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THESES 

1. The results of foreign children in Dutch schools can be tremendously improved by 

raising the expectations placed upon these children by both their parents and their 

teachers. 

2. Just as any good manager, a good Ph.D. promoter strives to make himself/herself 

unnecessary. 

3. It is possible to oppose the concept of the Maximum Additional Water Price (Schippers, 

1993) because no society will explicitly and permanently decline itself the comfort and 

the security associated with the widespread availability of tasteful and safe drinking 

water. 

Schippers, J.C. (1993). Drinking water in turbulent flow. Inaugural address delivered on the 
occasion of the public acceptance of the Chair of Water Supply Technology at IHE-Delft. 

4. Recent outbreaks of infectious diseases caused by the presence of Giardia cysts and 

Cryptosporidium oocysts in drinking water confirmed that microbiological integrity 

remains the greatest concern when using surface water as a source for drinking water. 

5. Manufacturers of activated carbon claim the ability to predict the performance of full 

scale GAC filters within a narrow margin of 10% based on the results of short tests with 

small volumes of water. The dully announced Catch 22 is that the claimed precision 

assumes constant influent water quality which almost never occurs in practice. Without 

the pilot-plant testing, design of GAC filters remains therefore primarily the question of 

engineer's taste, experience and courage. 

6. Inoculation of GAC filters with competent bacteria, recommended by Feakin er a/. (1994) 

as a method for the removal of atrazine and simazine from drinking water, may prove 

beneficial but its feasibility has not been supported by the results obtained. 

Feakin, S.J., E. Blackburn and R.G. Burns (1994). Biodegradation of s-triazines at low 
concentrations in surface waters. Wat. Res., 28:11:2289-2296. 



7. The conclusion of Selim and Wang (1994) that the GAC adsorptive surface appears to 

be continuously regenerated as a result of microbial degradation of adsorbed atrazine 

can not be drawn from the results they obtained and remains therefore a (most 

interesting) hypothesis. 

Selim, M.I. and J. Wang (1994). Fate of atrazine in biologically active granular activated carbon. 
Env. Toxicology and Chemistry, 13:3-8. 

8. The highest rate of atrazine biodegradation may be expected in a part of GAC filter bed 

where the rate of biodegradation of readily biodegradable organic matter is the highest. 

9. Pauling's thesis that humans lost their ability to synthesize vitamin C, while the quantity 

of this vitamin needed by humans to achieve the best possible state of their health is so 

large that less than 1/20 of it can be obtained through a "good ordinary diet", is rather 

curious and appears to contradict the theory of evolution. 

Pauling, L. (1987). How to live longer and feel better. Avon Books, New York. 

10. An optimist believes that we are living in the best possible of all worlds. A pessimist is 

afraid that that's true. A scientist doesn't know but would like to find out. 

Theses belonging to the Ph.D. thesis "Pesticide Removal by Combined Ozonation 

and Granular Activated Carbon Filtration" of Ervin Orlandini. 

Delft, 22 November 1999 
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Abstract 

Orlandini E. (1999). Pesticide removal by combined ozonation and granular activated carbon 
filtration. Ph.D. thesis, International Institute for Infrastructural, Hydraulic and Environmental 
Engineering (THE) and Wageningen University, 171 pages. 

Since the seventies, new water treatment processes have been introduced in the production of 
drinking water from surface water. Their major aim was to adequately cope with the disinfection 
of this water, and/or with the removal of pesticides and other organic micropollutants from it. 
Amsterdam Water Supply (AWS) recently developed two new integral concepts for the treatment 
of Rhine River water. They involve conventional pretreatment of directly taken river-water by 
coagulation, sedimentation and rapid sand filtration, followed either by slow sand filtration and 
reverse osmosis, or by ozonation, Granular Activated Carbon (GAC) filtration, slow sand 
filtration and reverse osmosis. 

