dichloroacetate. The pronounced pH dependence on the 
mineralisation efficiency of dichloroacetate observed could only be explained if a formation 
of relatively strong surface complexes even in the alkaline pH regime is proposed. Moreover, 
methamidophos is partly hydrolysed at large pH value. The half-life of the hydrolysis was 
reported to range from 120 hours at pH 9 and 370C to 140 hours at pH 3 and 400C [Tomlin, 
1994]. The main hydrolysis product at pH 2 was methylmethylthiophosphate and at pH 12  
methylphosphamide. In this thesis, a half-life of 6 hours of the hydrolysis of methamidophos 
was found at pH 12. The LSSR was run without a thermostat, the temperature of the reactor 
reached about 30-350C, the hydrolysis process of methamidophos and other intermediates at 
pH 3 and 12 was observed to be significantly faster in this work.   

The photonic efficiencies reached at pH 3 were slightly larger than those at pH 12, except 
with Cat 10 and 11 (Fig. 4-48). The adsorption of methamidophos on the TiO2 surface de-
pends on the pH of the solution. The metal oxide surface is positively charged in acidic me-
dium (pH 3 < pHzpc of TiO2), where methamidophos is negatively charged and thus be well 
adsorbed on the surface. The dark-adsorption measurements of different photocatalysts at pH 
3, 7, 12, however, were not undertaken. Bernecker (1999) measured the absolute adsorption 
of the 2 insecticides Primicarb and Imidacloprid at a concentration of TiO2 P25 Degussa of 20 
g l-1. The results showed that the adsorbed amounts of those insecticides at pH 3 exceeded 
adsorption at pH 12 by a factor from 1.4 to 1.7. 
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4.4.1.2 Degradation of Me: Effect of TiO2 concentration 

1 2 3 4 5 6 7 8 9 10 11 12
0.0

0.3

0.6

0.9

1.2

1.5

Methamidophos (0.07 mM), pH 7, LSSR, 1000 mg l-1 TiO2

Ph
ot

on
ic

 E
ffi

ci
en

cy
 (i

n 
%

)

Catalyst

 

Figure 4-49:  Photonic efficiency of different catalysts (concentration: 1000 mg l-1) in 
the degradation of methamidophos using the LSSR at pH 7 
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Figure 4-50:  Photonic efficiency of different catalysts (concentration: 1000 mg l-1) in 
the degradation of methamidophos using the LSSR at pH 3, 7 and 12 
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At pH 7 (Fig. 4-49), the change of concentration of the added photocatalyst considerably af-
fected the photonic efficiency of Cat 2, Cat 6, Cat 9 (increased about 2 times) and Cat 8 (in-
creased about 3 times). Especially, the largest photonic efficiency was reached with Cat 8 (ζ = 
1.58 %), followed by Cat 11 (ζ = 1.28 %).  

Lindner et al. (1997) found the individual optimum catalyst concentration depended mainly 
on the specific catalyst in the degradation of dichloroacetic acid, i.e., while for P25 Degussa 
(Cat 1) a maximum activity was reached at 500 mg l-1, for Hombikat UV 100 (Cat 7), a sig-
nificant rise of the photonic efficiency could be observed only beyond 5000 mg l-1. In this 
thesis, at pH 7, the degradation was slightly faster with the P25 Degussa (Cat 1, ζ rose from 
0.98 to 1.13 %) and with the Hombikat UV 100 (Cat 7, ζ rose from 0.3 to 0.4 %) when the 
concentration of catalysts increased from 500 to 1000 mg l-1. 

At pH 3 and 12 (Fig. 4-50), the photonic efficiency of 12 photocatalysts increased only 
slightly when TiO2 concentrations rose from 500 to 1000 mg l-1, except in the case of Cat 1, 
where a change from 13.7 to 23 % at pH 3 was observed. 

 

4.4.1.3 Degradation of Me: Effect of TiO2 catalysts 

Recent investigations showed that the activity of a photocatalyst not only depends on the sur-
face properties of TiO2, but also on the chemical characteristics of the pollutant. Other       
important factors affecting photocatalyst activity are the speed of charge transfer (density of 
charge carriers), as well as the life span of the e-/h+ pairs. It has also been concluded that lar-
ger BET surface area resulted in better adsorption properties due to more OH− groups on the 
photocatalyst surface. Former studies also revealed that different TiO2 types (anatase or rul-
tile/anatase mixtures) exhibited almost the same photoactivity towards aromatic pollutants 
such as 4-CP, and photocatalytic degradation with P25 Degussa even slightly exceeded the 
degradation rate with pure anatase powders [Bahnemann et al., 1999]. Many researchers 
claimed that rutile is either catalytically inactive or the much less active form of TiO2, while 
others find that rutile has selective activity toward certain substrates. Highly annealed (T > 
8000 C) rutile appears to be photoinactive in the case of 4-chlorophenol oxidation.  

Tanaka et al. (1993) showed that the photocatalytic degradation of several compounds on 
different mineral phases and preparation methods of TiO2 was dependent upon the calcination 
temperature of some samples and independent on others. They found that for trichloroethyl-
ene degradation in water, the rate of photodegradation increased with calcination temperature 
up to 500 0C (in some cases up to 600—7000C) and then decreased again above those tem-
peratures. They also noted that commercial anatase forms (Degussa P25 and TP-2) were   
better for Cl2CCClH degradation than commercially available rutile (Katayama, TP-3, and 
TM-1) and that specific surface area did not appear to be a determining factor. Tanaka et al.  
(1993) concluded that calcined synthesized anatase was better than P25 and that both of these 
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types were better than a 100 %  rutile. However, when hydrogen peroxide was added as an 
electron acceptor, rutile showed a larger photocatalytic activity. 

Martin et al. (1994) report an increase in photodegradation rates of 4-chloro-phenol when the 
anatase form of TiO2, was calcinated progressively from 100 to 4000C (i.e., the particles cal-
cinated at 4000 C yield the highest photodegradation rates) and then a decrease in photodegra-
dation rate was noted for samples calcinated above 5000 C. For comparison, the photonic effi-
ciency was found to be 0.23 for anatase (4000C) and 0.03 for rutile (8000C). 

In order to enhance interfacial charge-transfer reactions of TiO2 bulk-phase and colloidal par-
ticles, the properties of the particles were modified by selective surface treatments such as 
surface chelation, surface derivatisation, platinisation, and by selective doping of the crystal-
line matrix [Bahnemann, 1999]. The stability and long time activity of standard and plati-
nised TiO2 materials were investigated systematically. 

As shown in Figs. 4-47 and 4-49, at pH 7, the photonic efficiencies of 4 novel pure anatase 
photocatalysts supplied by Millennium (Cat 2-Cat 5: PC 50, 100, 105 and PC 500, respec-
tively) were classified according to their specific surface areas. The highest ζ (0.48 and 0.59 
% at concentrations of TiO2 500 and 1000 mg l-1, respectively) of those 4 catalysts was 
reached with Cat 5-PC 500, which has a BET surface area of > 250 m2 g-1 (Tab. 3-2) and its 
particle size was very small (5-10 nm), while the BET area with Cat 4, 3 and 2 were only 85, 
90 and 40 m2 g-1. The photonic efficiency of Cat 1, however, was 2 times higher than that of 
Cat 5, and lower than that of Cat 11. Cat 1 (P25) is a non-porous 70:30 anatase : rutile mix-
ture with a BET surface area of 55 ± 15 m2 g-1 and crystallite sizes of 20-30 nm in 0.1 mm 
diameter aggregates. In spite of its rather low BET surface area, P25 Degussa shows often 
larger photonic efficiencies than the other catalysts not only in the degradation of methamido-
phos, but also with other organic pollutants. Therefore a catalyst, with high BET surface area, 
can be assumed to be an effective catalyst, but its specific photonic efficiency depends also 
strongly on the pollutant. Inquisition as a commercial available and very low-cost material, 
P25 Degussa has been used in 70-80 % photocatalytic applications for waste water treatment.  

Cat 6 (Bayoxide T1), 7 (Hombikat UV 100) and 9 (TCI Transcommerce) have photonic effi-
ciency similar to Cat 3 and 4. Cat 6 and 7 possess a high BET surface area (300 and 250 m2  
g-1), but they are not made of pure anatase. Cat 9 has a rather low BET surface area (120 m2  
g-1), yet its particle size is small and ranged between 5 and 15 nm.  

Cat 1 (P25) and Cat 7 (Hombikat UV 100) doped with a defined content of Pt (called now Cat 
10-0.5 % Pt-P25 and Cat 11-0.2 % Pt-Hombikat UV 100) are expected to increase photocata-
lytic properties for the degradation of methamidophos. It is well known that Pt deposits on 
semiconductor surfaces can act as efficient catalysts for electron transfer reactions. It was 
therefore assumed that the reaction of the electrons formed upon the illumination of the 
photocatalyst powders (e−

CB) with molecular oxygen were rate limiting when methamidophos 
is reacting with the hole (h+

VB). The small Pt-deposits on the TiO2 surface seem to catalyze 
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this reaction effectively and therefore a considerable increase in ζ was indeed observed. Cat 7 
had a significantly lower photonic efficiency than that of Cat 1 (ζ = 0.3 % compared with 0.98 
% at concentration of 500 mg l-1), but Cat 11 had a slightly higher photonic efficiency than 
Cat 1 (1.10 % compared with 0.98 %). Cat 10 was even not as effective as Cat 1 because of 
its high Pt content of 0.5 %, the particle size of Cat 10 was relatively large and then those 
catalyst particles could not easily migrate within the reactor.  