In contrast to water treatment schemes typically applied in The Netherlands, these two concepts 
do not use a reservoir or artificial recharge to provide for the periods when the Rhine River is 
heavily polluted, or to improve the quality of water. Thus, they have to offer so robust barrier 
against all possible pollutants in Rhine River water that under both normal and accidental 
conditions safe drinking water can be produced. AWS also aims to reduce the salinity of the raw 
water, in particular the chloride concentration, and to continue production of soft and biologically 
stable water. AWS tested and evaluated the performances of these two concepts for the future 
capacity extension at its Leiduin plant. The mechanisms that play a role were studied in the 
context of a research project conducted jointly by ME, NORIT NV, Kiwa NV and AWS. The 
research presented in this thesis was done within the framework of this project. Its focus is on 
Biological Activated Carbon (BAC) filtration, which is a combination of ozonation and GAC 
filtration. 

IX 



The general goal of this research is to identify and understand mechanisms that underlie the 
expected beneficial effect of ozonation on the removal of organic micropollutants by GAC 
filtration. This understanding allows one to judge whether this combination provides a sound 
barrier against these compounds and, in addition, it allows optimization of the underlying 
mechanisms. Detailed investigations for all organic micropollutants present in Rhine River water 
were not possible, thus, one model compound was chosen. Pesticide atrazine was chosen as a 
model compound because, at the start of this research in 1992, its removal was particularly 
relevant for AWS; it was detected in pretreated Rhine River water at concentrations higher than 
the European Union standard of 0.1 ug/1. Moreover, the analytical method needed to measure 
atrazine concentrations below 0.1 ug/1 was available. 

Pilot plant experiments with Rhine River water (pretreated by coagulation, sedimentation and 
rapid sand filtration) confirmed the expectation that ozonation significantly improves the removal 
of atrazine by GAC filtration. This improvement is not only due to the well-known effect of 
ozone-induced oxidation of atrazine, but also due to the effect of ozone-induced oxidation of a 
part of Background Organic Matter (BOM) present in water. BOM refers to the organic matter 
in the influent of GAC filters other than the target compounds that need to be removed. BOM is 
mostly of natural origin, e.g. compounds such as humic substances, but it also includes -especially 
in Rhine River water- many compounds of anthropogenic origin. 

The scope of this research was limited to the investigation of the removal of atrazine in GAC 
filters. The removal of the by-products of atrazine oxidation formed by ozonation (e.g. 
desethylatrazine and desisopropylatrazine) was thus not investigated. Considering that these 
compounds are expected to be more biodegradable and (as shown in this research) less adsorbable 
than atrazine, it is difficult to predict whether they are removed by GAC filtration better or worse 
than atrazine. 

Subsequent (pilot-, bench- and lab-scale) experiments aimed to verify which of the anticipated 
processes and relationships underlie the improved atrazine removal observed in filters receiving 
ozonated influent. Namely, an important part of BOM compounds is partially oxidized due to 
ozonation. This partial oxidation increases the biodegradability, and reduces the adsorbability and 
molecular mass of BOM compounds. Consequently, enhanced biodegradation of BOM and its 
reduced adsorption are expected in filters receiving ozonated influent. Both biodegradation and 
adsorption of pesticides are expected to be improved as a result. 

These experiments led to the following conclusions. Improved removal of BOM observed in filters 
that received ozonated influent can be attributed to the enhanced biodegradation of BOM in these 
filters. This can be concluded because ozonated, rather than non-ozonated BOM, was also better 
removed in filters filled with non-activated carbon, in which the removal of BOM is via 



biodegradation only. It could not be demonstrated that biodegradation of atrazine accounts for 
its improved removal in GAC filters that received ozonated rather than non-ozonated influent. 
Namely, no indication of atrazine biodegradation in these GAC filters was found in either of the 
experiments conducted: (i) no metabolites of atrazine were detected in the effluent of atrazine-
spiked GAC filters, (ii) atrazine was not removed in filters filled with non-activated carbon, (iii) 
atrazine was not removed in the liquid media inoculated with the bacteria taken from atrazine-
spiked GAC filters, and (iv) after three years of pilot plant operation, more atrazine was desorbed 
from GAC taken from the filter that received ozonated rather than non-ozonated influent. The 
enhanced biodegradation of BOM in filters receiving ozonated influent improves adsorption of 
atrazine in GAC filters. This can be concluded because atrazine was better adsorbed onto GAC 
preloaded with ozonated water that passed through filters filled with non-activated carbon (in 
which the removal of BOM is via biodegradation) than onto GAC preloaded directly with 
ozonated water. 

The results also revealed that the improved adsorption of atrazine in filters receiving ozonated 
influent is the effect of both the higher adsorption capacity of GAC for atrazine, and the faster 
external and internal mass transfer rates of atrazine in these filters compared with filters receiving 
non-ozonated influent. Higher adsorption capacity and faster mass transfer were explained as due 
to reduced competitive adsorption and reduced preloading of ozonated BOM. Competitive 
adsorption of BOM occurs when BOM adsorbs simultaneously with atrazine, and competes with 
it for the adsorption sites available on GAC. BOM preloading is adsorption of BOM onto GAC 
before the adsorption of atrazine. Reduced competitive adsorption and reduced preloading of 
ozonated BOM are the consequence of increased biodegradability of a part of BOM compounds 
that are partially oxidized by ozonation. Namely, this increases the amount of BOM that is 
biodegraded rather than adsorbed in GAC filters. Besides increased biodegradability, decreased 
adsorbability of oxidized BOM also contributes to the improved adsorption of atrazine. 

Finally, the two commonly applied models, i.e. the simple Adams-Bohart model and the more 
complex Plug Flow Homogenous Surface Diffusion model, were applied for the prediction of 
atrazine breakthrough in GAC filters with and without ozone-induced bioactivity. Neither model 
resulted in an accurate prediction. This can be expected considering that, due to the complexity 
of the processes that simultaneously take place during GAC filtration, the prediction of its 
performance involves many inevitable assumptions and simplifications. 

Key words: activated carbon, adsorption, atrazine, Background Organic Matter, biodegradation, 
biological activated carbon filtration, bromate, competitive adsorption, disinfection, modeling, 
ozonation, pesticides, preloading, process analysis. 
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Chapter 1 

General Introduction 

ABSTRACT—Disinfection and removal of organic micropollutants are the two aspects of the 
production of drinking water from surface water that are currently of particular importance. 
They are important issues because conventional water treatment processes are not always able 
to cope with them. This was first realized when chlorine, a commonly used disinfectant, was 
found to result in the formation of trihalomethanes, and when various micropollutants were 
detected in drinking water at concentrations far exceeding acceptable levels. Thus, new, 
advanced water treatment processes are needed. 
Amsterdam Water Supply (AWS) introduced two new integral concepts for the treatment of 
surface water. They include conventional pretreatment of Rhine River water by coagulation, 
sedimentation and rapid sand filtration, followed either by slow sand filtration and reverse 
osmosis or by ozonation, Granular Activated Carbon (GAC) filtration, slow sand filtration and 
reverse osmosis. The performances of these two concepts were tested and evaluated by AWS. 
The mechanisms playing a role were studied in the context of the research project conducted 
jointly by IHE, NORIT NV, Kiwa NV and AWS. In particular, attention was paid to the 
following aspects: removal of pesticides, metabolites and other organic micropollutants by 
combined ozonation and GAC filtration, and by reverse osmosis; disinfection by ozonation and 
by reverse osmosis; and control of the fouling and scaling of reverse osmosis membranes. 
The research presented in this thesis was conducted within the framework of this project. Its 
focus is on the removal of pesticides by Biological Activated Carbon filtration, which is a 
combination of ozonation and GAC filtration. 
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1.1 TREATMENT OF SURFACE WATER 