Cat 12 (Bayoxide T2) showed a very low photonic efficiency (ζ = 0.1% at concentration of 
1000 mg l-1), it may be due to the considerable amount of Fe2O3 mixed with TiO2 (< 2%), 
which could eventually decrease its photocatalytic activity. Cat 8 (Mikroanatase), a pure ana-
tase catalyst with a large BET surface area (271 m2 g-1), had a rather surprisingly large 
photonic efficiency (ζ = 1.58 %) at concentration of 1000 mg l-1 (compared to only 0.56 % at 
500 mg l-1. 
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4.4.1.4 Kinetic Results for the Degradation of Me using LSSR 

Table 4-7:  Kinetic data of the degradation of methamidophos using the LSSR with differ-
ent photocatalysts (Cat 1-Cat 6) 

 

Nr. Catalyst Name Concentration 
of TiO2 (mg l-1) 

pH k (min-1) t1/2 
(min) 

r2 

        
1 Cat 1 P25  pH 3 0.1650 4.2 0.9872 
  Degussa 500 pH 7 0.0118 58.7 0.9851 
    pH12 0.1386 5 0.9689 
    pH 3 0.2773 2.5 0.9753 
   1000 pH 7 0.0136 50.8 0.9771 
    pH12 0.1540 4.5 0.9886 
        
2 Cat 2 PC 50  pH 3 0.0608 11.4 0.9923 
  Millennium 500 pH 7 0.0020 354.1 0.9021 
    pH12 0.0517 13.4 0.9306 
    pH 3 0.0619 11.2 0.9667 
   1000 pH 7 0.0035 195.3 0.9274 
    pH12 0.0521 13.3 0.9447 
        
3 Cat 3 PC 100  pH 3 0.0753 9.2 0.9508 
  Millennium 500 pH 7 0.0052 132.3 0.9703 
    pH12 0.0673 10.3 0.9403 
    pH 3 0.0924 7.5 0.9961 
   1000 pH 7 0.0061 114.2 0.8517 
    pH12 0.0762 9.1 0.9941 
        
4 Cat 4 PC 105  pH 3 0.0654 10.6 0.9339 
  Millennium 500 pH 7 0.0035 195.6 0.8855 
    pH12 0.0613 11.3 0.8957 
    pH 3 0.0707 9.8 0.9622 
   1000 pH 7 0.0036 192.5 0.8703 
    pH12 0.0598 11.6 0.9519 
        
5 Cat 5 PC 500  pH 3 0.0889 7.8 0.9615 
  Millennium 500 pH 7 0.0057 121.2 0.9893 
    pH12 0.0779 8.9 0.9802 
    pH 3 0.1260 5.5 0.9959 
   1000 pH 7 0.0071 97.8 0.9271 
    pH12 0.0835 8.3 0.9465 
        
6 Cat 6 Bayoxide T1  pH 3 0.0866 8.0 0.8268 
  Bayer 500 pH 7 0.0030 234.3 0.9906 
    pH12 0.0762 9.1 0.9470 
    pH 3 0.1308 5.3 0.7108 
   1000 pH 7 0.0060 116.3 0.9468 
    pH12 0.0686 10.1 0.9330 
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Table 4-8:  Kinetic data of the degradation of methamidophos using the LSSR with differ-
ent photocatalysts (Cat 7-Cat 12) 

 

Nr. Catalyst Name Concentration 
of TiO2 (mg l-1) 

pH k(min-1) t1/2 
(min) 

r2 

        
7 Cat 7 Hombikat UV100  pH 3 0.0976 7.1 0.9697 
  Sachtleben 500 pH 7 0.0037 189.6 0.9925 
    pH12 0.0573 12.1 0.9388 
    pH 3 0.1066 6.5 0.9639 
   1000 pH 7 0.0048 145.3 0.9515 
    pH12 0.0630 11 0.9728 
        

8 Cat 8 Mikro-Anatas  pH 3 0.0825 8.4 0.7749 
  Sachtleben 500 pH 7 0.0067 103.2 0.9405 
    pH12 0.0488 14.2 0.9841 
    pH 3 0.0762 9.1 0.9765 
   1000 pH 7 0.0190 36.5 0.9217 
    pH12 0.0592 11.7 0.9855 
        

9 Cat 9 Series « H » (Lot 48)  pH 3 0.1238 5.6 0.9693 
  TCI Transcommerce 500 pH 7 0.0034 202.4 0.8484 
    pH12 0.0715 9.7 0.9711 
    pH 3 0.1359 5.1 0.8882 
   1000 pH 7 0.0056 123.6 0.9594 
    pH12 0.0963 7.2 0.9315 
        

10 Cat 10 P25 platinized 0.5%  pH 3 0.0753 9.2 0.8770 
  Pt-P25 500 pH 7 0.0070 98.7 0.9544 
    pH12 0.1005 6.9 0.8500 
    pH 3 0.0962 7.2 0.9903 
   1000 pH 7 0.0083 83.3 0.9078 
    pH12 0.1005 6.9 0.9334 
        

11 Cat 11 Hombikat platinized 0.2%  pH 3 0.1953 3.5 0.9685 
  Pt-Hombikat UV100 500 pH 7 0.0132 52.4 0.9580 
    pH12 0.3014 2.3 0.9837 
    pH 3 0.2159 3.21 0.9902 
   1000 pH 7 0.0154 45.1 0.9781 
    pH12 0.3301 2.1 0.9655 
        

12 Cat 12 Bayoxide T2  pH 3 0.0660 10.5 0.9157 
  Bayer 500 pH 7 0.0011 640.3 0.9874 
    pH12 0.0206 33.6 0.9456 
    pH 3 0.1238 5.6 0.9123 
   1000 pH 7 0.0012 588.6 0.9586 
    pH12 0.0314 22.1 0.9790 
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4.4.1.5 Degradation of Mo: Effects of pH, catalysts concentration and type  

The photonic efficiency of 12 photocatalysts at pH 7 (Fig. 4-51) and at a concentration of 500 
mg l-1 increased generally 2 to 3 times in respect to the photocatalytic degradation of 
monocrotophos compared to that for the degradation of methamidophos. It was expected due 
to the structure of monocrotophos and methamidophos. The double bond of monocrotophos 
can be easily oxidized and broken down to form oxidized intermediates or by-products. 
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Figure 4-51:  Photonic efficiency of different catalysts (concentration: 500 mg l-1) in 
the degradation of monocrotophos using the LSSR at pH 7 

 

Cat 1 (P25), 5 (PC 500), 7 (Hombikat UV100) and 11 (Pt-Hombikat UV100) possess signifi-
cantly larger ζ than the other catalysts and ranged between 1.57 (Cat 7) and 1.87 % (Cat 11). 
The lowest photonic efficiency (0.36 %) reached with Cat 12 (Bayoxide T2) was still four 
times higher than that observed with the photo-degradation of methamidophos. 

At pH 3 and 12, the photonic efficiency of most of catalysts rose to values from 2 to 3 times 
in comparison with that at pH 7 (Fig. 4-52). The reasons of that significant raise in ζ were in 
detail explained in the degradation of methamidophos in 4.1.1. However, the highest photonic 
efficiency reached at pH 3 and at a concentration of 500 mg l-1 TiO2 with Cat 11 (2.45 %) was 
much lower than that in the degradation of methamidophos with Cat 11 at pH 12 (25.1 %). 
That means that pH affects not really strongly in the degradation of monocrotophos (Mo) 
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compared with that of methamidophos (Me), which the photocatalytic degradation of Mo was 
considerably faster than that of Me at pH 7. 
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Figure 4-52: Photonic efficiency of different catalysts (concentration: 500 mg l-1) in 
the degradation of monocrotophos using the LSSR at pH 3, 7 and 12 
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Figure 4-53:  Photonic efficiency of different catalysts (concentration: 1000 mg l-1) in 
the degradation of monocrotophos using the LSSR at pH 3, 7 and 12 
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When the concentration of catalyst was increased 2 fold, the degradation of Mo sped up 
slightly and ζ of most catalysts rose from 1.2 to 1.4 times only as shown in Figs. 4-53 and    
4-54. 
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Figure 4-54:  Photonic efficiency of different catalysts (concentration: 1000 mg l-1) in 

the degradation of monocrotophos using the LSSR at pH 3, 7 and 12 
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4.4.1.6 Kinetic Results for the Degradation of Mo using the LSSR 

Table 4-9:  Kinetic data of the degradation of monocrotophos using the LSSR with differ-
ent photocatalysts (Cat 1-Cat 6) 

 

Nr. Catalyst Name Concentration 
of TiO2 (mg l-1) 

pH k (min-1) t1/2 
(min) 

r2 

        
1 Cat 1 P25  pH 3 0.0423 16.4 0.8525 
  Degussa 500 pH 7 0.0322 21.5 0.9448 
    pH12 0.0367 18.9 0.9856 
    pH 3 0.0510 13.6 0.9301 
   1000 pH 7 0.0359 19.3 0.8381 
    pH12 0.0495 14.0 0.9977 
        

2 Cat 2 PC 50  pH 3 0.0375 18.5 0.7983 
  Millennium 500 pH 7 0.0096 72.1 0.8067 
    pH12 0.0309 22.4 0.8875 
    pH 3 0.0387 17.9 0.8905 
   1000 pH 7 0.0108 64.2 0.8927 
    pH12 0.0383 18.1 0.9647 
        

3 Cat 3 PC 100  pH 3 0.0403 17.2 0.8591 
  Millennium 500 pH 7 0.0110 62.8 0.9498 
    pH12 0.0359 19.3 0.9904 
    pH 3 0.0436 15.9 0.9585 
   1000 pH 7 0.0135 51.3 0.9633 
    pH12 0.0415 16.7 0.9763 
        

4 Cat 4 PC 105  pH 3 0.0377 18.4 0.8931 
  Millennium 500 pH 7 0.0100 69.5 0.9934 
    pH12 0.0336 20.6 0.9891 
    pH 3 0.0392 17.7 0.8848 
   1000 pH 7 0.0111 62.3 0.9956 
    pH12 0.0387 17.9 0.9772 
        

5 Cat 5 PC 500  pH 3 0.0453 15.3 0.8803 
  Millennium 500 pH 7 0.0309 22.4 0.9698 
    pH12 0.0401 17.3 0.9717 
    pH 3 0.0506 13.7 0.8984 
   1000 pH 7 0.0355 19.5 0.9243 
    pH12 0.0447 15.5 0.9487 
        

6 Cat 6 Bayoxide T1  pH 3 0.0357 19.4 0.9933 
  Bayer 500 pH 7 0.0098 70.8 0.9292 
    pH12 0.0322 21.5 0.9942 
    pH 3 0.0383 18.1 0.9508 
   1000 pH 7 0.0109 63.5 0.9882 
    pH12 0.0385 18.0 0.9737 
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Table 4-10:  Kinetic data of the degradation of monocrotophos using the LSSR with differ-
ent photocatalysts (Cat 7-Cat 12) 

 

Nr. Catalyst Name Concentration 
of TiO2 (mg l-1) 

pH k(min-1) t1/2 
(min) 

r2 

        
7 Cat 7 Hombikat UV100  pH 3 0.0413 16.8 0.9688 
  Sachtleben 500 pH 7 0.0295 23.5 0.9875 
    pH12 0.0327 21.2 0.9899 
    pH 3 0.0453 15.3 0.9717 
   1000 pH 7 0.0336 20.6 0.9834 
    pH12 0.0373 18.6 0.9823 
        

8 Cat 8 Mikro-Anatas  pH 3 0.0311 22.3 0.8865 
  Sachtleben 500 pH 7 0.0083 83.4 0.9825 
    pH12 0.0278 24.9 0.9965 
    pH 3 0.0369 18.8 0.8414 
   1000 pH 7 0.0104 66.5 0.9064 
    pH12 0.0352 19.7 0.9324 
        

9 Cat 9 Series « H » (Lot 48)  pH 3 0.0291 23.8 0.9516 
  TCI Transcommerce 500 pH 7 0.0073 95.1 0.9613 
    pH12 0.0264 26.3 0.9954 
    pH 3 0.0327 21.2 0.9931 
   1000 pH 7 0.0093 74.8 0.9183 
    pH12 0.0314 22.1 0.9971 
        

10 Cat 10 P25 platinized 0.5%  pH 3 0.0304 22.8 0.9616 
  Pt-P25 500 pH 7 0.0079 87.2 0.9183 
    pH12 0.0271 25.6 0.9236 
    pH 3 0.0355 19.5 0.9573 
   1000 pH 7 0.0097 71.7 0.9283 
    pH12 0.0332 20.9 0.9708 
        

11 Cat 11 Hombikat platinized 0.2%  pH 3 0.0459 15.1 0.9401 
  Pt-Hombikat UV100 500 pH 7 0.0350 19.8 0.7611 
    pH12 0.0410 16.9 0.8992 
    pH 3 0.0603 11.5 0.9971 
   1000 pH 7 0.0456 15.2 0.7891 
    pH12 0.0529 13.1 0.9407 
        

12 Cat 12 Bayoxide T2  pH 3 0.0253 27.4 0.8863 
  Bayer 500 pH 7 0.0068 102.4 0.9783 
    pH12 0.0235 29.5 0.9487 
    pH 3 0.0294 23.6 0.8216 
   1000 pH 7 0.0082 84.3 0.9486 
    pH12 0.0276 25.1 0.9909 
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4.4.2 Solar Photocatalytic Oxidation of Me and Mo using DSSR   

4.4.2.1 Degradation of Me: Effects of pH, catalysts concentration and type 

1 2 3 4 5 6 7 8 9 10 11 12
0.0

0.2

0.4

0.6

0.8

1.0

1.2
Methamidophos (0.07 mM), pH 7, DSSR, 500 mg l-1 TiO2

Ph
ot

on
ic

 E
ffi

ci
en

cy
 (i

n 
%

)

Catalyst

 

Figure 4-55:  Photonic efficiency of different catalysts (concentration: 500 mg l-1) in 
the degradation of methamidophos using the DSSR at pH 7 

 

In the photocatalytic degradation of methamidophos using the new ISFH developed reactor 
Double Skin Sheet Reactor (DSSR) at pH 7 and concentration of 500 mg l-1 TiO2 (Fig. 4-55), 
Cat 1 (P25) reached its largest photonic efficiency (ζ = 0.81 %), exceeding that of Cat 10 (Pt-
P25) and Cat 11 (Pt-Hombikat UV100). The degradation of methamidophos using the DSSR 
was mostly 1.5 to 2.5 times more efficient than that using the LSSR (Tabs. 4-7, 4-8, 4-11 and 
4-12), for example the half-life of the photocatalytic degradation of Me with the LSSR at pH 
7 and 500 mg l-1 TiO2 was 58.7 min, while that with the DSSR was only 26.2 min.  

However, the photonic efficiency of Cat 1 reached with the DSSR was a bit less than that with 
the LSSR (0.81 % compared with 0.98 %). It may be interpreted from the different incident 
light intensity of the 2 different irradiation sources. 16 fluorescent tubes Cleo-Performance 
R40W Philips of the DSSR emit 0.23 mM photons l-1 min-1, while the Osram HBO 500 W of 
the LSSR emits only 0.0814 mM photons l-1 min-1. Nevertheless, the irradiated surface area of 
the LSSR was much smaller than that of the DSSR. Similar to the case with the LSSR, Cat 12 
(Bayoxide T2) had the lowest photonic efficiency ζ = 0.04 %. The photocatalytic degradation 
of methamidophos was more effective when using the DSSR than that using the LSSR be-
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cause the illuminated surface area of the DSSR were much larger than that of the LSSR, 
which was a small glass plain quartz window. Moreover, the lamps of the DSSR emits broad 
intensive bands of UV radiation at wavelengths from 310 to 380 nm, while the lamp of the 
LSSR emits mainly at wavelength of 350-370 nm, therefore it is not surprising that the photo-
activity of used photocatalysts depends very much on these different irradiation conditions. 
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Figure 4-56:  Photonic efficiency of different catalysts (concentration: 500 mg l-1) in 
the degradation of methamidophos using the DSSR at pH 3, 7 and 12 

 

At pH 3 and 12 (Fig. 4-56), the photonic efficiency increased very steeply in comparison with 
the LSSR. The highest value of ζ = 14.1 % was reached with Cat 11 at pH 12, followed by 
Cat 1 at pH 3 (ζ = 9.27 %). 

The photonic efficiency of most of 12 catalysts at pH 7 (Fig. 4-57) increased by a factor from 
1.05 by Cat 3 (Millennium PC 100) to 3.33 by Cat 8 (Mikroanatas) when the concentration of 
TiO2 was raised to 1000 mg l-1. At a concentration of 1000 mg l-1, Cat 8 showed a relatively 
large photocatalytic activity with both the LSSR and DSSR for the degradation of methami-
dophos. At pH 7, Cat 8 reached a photonic efficiency ζ = 1.58 % with the LSSR and ζ = 1.1 
% with the DSSR. At pH 3 at a concentration of 1000 mg l-1 (Fig. 4-58), Cat 1 reached the 
highest photonic efficiency with ζ = 16.2 %, followed by Cat 11 with ζ = 10.5 %. 
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Figure 4-57:  Photonic efficiency of different catalysts (concentration: 1000 mg l-1) in 
the degradation of methamidophos using the DSSR at pH 7 
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Figure 4-58:  Photonic efficiency of different catalysts (concentration: 1000 mg l-1) in 

the degradation of methamidophos using the DSSR at pH 3, 7 and 12 
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4.4.2.2 Kinetic Results for the Degradation of Me using DSSR 

Table 4-11:  Kinetic data of the degradation of methamidophos using the DSSR with differ-
ent photocatalysts (Cat 1-Cat 6) 

 

Nr. Catalyst Name Concentration 
of TiO2 (mg l-1) 

pH k (min-1) t1/2 
(min) 

r2 

        
1 Cat 1 P25  pH 3 0.3045 2.3 0.9386 
  Degussa 500 pH 7 0.0265 26.2 0.9752 
    pH12 0.2666 2.6 0.9799 
    pH 3 0.5332 1.3 0.9442 
   1000 pH 7 0.0301 23.0 0.9671 
    pH12 0.3151 2.2 0.9649 
        