1.1.1 History 

The earliest recorded knowledge of water treatment can be found in Sus'ruta Samhita, a 
collection of Sanskrit medical lore thought to date from 2000 B.C. It declares that impure 
water should be purified by boiling, or by exposing to sunlight, or by filtering through sand 
and coarse gravel and allowing to cool. Other ancient civilizations also left behind some 
evidence of their water treatment practices. Egyptians siphoning off water (or wine!) clarified 
by sedimentation were pictured on the wall of a tomb built at Thebes in 1450 B.C. A 
somewhat less sophisticated method was the drinking cup devised by the Spartan ruler 
Lycurgus (ninth century B.C.), which hid badly colored water from the sight of the drinker and 
allowed mud to stick to its side. Cyrus the Great, King of Persia in the sixth century B.C., was 
known to take boiled water in silver flagons along with him when going to war. In this way, 
water sterilized by boiling was kept sterile through the germicidal action of silver. The simile 
in Plato's Symposium (fourth century B.C.) suggests that Greeks commonly used wick 
siphons to clarify water. In this simile, Socrates says that it would be a good thing if wisdom 
could flow from a person full of it to a person less wise, just as water flows through a thread 
of wool from a fuller to an emptier vessel (Baker, 1949). 

The first reference to public water supply was made by the Roman engineer Sextus Julius 
Frontinus, who in 97 A.D. became water commissioner of Rome. One year after his 
appointment as water commissioner, he wrote the first known detailed description of water 
works systems: De Aquis Urbis Romae Libri II. Among others things, these two books 
describe the piscanae or pebble catchers built into most aqueducts to serve the double purpose 
of storing and of clarifying the water (Baker, 1949). 

Thus, throughout history, the greatest concern regarding the use of surface water as a source 
of drinking water was to ensure its clarity and microbiological integrity. Water was clarified by 
sedimentation and/or filtration, neither of which was quite satisfactory. While easy to operate, 
settling basins result in an effluent of rather low clarity. Better clarity of water is obtained by 
filtering it over a coarse material like gravel; however, over time, clogging occurs and filters 
need to be cleaned. Until one and a half centuries ago, cleaning of the filter was laborious and 
time-consuming: filter material had to be taken out from the filter, washed, and then put back 
into the filter. A new way of ensuring the clarity of surface water, superior to either 
sedimentation or filtration, came into use in England in the first decade of the 19* century. The 
new process, termed "slow sand filtration", combined the use of fine filtering material and low 
filtration rates. The fine material limited clogging to the initial few centimeters of the filter bed, 
which can be easily scraped away, while the low filtration rates extended the interval between 
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two scrapings to a few months. In 1829, James Simpson built the first slow sand filters used 
for a public water supply, the Chelsea Water Company in London. 

The biological/physical process of slow sand filtration improves not only the clarity but also 
the microbiological quality of water. This was first indicated in 1849, when much higher 
incidences of cholera were noted in the districts of London where water was clarified by 
sedimentation than in the districts where slow sand filtration was used. The final and clear 
evidence was provided in 1892, when Hamburg experienced a massive outbreak of cholera, 
while there were only a few cholera cases in the neighboring city of Altona. Both cities used 
the Elbe River water as a source of drinking water. In Hamburg, however, it was treated by 
sedimentation, while in Altona it was treated by slow sand filtration (Huisman, 1990). 

Due to the simplicity of its design and operation, and the quality of the water produced, slow 
sand filtration is still used in both industrialized and developing countries. Over time, it has 
been extended by coagulation, sedimentation and rapid sand filtration as a pretreatment for the 
removal of suspended matter and algae, and with post-chlorination for additional disinfection. 

After World War II, many water supply companies set up a purely physicochemical system for 
the treatment of surface water. The new concept required less space than the one based on 
slow sand filtration, and consisted of pre-chlorination, coagulation, sedimentation, rapid sand 
filtration and post-chlorination. These basic concepts are frequently extended with the storage 
of raw water in reservoirs or in the underground. This is done to improve the quality of water 
by self-purification and equalization, and to allow no intake when the quality or the quantity of 
raw water is exceptionally low. The abstraction of bank filtered water, and the addition of 
powdered activated carbon to remove taste and odor, are also frequently applied. 

By the end of the sixties, these conventional water treatment processes1 seemed to suffice for 
the treatment of surface water. Opinion changed drastically with the finding that chlorine 
reacts with humic substances present in surface water to form trihalomethanes (Rook, 1974). 
In addition, at around the same time, there was growing awareness that many surface waters 
were polluted with potentially hazardous organic chemicals of industrial origin that could not 
be effectively removed. This started the ongoing discussion about the ability of water 
treatment processes to provide adequate disinfection of surface water, and a sufficient barrier 
against organic micropollutants present in this water (Sontheimer, 1979; Kruithof etal, 1991; 
Schippers, 1993; Degremont, 1994a-c; Schippers and Kruithof, 1997). 