2 Cat 2 PC 50  pH 3 0.0924 7.5 0.7859 
  Millennium 500 pH 7 0.0031 222.9 0.9653 
    pH12 0.0856 8.1 0.9930 
    pH 3 0.0950 7.3 0.7080 
   1000 pH 7 0.0053 130.5 0.8216 
    pH12 0.1019 6.8 0.8694 
        

3 Cat 3 PC 100  pH 3 0.1005 6.9 0.9055 
  Millennium 500 pH 7 0.0063 109.3 0.9241 
    pH12 0.0824 8.4 0.9908 
    pH 3 0.1507 4.6 0.9862 
   1000 pH 7 0.0066 104.5 0.8433 
    pH12 0.1118 6.2 0.9942 
        

4 Cat 4 PC 105  pH 3 0.1035 6.7 0.9247 
  Millennium 500 pH 7 0.0062 112.5 0.8433 
    pH12 0.0889 7.8 0.8530 
    pH 3 0.1284 5.4 0.9164 
   1000 pH 7 0.0055 127.0 0.8617 
    pH12 0.1066 6.5 0.9425 
        

5 Cat 5 PC 500  pH 3 0.1980 3.5 0.8838 
  Millennium 500 pH 7 0.0077 89.8 0.5793 
    pH12 0.1333 5.2 0.8086 
    pH 3 0.2310 3.0 0.9942 
   1000 pH 7 0.0097 71.2 0.6227 
    pH12 0.2441 2.8 0.8849 
        

6 Cat 6 Bayoxide T1  pH 3 0.1733 4.0 0.7855 
  Bayer 500 pH 7 0.0046 151.3 0.9571 
    pH12 0.1005 6.9 0.9000 
    pH 3 0.1824 3.8 0.6750 
   1000 pH 7 0.0105 66.0 0.8998 
    pH12 0.1415 4.9 0.9819 
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Table 4-12:  Kinetic data of the degradation of methamidophos using the DSSR with differ-
ent photocatalysts (Cat 7-Cat 12) 

 

Nr. Catalyst Name Concentration 
of TiO2 (mg l-1) 

pH k(min-1) t1/2 
(min) 

r2 

        
7 Cat 7 Hombikat UV100  pH 3 0.2236 3.1 0.7976 
  Sachtleben 500 pH 7 0.0050 139.2 0.9868 
    pH12 0.1019 6.8 0.9783 
    pH 3 0.2666 2.6 0.7829 
   1000 pH 7 0.0070 99.6 0.9900 
    pH12 0.1540 4.5 0.9545 
        

8 Cat 8 Mikro-Anatas  pH 3 0.1308 5.3 0.7749 
  Sachtleben 500 pH 7 0.0109 63.5 0.9405 
    pH12 0.1407 4.9 0.9442 
    pH 3 0.1507 4.6 0.8071 
   1000 pH 7 0.0361 19.2 0.8543 
    pH12 0.1359 5.1 0.9000 
        

9 Cat 9 Series « H » (Lot 48)  pH 3 0.1475 4.7 0.9866 
  TCI Transcommerce 500 pH 7 0.0076 91.3 0.8634 
    pH12 0.1543 4.5 0.9884 
    pH 3 0.1444 4.8 0.9040 
   1000 pH 7 0.0143 48.5 0.9765 
    pH12 0.1333 5.2 0.9481 
        

10 Cat 10 P25 platinized 0.5%  pH 3 0.1435 4.8 0.7259 
  Pt-P25 500 pH 7 0.0134 51.6 0.8926 
    pH12 0.1100 6.3 0.9714 
    pH 3 0.1925 3.6 0.8651 
   1000 pH 7 0.0109 63.8 0.7024 
    pH12 0.1136 6.1 0.9954 
        

11 Cat 11 Hombikat platinized 0.2%  pH 3 0.2666 2.6 0.6373 
  Pt-Hombikat UV100 500 pH 7 0.0191 36.2 0.6508 
    pH12 0.4621 1.5 0.7868 
    pH 3 0.3851 1.8 0.7930 
   1000 pH 7 0.0301 23.0 0.7969 
    pH12 0.3466 2.0 0.9306 
        

12 Cat 12 Bayoxide T2  pH 3 0.0367 18.9 0.7381 
  Bayer 500 pH 7 0.0013 543 0.9021 
    pH12 0.0229 30.3 0.9809 
    pH 3 0.0468 14.8 0.9187 
   1000 pH 7 0.0016 447 0.9274 
    pH12 0.0450 15.4 0.9532 
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4.4.2.3 Degradation of Mo: Effects of pH, catalysts concentration and type  

1 2 3 4 5 6 7 8 9 10 11 12
0.0

0.6

1.2

1.8

2.4

3.0

Monocrotophos (0.045 mM), pH 7, DSSR, 500 mg l-1 TiO2

P
ho

to
ni

c 
Ef

fic
ie

nc
y 

(in
 %

)

Catalyst

 

Figure 4-59:  Photonic efficiency of different catalysts (concentration: 500 mg l-1) in 
the degradation of monocrotophos using the DSSR at pH 7 
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Figure 4-60:  Photonic efficiency of different catalysts (concentration: 500 mg l-1) in 

the degradation of monocrotophos using the DSSR at pH 3, 7 and 12 
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The degradation of monocrotophos using the DSSR at pH 7 and a concentration of 500 mg l-1 
TiO2 (Fig. 4-59) was considerably faster than that using the LSSR. The highest photonic effi-
ciency reached by Cat 11 at ζ = 2.94 %, followed by Cat 1 at ζ = 1.90 %. The degradation 
half-life was only 4.6 min when using Cat 11 and was 7.1 min with Cat 1. The photonic effi-
ciency of Cat 10 (Pt-P25) was unexpectedly low and similar to that of Cat 2 (Millennium PC 
50), Cat 8 (Mikroanatase) and Cat 9 (TCI Transcommerce). While Cat 8 with concentration of 
1000 mg l-1 was the most effective catalyst in the degradation of Me at pH 7, it was a poor 
catalyst in the degradation of Mo, hence again it is shown here that the photocatalytic activity 
of the catalyst depends strongly on the organic pollutant.  

When the experiments were carried-out at pH 3 and 12 (Fig. 4-60), the photonic efficiency of 
Cat 11 increased only slightly to 1.09 and 1.04 times, while with Cat 8, ζ rose suddenly by a 
factor of 10.13 and with Cat 2 by 8.52 at pH 3. The mechanism of the photocatalytic degrada-
tion of monocrotophos is relatively complicated, it is difficult to explain the results achieved 
from the experiments.  

As observed in the degradation of monocrotophos with the LSSR, when the concentration of 
TiO2 increased from 500 to 1000 mg l-1, the photonic efficiency of some catalysts did not rise 
significantly. It can be concluded that for some catalysts and organic pollutants, the recombi-
nation process of the electron/hole pair became dominant when concentrations are increased. 
The results are shown in Figs. 4-61 and 4.62. 
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Figure 4-61:  Photonic efficiency of different catalysts (concentration: 1000 mg l-1) in 

the degradation of moncrotophos using the DSSR at pH 7 
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Figure 4-62:  Photonic efficiency of different catalysts (concentration: 500 mg l-1) in 

the degradation of monocrotophos using the DSSR at pH 3, 7 and 12 
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4.4.2.4 Kinetic Results for the Degradation of Mo using the DSSR 

Table 4-13:  Kinetic data of the degradation of monocrotophos using the DSSR with differ-
ent photocatalysts (Cat 1-Cat 6) 

 

Nr. Catalyst Name Concentration 
of TiO2 (mg l-1) 

pH k (min-1) t1/2 
(min) 

r2 

        
1 Cat 1 P25  pH 3 0.2310 3.0 0.9908 
  Degussa 500 pH 7 0.0976 7.1 0.9118 
    pH12 0.2166 3.2 0.9862 
    pH 3 0.4332 1.6 0.9512 
   1000 pH 7 0.1359 5.1 0.9162 
    pH12 0.3151 2.2 0.9481 
        

2 Cat 2 PC 50  pH 3 0.1507 4.6 0.9978 
  Millennium 500 pH 7 0.0177 39.2 0.9376 
    pH12 0.1118 6.2 0.9936 
    pH 3 0.1444 4.8 0.9653 
   1000 pH 7 0.0203 34.2 0.9341 
    pH12 0.4332 1.6 0.8938 
        

3 Cat 3 PC 100  pH 3 0.3466 2.0 0.9573 
  Millennium 500 pH 7 0.0542 12.8 0.9849 
    pH12 0.1540 4.5 0.9958 
    pH 3 0.4332 1.6 0.9543 
   1000 pH 7 0.0700 9.9 0.9878 
    pH12 0.1925 3.6 0.9631 
        

4 Cat 4 PC 105  pH 3 0.1386 5.0 0.9769 
  Millennium 500 pH 7 0.0296 23.4 0.9328 
    pH12 0.1136 6.1 0.0000 
    pH 3 0.1359 5.1 0.9510 
   1000 pH 7 0.0303 22.9 0.9645 
    pH12 0.1475 4.7 0.9667 
        

5 Cat 5 PC 500  pH 3 0.1083 6.4 0.9481 
  Millennium 500 pH 7 0.0779 8.9 0.9673 
    pH12 0.1050 6.6 0.9669 
    pH 3 0.1415 4.9 0.9393 
   1000 pH 7 0.1507 4.6 0.9976 
    pH12 0.2390 2.9 0.9530 
        

6 Cat 6 Bayoxide T1  pH 3 0.0788 8.8 0.8625 
  Bayer 500 pH 7 0.0289 24.0 0.9849 
    pH12 0.0745 9.3 0.9467 
    pH 3 0.0835 8.3 0.8636 
   1000 pH 7 0.0465 14.9 0.9968 
    pH12 0.0753 9.2 0.9767 

 



  Results and Discussion   126

 

Table 4-14:  Kinetic data of the degradation of monocrotophos using the DSSR with differ-
ent photocatalysts (Cat 7-Cat 12) 

 

Nr. Catalyst Name Concentration 
of TiO2 (mg l-1) 

pH k(min-1) t1/2 
(min) 

r2 

        
7 Cat 7 Hombikat UV100  pH 3 0.1005 6.9 0.7820 
  Sachtleben 500 pH 7 0.0573 12.1 0.9023 
    pH12 0.0603 11.5 0.9436 
    pH 3 0.0856 8.1 0.8413 
   1000 pH 7 0.0624 11.1 0.9590 
    pH12 0.0877 7.9 0.9405 
        

8 Cat 8 Mikro-Anatas  pH 3 0.1777 3.9 0.9651 
  Sachtleben 500 pH 7 0.0175 39.5 0.8122 
    pH12 0.1238 5.6 0.9655 
    pH 3 0.2236 3.1 0.9845 
   1000 pH 7 0.0465 14.9 0.7501 
    pH12 0.1733 4.0 0.9345 
        

9 Cat 9 Series « H » (Lot 48)  pH 3 0.1386 5.0 0.9831 
  TCI Transcommerce 500 pH 7 0.0160 43.4 0.9614 
    pH12 0.0550 12.6 0.9504 
    pH 3 0.4951 1.4 0.8819 
   1000 pH 7 0.0415 16.7 0.9347 
    pH12 0.0856 8.1 0.8915 
        

10 Cat 10 P25 platinized 0.5%  pH 3 0.0513 13.5 0.9614 
  Pt-P25 500 pH 7 0.0164 42.3 0.7524 
    pH12 0.0269 25.8 0.9301 
    pH 3 0.0525 13.2 0.9777 
   1000 pH 7 0.0174 39.9 0.9922 
    pH12 0.0299 23.2 0.9793 
        

11 Cat 11 Hombikat platinized 0.2%  pH 3 0.1650 4.2 0.9637 
  Pt-Hombikat UV100 500 pH 7 0.1507 4.6 0.9659 
    pH12 0.1575 4.4 0.9718 
    pH 3 0.2039 3.4 0.9549 
   1000 pH 7 0.1540 4.5 0.9831 
    pH12 0.1824 3.8 0.9769 
        

12 Cat 12 Bayoxide T2  pH 3 0.0555 12.5 0.8979 
  Bayer 500 pH 7 0.0085 81.3 0.8403 
    pH12 0.0270 25.7 0.9419 
    pH 3 0.0680 10.2 0.8718 
   1000 pH 7 0.0112 61.8 0.9785 
    pH12 0.0309 22.4 0.9392 
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4.5 Determination of Intermediates in the degradation of Me and Mo  

The exact nature of the main oxidizing species formed on the surface of the semiconductor 
particles following the absorption of a photon is not completely known. A significant body of 
literature exists assuming that the initial oxidation of a pollutant molecule may either occur by 
indirect oxidation via a surface-bound hydroxyl radical (i.e., a trapped hole at the particle sur-
face) or directly via the valence-band hole before it is trapped either within the particle or at 
the particle surface [Bahnemann, 1999]. In support of the hydroxyl radical as the principal 
reactive oxidant in photo-activated TiO2 is the observation that intermediates identified during 
the photocatalytic degradation of halogenated aromatic compounds are typically hydroxylated 
structures. These intermediates are consistent with those found when similar aromatics are 
reacting with a known source of hydroxyl radicals. In addition, ESR studies have verified the 
existence of hydroxyl and hydroperoxyl radicals in aqueous solutions of illuminated TiO2. 
Mao et al. (1991) observed that the rate of oxidation of chlorinated ethanes correlates with 
the various C-H bond strengths of the organics, which indicates that H atom abstraction by 
•OH is an important factor in the rate-determining step for oxidation. 

The samples taken from the photooxidative or photocatalytic degradation of 2 insecticides 
methamidophos and monocrotophos using the HP, LP, IAPS, LSSR and DSSR were analyzed 
by means of the HPLC-MS for determination of intermediates or by-products formed during 
the oxidative processes.  In order to prove the proposed general mechanism shown in Fig. 4-
63, some intermediate containing hydroxyl groups in its structure should be identified during 
the experiments.  
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Figure 4-63:  The general proposed photocatalytic oxidation mechanism of an organic 
pollutant (initial oxidative attack by a hydroxyl radical to methyl group) 
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4.5.1 Determination of certain Intermediates in the Degradation of Me  

The photocatalytic degradation of Methamidophos (Me) using the LSSR, DSSR and TiO2 is a 
relatively slow oxidative process and the degradation rate increased directly proportional with 
the amount of •OH radicals generated on the illuminated surface of catalyst. On the contrary, 

the oxidation of Me using the HP, LP and H2O2 without catalyst was relatively faster than that 
with the DSSR. Me can be quickly degraded by a direct photolysis or through an oxidation by 
many •OH radicals generated from H2O2 in a short time.  Therefore, it is difficult to find out 

any specific intermediates in these processes, even with the IAPS-2, although the treatment 
process of Me using IAPS-2 was not too fast. The chromatograms (TIC) and mass spectra of 
hydrolysis products as well as intermediates are shown from Figs. 4-64 to 4-71. 
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4.5.1.1 Hydrolysis By-Products of Methamidophos at pH 3 and 12 
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Figure 4-64:  TIC of methamidophos at pH 3 in dark condition (after 120 min 
hydrolysis time), mass spectra of hydrolysis product (peak Nr. 1) 
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Figs. 4-64 shows the Total Ion Chromatogram of Methamidophos and mass spectra of the 
hydrolysis product Methylmethylthiophosphate after 120 min hydrolysis time in dark condi-
tion. Fig. 4-65 shows the analogues spectra for the hydrolysis after 240 min at pH 12, in 
which the product Methylphosphamide could be identified. Methamidophos hydrolyses 
quickly in alkaline medium (half-life t1/2 = 120 hours at pH 9 and t1/2 = 6 hours and 370 C at 
pH 12), while it hydrolyses more slowly in acidic medium (half-life t1/2 = 140 hours at pH 3 
and 400 C). 
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Figure 4-65:  TIC of methamidophos at pH 12 (after 240 min hydrolysis time in dark 
condition), mass spectrum of hydrolysis product (peak Nr. 1) 
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4.5.1.2 Intermediate in the degradation of Me using IAPS-2 at pH 7 

 

C2H8NO2PS
Methamidophos

C2H4NO5PS

NH2

SCHO

HOOCO

O

P P

O

OHCO

SCOOH

NH2or

Total Ion Chromatogram (IAPS-90 min treatment), pH 7

1

[M + H]+

[M - CHO]+

[M - SCOOH]+

[M - SCHO - NH ]2
+

All MS Spectrum of Intermediate 1 (4.2 min): C H NO PS 2 4 5
Carboxylformylthiophosphamide (A) (Nr. 9   in Fig. 4-72)
Formylcarboxylthiophosphamide (B) (Nr. 11 in Fig. 4-72)

(A) (B)

 
 

Figure 4-66:  TIC of a sample taken from the degradation of methamidophos at pH 7 
using the IAPS-2, mass spectrum (All MS) of intermediate Nr. 1 

 

The chromatogram (TIC) of a sample in the degradation of methamidophos using the IAPS-2 

(90 min treatment) is shown in Fig. 4-66. According to the mass spectrum of the intermediate 

peak Nr.1 at 4.2 min, it can be a spectrum of either Carboxylformylthiophosphamide (A) or 

Formylcarboxylthiophosphamide (B). 
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4.5.1.3 Intermediates in the degradation of Me using DSSR (Cat 10) at pH 7 
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Figure 4-67:  TIC of a sample taken from the degradation of methamidophos (Me) at 
pH 7 using the DSSR with Cat 10 (1000 mg l-1), mass spectrum of Me 
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A sample taken from the degradation of methamidophos using the DSSR and Cat 10 (Pt-P25) 
after 15 min irradiation contains 4 intermediates numbered from Nr. 1 to Nr. 4 as shown in 
the TIC chromatogram (Fig. 4-67). The mass spectrum of three intermediates Nr. 1, 3 and 4 
are shown in Figs. 4-68 to 4-70. The structure of the intermediate Nr.2 remains unidentified.  
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Figure 4-68:  Mass spectrum of intermediate Nr. 1, peak at 7.8 min (in Fig. 4-67) 

 