1 In this study the term "conventional water treatment processes" refers to all water treatment processes 
except those involving the application of ozone, activated carbon and/or membrane filtration. 



This discussion, especially the part on pesticide removal, is currently most intense in the 
countries of the European Union (EU). This is not because of exceptionally poor quality of the 
raw water in these countries, but rather because their standards are more stringent than those 
promulgated by the World Health Organization (WHO), or those applied in other developed 
countries such as the USA and Japan. Based on the principle that pesticides must not be 
present in drinking water, the EU set the standard for any pesticide at 0.1 ug/1 and the 
standard for the sum of all pesticides at 0.5 ug/1 (ECC, 1980). In contrast, the WHO and the 
United States Environmental Protection Agency (USEPA) apply standards based on the 
acceptance of a certain health risk and, usually, allow much higher pesticide concentrations. 
For instance, they allow 2 ug/1 and 3 ug/1 of atrazine, respectively (WHO, 1993; Pontius, 
1995). 

1.1.2 Disinfection 

The findings of Rook in 1974 initiated wide-scale research on chlorination by-products 
formation and control (Kruithof, 1986). The list of compounds eventually identified was long 
and frightening: besides trihalomethanes there was a whole host of other compounds including 
haloaceticacids, haloacetonitrils, halogenated ketones, chloropicrin, chloralhydrat, 
chlorophenols and MX (Kruithof era/., 1991). Furthermore, the alternatives for chlorine, 
chlorine-dioxide and chloramine, were also found to result in by-products suspected to pose 
health hazards. 

As a result, by the mid-seventies many water supply companies in the EU were considering 
restriction (or complete abandonment) of the use of chlorine and the application of ozone as 
the main disinfectant. For instance, Amsterdam Water Supply (AWS) started in 1970 with the 
reduction of the chlorine dose and completely abandoned chlorination in 1983. Ozone is highly 
effective as a disinfectant; however, the ozonation of water containing bromide results in the 
formation of bromate (Haag and Hoigne, 1983). This compound was shown to be possibly 
carcinogenic for humans (Kurokawa et al, 1990). As a result, the WHO set a provisional 
guideline for bromate at 25 ug/1 (WHO, 1993), while the proposed standard for the EU is 10 
ug/1 (EU, 1997). In the Netherlands, the National Institute of Public Health and Environmental 
Hygiene is currently considering 0.5 ug/1 as the standard for bromate, if ozone is applied for 
the removal of organic micropollutants, while a higher value of 5 ug/1 may be allowed when 
ozonation is used for disinfection (Van Dijk - Looijaard, 1994). At many water supply 
companies, bromate formation is expected to limit the ozone dose that may be applied. 

The problem of adequate disinfection is further complicated by recent outbreaks of infectious 
diseases caused by the presence of Giardia cysts and Cryptosporidium oocysts in the drinking 
water prepared from surface water (Craun, 1988; Lisle and Rose, 1995). These outbreaks 
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were caused by drinking water with a microbiological quality within the commonly applied 
standard, based on the absence of coliform bacteria in a certain volume of water sampled. 
Therefore, additional standards may be needed. However, if these standards are based on the 
absence of Cryptosporidium, Giardia or viruses, they require a sampling of extremely big 
volumes of water (Table 1.1). Due to such unfeasibly large sample volumes required, the 
USEPA promulgated the Surface Water Treatment Rule, and recently proposed its 
enhancement (Von Huben, 1991). These two rules prescribe treatment processes (and their 
performances) considered adequate for satisfactory disinfection, rather than prescribing the 
absence of indicator organisms in a certain volume of sampled water. 

Table 1.1 Concentrations of various microorganisms that result in the commonly accepted risk of less 
than one infection per 10000 people per year (21 per capita per day water consumption assumed). 