Mass of 185 can belong to the two organic compounds Formylcarboxylthiophosphamide (A) 
or Carboxylformylthiophosphamide (B), because the fragment of 156 is smaller than the main 
molecule mass of 185 a functional group (-CHO: formyl), and both the two proposed formu-
las of intermediates possess a formyl group in their molecular structure (Fig. 4-68). 
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Fig. 4-69 showed the mass spectrum of the intermediate Nr. 3. From its mass spectra, this 
intermediate could be identified as Carboxylhydrothiophosphamide (A) or Hydrocarboxyl-
thiophosphamide (B). When the molecular with mass of 157 loses 44 mass units, this can be 
attributed to a loss of carboxyl group. 33 mass units could be sum of the mass of a hydroxyl  
(-OH)- and an amino (-NH2)-group, or it can be the mass of -SH.  
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Figure 4-69:  Mass spectra of the intermediate Nr. 3, peak at 9.1 min (in Fig. 4-67) 
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The mass spectrum of the intermediate Nr. 4 shown in Fig. 4-70 could be attributed to two 
possibilities of 2 different molecular structures. The two possible compounds are Methylhy-
droxymethylenthiophosphite (A) and Hydroxymethylenmethylthiophosphite (B).  
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Figure 4-70:  Mass spectra of the intermediate Nr. 4, peak at 11.9 min (in Fig. 4-67) 
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4.5.1.4 Intermediates in the degradation of Me using DSSR (Cat 1) at pH 7 
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Figure 4-71:  TIC of a sample taken from the degradation of Me at pH 7 using the 
DSSR with Cat 1 (1000 mg l-1) and mass spectra of Intermediate Nr.1 
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4.5.2 Mechanism of the Degradation of Methamidophos  
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Figure 4-72:  The detailed possible photocatalytic oxidative mechanism of the 
degradation of methamidophos (initial oxidative attack by a hydroxyl 
radical) (*): identified intermediates, (L): found hydrolysis products 
reported in literature [Singh et al., 1998] 
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Table 4-15:  Name of intermediates in the detailed possible photocatalytic oxidative mecha-
nism of the degradation of methamidophos as shown in Fig. 4-72 

 

Nr. Name 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

methylphosphamide 

methylmethylthiophosphate 

hydroxymethylenmethylthiophosphamide 

hydroxymethylenhydroxymethylenthiophosphamide 

methylhydroxymethylenthiophosphamide 

formylhydroxymethylenthiophosphamide 

formylformylthiophosphamide 

hydroxymethylenformylthiophosphamide 

carboxylformylthiophosphamide 

carboxylcarboxylthiophosphamide 

formylcarboxylthiophosphamide 

carboxylhydrothiophosphamide 

hydrohydrothiophosphamide 

hydrocarboxylthiophosphamide 

dihydrophosphamide 

phosphoric acid 

thiophosphoric acid 
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4.5.3 Determination of certain Intermediates in the Degradation of Mo 

Monocrotophos is prepared by a Perkow reaction of trimethylphosphite with 2-chloroaceto- 
acetic acid monomethylamide. In this exothermic reaction of first-order kinetics, two isomers 
(E and Z) are formed, but the E-isomer (cis), which is also the much more potent insecticide, 
predominates. Hydrolysis rates for monocrotophos are pH-dependent and follow first-order 
kinetics.  

Total Ion Chromatogram of Monocrotophos (10 mg l  at pH 12) after 240 min-1

All MS Spectrum of Monocrotophos (Peak at 7.7 min): C H NO P 7 14 5

[M + H]+

[M + Na]+

[M + H- OCH ]3
+

CH3O
O

C CO
H

H3C C

O

N

H

CH3

P

OCH3

Monocrotophos
C7H14NO5P

1

2

C6H12NO5P

Dimethyl-[3-(N-methyl) crotonamide] phosphate = Monocrotophos

 

 

Figure 4-73:  TIC of monocrotophos at pH 12 (after a hydrolysis time of 240 min in 
dark condition), mass spectrum (All MS) of monocrotophos, peak Nr. 2 

 

The half-lives of monocrotophos in pH 3 and 9 buffer solution at 250C are 131 and 26 days, 
respectively.  At pH 12, the half-life is 96 hours in dark condition (result of this thesis), at pH 
4.6 and 1000C, it is only 80 min [WHO, 1993]. Fig. 4-74 shows the mass spectrum of a major 
hydrolysis product of monocrotophos at pH 12 namely Methyl-[3-(N-methyl) crotonamide] 
phosphate.  
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MS/MS Spectrum of  (Peak Nr. 1 at 3.9 min): C H NO P 6 12 5Hydrolysis Product

Methyl-[3-(N-methyl)crotonamide]phosphate (Nr. 1 in Fig. 4-84)

 

Figure 4-74:  Mass spectra of hydrolysis product of monocrotophos after 240 min 
hydrolysis time at pH 12 in dark condition, peak Nr. 1 at 3.9 min 

 

Mo contains a double bond C = C, which is less stable and will brake down when this insecti-
cide undergoes an attack of oxidative agent. There will be two different types of intermedi-
ates: one compromises the phosphorous-containing intermediates and the other the nitrogen-
containing intermediates. 
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4.5.3.1 Intermediates in the degradation of Mo using LP at pH 7 

 

Monocrotophos
C7H14NO5P

C3H3O8P

1
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[M + H - CHO]+

O

OHCO
O

CO
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Total Ion Chromatogram (LP, 0.2 % H O , 2 min irradiation, pH 7)2 2

All MS Spectrum of Intermediate 1 (at 4.3 min): C H O P 3 3 8
Diformylcarboxylphosphate (Nr. 15 in Fig. 4-84)

 

Figure 4-75:  TIC of a sample taken from the degradation of monocrotophos using the 
LP, 0.2 % H2O2, pH 7 and mass spectrum of intermediate Nr. 1  

 

Fig. 4-75 shows the mass spectrum of the intermediate Nr.1 formed in the degradation of 
methamidophos using the LP, 0.2 % H2O2 after 2 min irradiation at pH 7. The oxidation rate 
of this process was very high (t1/2 = 1.3 min) and we could only identify one intermediate, 
namely Diformylcarboxylphosphate (intermediate Nr.15 in Fig. 4-84). 
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4.5.3.2 Intermediates in the degradation of Mo using DSSR (Cat 6) at pH 12 
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[M - H O]2
+

Diformylethylenglycolphosphate (Nr. 8 in Fig. 4-84) 

 
 

Figure 4-76:  TIC of a sample taken from the degradation of monocrotophos using the 
DSSR, Cat 6,  pH 12, and mass spectra of intermediate Nr. 1 
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Figs. 4-76 to 4-78 show the chromatograms (TIC) of 2 samples taken from the degradation of 
monocrotophos using DSSR and Cat 6 (1000 mg l-1) after 15 and 30 min irradiation at pH 12. 
Based on the TIC and mass spectra of 3 detected intermediates depicted in Figs. 4-76 and 4-
77, we identified 3 different intermediates namely: diformylethylenglycolphosphate, methyl-
hydroxymethylenacetylphosphate, dihydroxymethylenethylenglycolphosphate after 15 min 
irradiation.  

After 30 min irradiation (Fig. 4-78), there were two new intermediates (Nr. 4 and 5) formed 
in the degradation of monocrotophos. Based on mass spectra of intermediate Nr. 4, it is made 
up of one of two different compounds: Either dicarboxylhydroxymethylenoxophosphate (A) 
or dicarboxyl(2-hydroxy-acetaldehyde)phosphate (B). Intermediate Nr. 5 ia similarly made up 
of 2 different compounds: Either diformylhydroxymethylenoxophosphate (A) or Diformyl(2-
hydroxyacetaldehyde)phosphate (B). Intermediate Nr. 2 in Fig. 4-76 is the same intermediate 
Nr. 2 observed in Fig. 4-78, namely Methylhydroxymethylenacetylphosphate. 
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Figure. 4-77:  Mass spectra of intermediates Nr. 2 and 3 (as shown in Fig. 4-76)  
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Figure 4-78:  TIC of a sample taken from the degradation of Mo using DSSR, Cat 6, 30 

min irradiation, pH 12 and mass spectra of intermediates Nr. 4 and 5 
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4.5.3.3 Intermediates in the degradation of Mo using DSSR (Cat 10) at pH 7 

There were 3 intermediates detected in the degradation of Mo using DSSR (Cat 10, 500 mg   
l-1) after 60 min irradiation at pH 7. However, Intermediates Nr. 1 (as Nr. 4 in Fig. 4-78) and 
3 (as Nr. 2 in Fig. 4-78) were already identified in 4.5.3.2, intermediate Nr. 2 is a new prod-
uct, namely Formylglyoxylphosphate. 
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Figure 4-79:  TIC of a sample taken from the degradation of Mo using DSSR, Cat 10, 

after 60 min irradiation, pH 7 and mass spectra of intermediate Nr. 2 

 

When the concentration of Cat 10 was raised to 1000 mg l-1, after 15 min irradiation (Fig. 4-
80), there were 2 new intermediates (Nr. 4 and 5) detected. Intermediate Nr. 4 (at 6.5 min) 
was a one nitrogen-containing intermediate detected in the degradation of monocrotophos.  
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Figure 4-80:  TIC of a sample taken from the degradation of Mo using DSSR, Cat 10, 

15 min irradiation, pH 7 and mass spectra of intermediate Nr. 4 

 

For comparison, 5 products in 7 possible nitrogen-containing intermediates described in Fig. 
4-85 were detected by Ku et al. (1998) using a HPG-1800A GCD equipped with an electron 
ionisation detector (EID) in the ozonation of monocrotophos in aqueous solution. 
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Intermediate Nr.5 in Fig. 4-80 can be thought of being one of two proposed compounds: di-
formyl(2-hydroxy acetic acid)phosphate (A) or carboxylformyl(2-oxoethanol)phosphate (B) 
(Fig. 4-81). 
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Figure 4-81:  Mass spectra of intermediate Nr. 5 (shown in Fig. 4-80) 
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4.5.3.4 Intermediates in the degradation of Mo using DSSR (Cat 11) at pH 7 
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Figure 4-82:  TIC of a sample taken from the degradation of Mo using DSSR, Cat 11, 

after 15 min irradiation, pH 7 and mass spectra of intermediate Nr. 1 
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There were two intermediates detected in the degradation of Mo using DSSR and Cat 11 (500 
mg l-1) at pH 7 after 15 min irradiation. These two intermediates could be identified as di-
methylphosphate (Nr. 1) and diformyldihydroxymethylphosphate (Nr. 2) (Figs. 4-82 and     
4-83). 
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Figure 4-83:  Mass spectra of intermediate Nr. 2 (shown in Fig. 4-82) 
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4.5.4 Mechanism of the Degradation of Monocrotophos  
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Figure 4-84:  The detailed possible photocatalytic oxidative mechanism I of the 
degradation of Mo: Direction of forming of Phosphourous-Containing 
Intermediates (*): identified intermediates, (L): found products reported 
in literature [Ku et al., 1998; Burkhard, 1975] 
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Table 4-16:  Name of intermediates in the detailed possible photocatalytic oxidative mecha-
nism of the degradation of monocrotophos as shown in Fig. 4-84 

 

Nr. Name 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

methyl-[3-(N-methyl) crotonamide] phosphate 

dimethyl-(3-crotonic acid) phosphate 

dihydroxymethylenethylenglycolphosphate 

dimethyl(1-ethanol)phosphate 

dimethylacetylphosphate 

dimethylphosphate 

acetic acid 

diformylethylenglycolphosphate 

diformyl(2-hydroxy-acetic acid)phosphate 

trimethylphosphate 

diformylacetylphosphate 

methylhydroxymethylenacetylphosphate 

diformyl(2-hydroxy-acetaldehyde)phosphate 

diformyldihydroxymethylphosphate 

diformylcarboxylphosphate 

diformylhydroxymethylenoxophosphate 

dicarboxylglyoxylphosphate 

dicarboxylphosphate 

dicarboxylhydroxymethylenoxophosphate 

formylglyoxylphosphate 

carboxyloxophosphate 

carboxylphosphate  

phosphoric acid 
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Figure 4-85:  The detailed possible photocatalytic oxidative mechanism II of the 

degradation of Mo: Direction of forming of Nitrogen-Containing 
Intermediates (*): identified intermediates, (L): found products reported 
in literature [Ku et al., 1998] 

 

Table 4-17:  Name of intermediates in the detailed possible photocatalytic oxidative mecha-
nism of the degradation of monocrotophos as shown in Fig. 4-85 

 

Nr. Name 

1 

2 

3 

4 

5 

6 

7 

Methylamine 

Glyoxylic acid 

N-methyl-glyoxylamide 

N-methyl-glycolamide 

N-methylformamide 

Methyloxamic acid 

Methylcarbamic acid 
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5 Conclusions 

 

The analytic results achieved from the monitoring of organochlorine pesticides in surface wa-
ters in Hanoi show the dramatic consequence of applying large amount of lindane in agricul-
ture, especially DDTs for malaria control in North Vietnam in the environment. In compari-
son with the rather high lindane (γ -HCH) concentration and the low concentrations of 
α,  β,  δ-HCH in the Red River, it is apparent that the Red and the Duong Rivers are contami-
nated mostly only by lindane. It probably means that pure lindane was used in Vietnamese 
agriculture in contrast to the technical grade HCH mixture as used mostly in China, and the 
pollution sources must be located in the local regions (Red River delta, North Vietnam), but 
obviously not in China, the origin of Red River.  

The contamination of lindane is caused by its release from the contaminated soil or sediment 
in the area of Red River delta, the granary of North Vietnam, during the rainy season, corre-
sponding with its low concentration in soil and sediment observed in previous and recent 
works. There is no precise information concerning the amount used of chlorinated cyclodie-
nes (aldrin, endrin, heptachlor…) in the past in Vietnam; they could be transported through 
Red River flow or atmosphere from other regions near the border with China. The contamina-
tion of DDTs spreads over the whole area of the Red River delta, also while reviewing other 
recent works studying the contamination of DDTs in soil, sediment and in biota. However, the 
highest concentration of DDTs detected in a river sample in the dry season (0.324 µg l-1) was 
much lower than their allowable limit of concentration in surface waters, which is according 
with Criteria of Vietnam (1995) (DDTs < 10 µg l-1). 

Although the application of the pesticides investigated in this report has been banned in Viet-
nam since several years, they still contaminate the waters of Hanoi at considerable concentra-
tions, especially in the rivers and in the various irrigation canals. This study contributes to-
gether with other previous investigations to the assessment of the influence of organochlorine 
pesticides on different environmental compartments (water, soil, sediment, biota…) in the 
vast Red River delta. 

The photodegradation of lindane, 4,4´-DDT, methamidophos and monocrotophos in this the-
sis shows the possible detoxification of water contaminated with them. The different results 
achieved by the experiments with the HP and the LP were useful for us in order to choose the 
most effective process, but also using low cost energy. Although the power consumption of 
our lab UV sources LP is 15 W and smaller than that of the HP (150 W) by a factor of 10, it 
was still effective as well as the HP in the degradation of Me and Mo, even when no H2O2 
added. 
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Although Ionised Air Oxidative Process (IAPS-2) is clearly inferior in its efficiency in the 
treatment to the HP and LP, it still shows a high potential to apply this novel water treatment 
system in practice, because of its low cost energy and the avoidance of the use of additional 
chemicals. By combination and evaluation of the results of this work with the others, which 
were achieved on the degradation experiments of around 40 different organic compounds, 
including dyes, pesticides, antibiotics with labour-scale systems like IAPS-1, -2, two other 
pilot-scale systems were developed, built and tested. These systems will be offered as com-
mercial products for the treatment of drinking water as well as of wastewater in the near fu-
ture. 

The use of the HP, LP and IAPS-2 in the degradation of organic pollutants has evidently a 
higher price in practice than that of DSSR as a novel technique of solar photocatalysis. The 
achieved results from the photocatalytic detoxification of Me and Mo using the LSSR and 
DSSR lead to find out some high effective photocatalysts as well as demonstrated the feasibil-
ity of applying the DSSR in practice, especially in sun-rich countries, including Vietnam. Dil-
lert et al. (1999) has already installed a pilot plant based on the DSSR for biologically pre-
treated industrial wastewaters in the Wolfsburg factory (Volkswagen AG) during the summer 
1998. The DSSR exhibits specific advantages in comparison with the 2 other Solar reactors: 
Parabolic Trough Reactor and Thin Film Fixed Bed Reactor. The DSSR has only low invest-
ment costs by a simple construction; it can moreover use the total global UV-irradiation, its  
mass transfer is not limited. However, the low optical efficiency, the needed separation of 
TiO2 from the purified water, the necessary large reactor area, oxygen supplying and an addi-
tion of H2O2 (for the purification of large waste water volumes) … can hinder the broad ex-
tensive application of this reactor in practice. Besides the optimal modified catalyst Cat 11 
(Pt-Hombikat UV100), the well-known catalyst P25 Degussa (Cat 1) still shows its high 
photonic efficiency in the degradation of Me and Mo.  

The found detailed probable mechanism of the photocatalytic degradation of methamidophos 
and monocrotophos in this thesis can be very helpful for a deeper investigation of the nature 
of those photooxidative processes, which are still uncompleted explained. The assumption of 
an initial attack of oxidants to the methyl group of an organic pollutant was clearly demon-
strated. 
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7 Appendices 

7.1 Appendix A 

Table 7-1:  Spectral energy distribution of HP and LP 

 

Spectral energy distribution of Hg-Low Pres-
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Spectral energy distribution of Hg-High Pres-
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7.2 Appendix A1 
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Figure 7-1a:  Absorption spectrum of H2O2 in aqueous solution [Morgan et al., 1988] 

 

0%

25%

50%

75%

100%

250 300 350 400 450

wavelength, nm

re
la

tiv
e 

ph
ot

on
 fl

ux

  
 
Figure 7-1b:  Relative emission spectra of the UV-A- lamps [Philips, 1997] 
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7.3 Appendix A2 

Table 7-2:  List of insecticides permitted to register for restricted use in Vietnam (Pursuant 
to Decision No. 297 NN-BVTV/QD dated 27 February 1997 of the Minister of 
Agriculture and Rural Development) 

 

No. General Name Commercial Name 

   
1 Aluminum Phosphide Celphos 56 % 
  Gastoxin 
  Fumitoxin 55 % tablets 
  Phostoxin 
  Quickphos 56 tablets 
2 Carbaryl 4 % + Lindane 4 % Carbadan 4/4 G 
  Sevidol 4/4 G 
   
3 Carbofuran Furadan 3 G 
4 Dichlorvos (DDVP) 50 EC  
5 Dicofol Kelthane 20 EC 
6 Dicrotophos Bidrin 50 EC 
  Cebicron 50 SCW 
  Ektafos 
7 Endosulfan Cyclodan 
  Endosol 
  Thiodan 30 EC, 35EC 
  Thiodol 35 ND 
8 Magnesium phosphide Magtoxin 66 Tablet, pellet 
   