Microorganism Concentration in drinking water Reference 

Rotavirus 
Poliovirus 
Echovirus 
Giardia 
Cryptosporidium 

2.2 
2.6 
6.9 
6.7 
3.3 

10"7/1 or <1 per 4500 m3 

10"7/1 or <1 per 4000 ms 

10"5/1 or <lper 15 m3 

lO-M or <lper 150 m3 

10"5/1 or <lper 30 m3 

Regliera/. (1991) 
idem 
idem 
idem 

DuPont etal. (1995) 

Another question posed by the aforementioned epidemics is how to ensure the adequate 
inactivation of Cryptosporidium. Such inactivation is difficult to achieve because the oocysts 
of this organism, which are the resting stages of the protozoa, are quite resistant to all 
chlorine-based disinfectants. Furthermore, high ozone doses that in combination with adequate 
particle removal may solve this problem, are expected to result in an unacceptable formation 
of bromate. On the other hand, UV-disinfection seems able to inactivate Cryptosporidium 
oocysts at rather low doses (< 10 mJ/cm2). 

Due to the problems associated with the attainment of the levels of disinfection required, more 
recent research aims to balance the chemical and microbial risks of disinfection (Craun et al, 
1994). In addition, alternative disinfection processes are being developed. A potential solution, 
provided the membrane integrity required can be achieved and effectively monitored, is the 
application of ultrafiltration or micro filtration, with UV or chlorine-based post-disinfection as 
an additional barrier for bacteria and viruses (Degremont, 1994a; Schippers and Kruithof, 
1997). 

1.1.3 Removal of pesticides and other organic micropollutants 

The presence of hundreds of pesticides and other micropollutants of industrial origin in surface 
water, is well-documented nowadays. The total number of compounds present is difficult to 



estimate, because suitable analytical methods are not available for many of them. For example, 

although 225 different pesticides were considered possibly relevant for drinking water 

treatment in the Netherlands in 1990, a suitable analytical method was available for only 70 

(31%) of them (Hopman et al, 1990a). Nowadays, 150 of these 225 pesticides (67%) can be 

analyzed (Hopman, 1997). 

The presence of pesticides and other micropollutants in surface water poses a problem because 

the conventional water treatment processes cannot adequately remove many of these 

compounds. This was clearly shown when Amsterdam Water Supply found pesticide bentazon 

in its drinking water at concentrations higher than the EU standard of 0.1 ug/1 (Smeenk et al, 

1988). As concluded by Hart and Jones in their 1989 review of published data, the 

conventional water treatment processes are considered effective in removing only low 

solubility pesticides, such as the organochlorine ones, unless pesticides are complexed with 

humic material. This is further corroborated by the data shown in Table 1.2 (Foster et al, 

1991) and Table 1.3 (Degremont, 1994b). 

Table 1.2 Mean pesticide concentrations (ug/1) measured after various treatment stages 
(Fosterer al, 1991). 

Treatment stage 

Coagulation works 
river water 
reservoir storage 
coagulation and sedimentation 
rapid sand filtration 
Slow sand filtration works 
river water 
reservoir storage 
slow sand filtration 
post-disinfection 

atrazine 

0.27 
0.25 
0.24 
0.22 

0.33 
0.22 
0.24 
0.22 

isoproturon 

0.18 
0.15 
<01 
<.01 

0.14 
0.27 
0.24 
0.22 

mecoprop 

0.07 
0.05 
0.03 
0.03 

0.08 
0.10 
0.03 
0.03 

lindane 

0.02 
0.01 
0.01 
0.01 

0.03 
0.02 
0.01 
0.01 

Table 13 Removal of various pesticides by coagulation, sedimentation and/or rapid filtration 
(Degremont, 1994b). 

Pesticide Removal (C„ = 100 ug/1) 

methoxychlor, DDT 90-98% 
lindane, aldrin, dieldrin, parathion, endosulfan 10-60% 
atrazine < 10% 
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In response to the inadequate removal of organic micropollutants by the conventional water 
treatment processes, water supply companies in the late seventies started using more efficient 
processes. These processes were based on chemical and biological oxidation of 
micropollutants, and/or their adsorption onto activated carbon (Sontheimer, 1979). 

One example of chemical oxidation is chlorine-induced oxidation. It was shown efficient for 
some compounds, such as phenylamide herbicides and organophosphorous insecticides (Hart 
and Jones, 1989). However, previously discussed by-products of chlorination are expected to 
limit its applicability. Another possibility is ozone-induced oxidation. It involves two types of 
reactions: direct oxidation by molecular ozone and oxidation by OH radicals formed through 
decomposition of ozone in water (Hoigne, 1988). Depending on the compound, the rate of 
oxidation by molecular ozone ranges from virtually instantaneous to very slow. Thus, among 
the many compounds present in raw water, only some will be oxidized significantly by 
molecular ozone. In contrast to molecular ozone, OH radicals are rather nonselective oxidants. 
This allows them to oxidize certain organic compounds, for instance triazines, that cannot be 
oxidized by molecular ozone at a sufficient rate (Meijers et al, 1993). Processes that promote 
formation of OH radicals, either by H202 addition or UV-radiation, have been termed 
Advanced Oxidation Processes. However, despite the efficiency of these two forms of ozone-
induced oxidation, their applicability is expected to be seriously limited by the formation of 
undesirable by-products, notably bromate. On the other hand, a combination of UV-radiation 
and H202 addition results in the production of OH radicals without any bromate formation. 

Adsorption onto activated carbon has been recognized as a suitable technique for the removal 
of pesticides (Pontius, 1995). Activated carbon can be added to water as a powder (PAC), or 
water can be passed through filters filled with activated carbon granules (GAC). One main 
parameter that determines the removal efficiency for a certain compound is its adsorbability 
with respect to activated carbon. In principle, the more polar a compound is, the less 
adsorbable it is. Consequently, the removal of more polar pesticides increases the required 
PAC dosages or the empty-bed-contact-times and/or the frequency of GAC regeneration in 
GAC filters. This increases the cost of activated carbon application. The cost is also increased 
by the presence of organic matter of natural origin in treated water. The adsorption of these 
compounds onto activated carbon hinders the adsorption of target compounds, such as 
pesticides and other organic micropollutants. This results in higher PAC doses required, or in 
shorter running times of GAC filters before the breakthrough of target compounds 
(Sontheimer era/., 1988). 

A combination of ozonation and GAC filtration was proposed in the seventies as beneficial, 
because it combines chemical oxidation by ozone, adsorption onto GAC, and biological 
oxidation in GAC filters of compounds made biodegradable by ozone-induced oxidation. This 



recommendation was supported by the results of the pilot- and full-scale testing at, for 
instance, the Miilheim plant in Germany (Sontheimer et al, 1978) and the treatment plants of 
the Zurich Water Supply (Schalekamp, 1989). In these tests, ozonation was shown to improve 
the removal of organic matter in GAC filters significantly, measured both as UV-absorbency 
and Dissolved Organic Carbon content. An ozone dose of about 0.5 mg 03 per mg of organic 
carbon was recommended as, typically, required to achieve a good effect (Sontheimer, 1979). 

The latest development regarding the removal of pesticides and other organic micropollutants 
from surface water is the application of membrane processes. The interest in membrane 
filtration is growing due to the continuously decreasing cost of its application and the superior 
quality of water produced by this process (Schippers and Kruithof, 1997). In particular, 
reverse osmosis is highly effective. The Water Supply Company of North-Holland recently 
completed construction of an integrated membrane system for the treatment of surface water, 
which comprises ultrafiltration and reverse osmosis. The role of ultrafiltration is to provide 
pretreatment for reverse osmosis and to contribute essentially to disinfection. The role of 
reverse osmosis in this system is not limited to the removal of organic micropollutants, but it 
also provides desalination, softening and disinfection. 

1.2 NEW INTEGRAL CONCEPT AT AMSTERDAM WATER SUPPLY 

The existing water treatment scheme at the Leiduin treatment plant of Amsterdam Water 
Supply (AWS) comprises the following processes: 

• intake of Rhine River water - coagulation - sedimentation - rapid sand filtration - transport 
(WRKI/II water) - dune infiltration - aeration - rapid sand filtration - ozonation - softening 
- GAC filtration - slow sand filtration. 