9 Methamidophos Dynamite 50 SC 
  Filitox 50 SC, 60 SC, 70SC 
  Monitor 50 SC, 60 SC 
  Master 50 EC, 70 SC 
  Tamaron 50 EC 
  Isometha 50 DD, 60 DD 
  Isosuper 70 DD  
10 Methyl Bromide Brom - O - Gas 98%  
  Dowfome 98 % 
  Meth - O - gas 98% 
   
11 Monocrotophos Apadrin 50 SL 
  Magic 50 SL 
  Nuvacron 40 SCW/DD, 50 SCW/DD 
  Thunder 515 DD 
   
12 Phosphamidon Dimecron 50 SCW/DD 

 



Appendices    171

Appendix A2 
 

Table 7-3:  List of pesticides prohibited to use in Vietnam (Pursuant to Decision No. 297 
NN-BVTV/QD dated 27 February 1997 of the Minister of Agriculture and Ru-
ral Development) 

 

No. General Name-Commercial Name 

Insecticides 
  
1 Aldrin (Aldrex, Aldrite … ) 
2 BHC, Lindane Gamma - BHC, Gamma - HCH, Gamatox 15 EC, 20 EC, Lindafor …) 
3 Cadmium Compound (Cd) 
4 Chlordane (Chlorotox, Octachlor, Pentichlor…) 
5 DDT (Neocid, Pentachlorine, Chlorophenothane…) 
6 Diedrin (Dieldrex, Dieldrite, Octalox …) 
7 Eldrin (Hexadrin …) 
8 Heptachlor (Drimex, Heptamul, Heptox …) 
9 Isobenzen 
10 Isodrin 
11 Lead compound (Pb) 
12 Parathion Ethyl (Alkexon, Orthophos, Thiopphos …) 
13 Methyl Parathion (Danacap M 25, M 40, FOlidol -M 50 EQ; Isomethyl 50 ND, Methaphos 40 

EC, 50 EC (Methyl Parathion) 20 EC, 40 EC, 50 EC; Milion EC, Proteon 50 EC; Romethyl 50 
ND; Wofatox 50 EC 

14 Polychlorocamphene (Toxaphene, Camphechlor …) 
15 Stroban (Polychlorinate of camphene) 
  

Fungicide 

  
1 Arsenic compound (As) except Neo - Asozin. Dinasin 
2 Captan (Captan 75 WP, Merpan 75 W ) 
3 Captafol (Difolatal 80 WP, Folcid 80 WP 
4 Hexachlorobenjene (Anticaric, HCR ) 
5 Mercury compound (Hg) 
6 Selenium compound (Se) 
  

Herbicide 

1 Talium compound (T 1) 

Rodenticide 

1 2.4.5 T (Brochtox, Decamine, Veon...) 
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Appendix A 2 
 

Table 7-4:  List of chemicals, insecticides prohibited use in public health and family fields 
(Pursuant to Decision No. 65120001QD~BYT dated 13 January 2000 of the 
Minister of Health) 

 

No. Chemical name Trade name 
   
1 Aldrin Aldrex; Aldrite; Aldripoudre; Aldrosol; Altox; Bangald., 
  Drinox; Farmon aldrin; Hortag aldrin dust; Octalene; 
  Rasayaldrin, Solodrine; Supradin 
2. BHC, Lindane Gamana-BHC1- Garnana-CHC; Gamatox; Lindafor; Carba 
   
3. Chlordane Belt; Chor kill; Chlotox; Clordisol; Chloroson; Corodane; 
  Fitachloro; Fonnimata; Formidane; Gold crest c-100; Grovex 
  gx255 chlodane miscible; Kilex lindane; Kypchlor' Octa-chlor; 
  Ortane 50; Syndane granular., Syndane 25.1 Synklor., Temi-

ded; 
  Topiclor 20; Veicicol 1068 
   
4. DDT Neocid; Pentachlorin; Chlorophenothan 
   
5. Dieldrin Diedrox; Dieldrite, Octalox 
6. Dichlovos DDVP 
7. Heptachlor Fennotox; Biarbinex; Cupincida 
8. Hexachlorobenzene Hexachlorobenzene 
9. Isobenzan Isobenzen 
10. Lead compound Lead compound 
11. Mirex Dechlorane 
   
12. Methamidophos Dynamit 50SC; Filitox 70SC; master 50EC, 70SC Monitor 
  50EC; Isometba 50DD, 60DD.1 Isosuper 70DD; Tamaron 
  50EC 
   
13. Monocrotophos Apadrin 50SL; Magic 50SL; Nuvacron 40SCW/DD, 
  50SCW/DDI. Thunder 5.5DD 
   
14. Parathion Ethyl Alkexon; Othophos; Thiophos 
15. Phosphamidon Dimecron 50SCW/DD 
16. Strobane Strobane; 111,1 Tri chloro ethane., Triethane; 
  Methylchlorofonn; Methyltrichloromethane; Chloroethene., 
  Chlorothane; aerothene TT; Inhibistol; Chlorten; Solvent 111. 
   
17. Toxaphen Polychforocamphene. Camphechlor; Camphochlor, 
  Chlorocamphene, Polychlorinated camphenes 
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7.4 Appendix B 
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Figure 7-2 :  Standard calibration curves of α, β and δ – HCH 
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Appendix B 
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Figure 7-3 :  Standard calibration curves of lindane, heptachlor, heptachlorepoxide (A) 
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Appendix B 
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Figure 7-4 :  Standard calibration curves of aldrin, dieldrin and endrin 
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Figure 7-5 :  Standard calibration curves of 2, 4´-DDD, 4, 4´-DDD and 2, 4´-DDE 
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0 200 400 600 800 1000
0,0

5,0x104

1,0x105

1,5x105

2,0x105

2,5x105

3,0x105

3,5x105

4,0x105 a) 4,4´-DDE

 r =0.9997
 r2=0.9994

In
te

ns
ity

Concentration in µg l-1 (in n-hexane)

 

0 200 400 600 800 1000
0,0

4,0x104

8,0x104

1,2x105

1,6x105

2,0x105

2,4x105

 r =0.9998
 r2=0.9996

b) 2,4´-DDT

In
te

ns
ity

Concentration in µg l-1 (in n-hexane)

0 200 400 600 800 1000
0,00

3,50x104

7,00x104

1,05x105

1,40x105

1,75x105

2,10x105

c) 4,4´-DDT

 r =0.9999
 r2=0.9998

In
te

ns
ity

Concentration in µg l-1 (in n-hexane)

 
Figure 7-6 :  Standard calibration curves of 4, 4´-DDE, 2, 4´-DDT and 4, 4´-DDT



 178

This thesis is based on a summary of the following Presentations and Publications: 

 

a)  Poster Presentation: 
 

1. Dang Quang Hung, Gerd Sagawe, Dirk Hufschmidt, Detlef Bahnemann, Wolfram Thiemann. 
Application of pure and mixed titanium dioxide colloids as catalyst for the detoxification 
of organophosphorous pesticide in solar simulated reactor. POSTER at the 1st Late Sum-
mer Workshop Interfaces in Aquatic Systems - Colloids, Biofilms, and Sediment/Water/Air 
sponsored by Society of Water Chemistry - Division of the German Chemical Society, 1-3 
Oct., 2001, Lake Constance, Germany. 

2. Dang Quang Hung, Jens Wohlers, Wolfram Thiemann. Application of ionised air water 
treatment pilot system and ultraviolet irradiation for the treatment of organophosphate 
pesticides in water. POSTER at the annual Conference of Royal Society of Chemistry-Faraday  
Division, 30 July  - 1 Aug., 2001, Birmingham, U. K.  

3. Dang Quang Hung, Jens Wohlers, Wolfram Thiemann. The mineralisation of methamido-
phos under different oxidation processes. POSTER at the annual Conference of Society of 
Water Chemistry-Division of German Society of Chemistry, Bad Wildungen, 21 – 23 May, 
2001.  

4. Dang Quang Hung, Wolfram Thiemann. Study on the contamination of selected Pesticides 
in surface waters in Hanoi, Vietnam and on the Photodegradation of 4, 4´- DDTs. 
POSTER at the annual Conference of Society of Water Chemistry-Division of German Society 
of Chemistry, Weimar, 29 – 31 May, 2000). 

 

b)  Oral Presentation: 
 

Advanced Oxidation Process-Application of Solar Energy for Water Treatment. ORAL 
at the Bremen Forum of Young Researchers sponsored by Society of the German Chemical 
Society Bremen, Dec 2001. 
 

c) Papers: 

 

1. Dang Quang Hung, Wolfram Thiemann. Study on Lindan´s degradation in differential 
Photooxidation Conditions. Journal of Chemistry (Vietnam, in English), 2000, 38/1, 95-99. 

2. Dang Quang Hung, Wolfram Thiemann. Contamination of surface waters in Hanoi, Viet-
nam by selected chlorinated pesticides. Chemosphere, 2002, 47/4, 357-367. 

3. Dang Quang Hung, Jens Wohlers, Wolfram Thiemann. The mineralisation of methamido-
phos using an ionised air water treatment pilot system and ultraviolet irradiation. Water 
Research, 2002, 36/12, 2959-2966. 

 