Dune infiltration plays an essential role in the treatment concept at Leiduin by providing the 
storage capacity and the equalization of water quality. However, due to the high 
environmental value of the dune area (Fig. 1.1), the Dutch government does not encourage an 
increase in dune infiltration. Therefore, when AWS recently anticipated the need to increase 
the capacity of its Leiduin treatment plant from 70 to 83 x 106 m3 per year, they developed two 
new integral concepts for the treatment of Rhine River water. Neither of these two concepts 
uses dune infiltration. Furthermore, in contrast to water treatment schemes typically applied in 
The Netherlands, they do not use storage to provide for the periods when the Rhine River is 
heavily polluted, and to improve the quality of water by self-purification and equalization. 
Thus, the concept chosen has to offer reliable barriers against micropollutants and 
microorganisms present in Rhine River water, both under normal and accidental conditions. 
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The reliability of these barriers is of paramount importance, because pesticides such as 
triazines (especially atrazine), phenyl-ureic herbicides (including isoproturon), bentazon and 
dikegulac have been detected in the Rhine River at concentrations as high as 5 ug/1 (Hopman 
et al, 1990a,b). Furthermore, Giardia cysts, Cryptosporidium oocysts and viruses were also 
observed in the Rhine River at concentrations up to 57, 32 and 38 per liter, respectively 
(Medemaefa/., 1996; VanOlphenef a/., 1993) 

Figure 1.1 Dune infiltration at Amsterdam Water Supply. 

The concept chosen also has to lower the high salinity, in particular the high chloride 
concentration of 150-200 mg/1, and the hardness of the raw water abstracted from the Rhine 
River. Chloride needs to be removed because a large part of a distribution system consists of 
uncoated cast-iron pipes (~ 700 km), corrosion of which can be significantly reduced by 
lowering the chloride concentration below 80 mg/1 (Van Soest, 1994). Considering that AWS 
abandoned chlorination in 1983, the biological stability of the drinking water needs to be 
ensured as well. Besides the Assimilable Organic Carbon (AOC) guideline of 10 ug Ac-C/1, 
AWS also aims for a DOC level of 1 mg/1. The purpose of the later is to control the growth of 
Aeromonads in the distribution network. DOC concentrations below 1 mg/1 are not desirable 
since DOC is expected to play a role in the inhibition of the corrosion of cast iron pipes and to 
retard precipitation of calcium carbonate in water heaters. 
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It was with all these factors in mind that AWS developed the two new concepts. They consist 
of the following processes: 

• concept I: intake of Rhine River water - coagulation - sedimentation - rapid sand filtration 
- transport (WRKI/II water) - slow sand filtration - reverse osmosis 

• concept II: intake of Rhine River water - coagulation - sedimentation - rapid sand filtration 
- transport (WRK I/II water) - ozonation - GAC filtration - slow sand filtration 
- reverse osmosis 

Both concepts include conventional pretreatment of Rhine River water, slow sand filtration, 
and reverse osmosis. The difference between them is the combination of ozonation and GAC 
filtration in the second one. This combination has been termed Biological Activated Carbon 
(BAC) filtration (Miller and Rice, 1978). BAC filtration is investigated at AWS since 1972, 
and has been applied on a full scale in 1992. 

The role of reverse osmosis in these concepts is to provide desalination, softening, additional 
disinfection, and the additional removal of nutrients and micropollutants. 

Slow sand filtration has two roles. One is to provide the biological stability of water and to 
reduce the content of colloidal matter in it, which allows less frequent cleaning of reverse 
osmosis membranes. Another role of slow sand filtration is to provide additional disinfection, 
namely the removal of bacteria, Giardia cysts and Cryptosporidium oocysts. 

The main role of GAC filtration is the removal of organic micropollutants, especially pesticides 
and halogenated organic compounds, and a reduction in the overall content of organic matter. 
The removal of biodegradable organic matter is also important. It increases the biological 
stability of the water produced, and is expected to lower both the frequency of cleaning of the 
slow sand filters and the rate of fouling of the reverse osmosis membranes. 

One role of ozonation is to provide an essential contribution to the disinfection of water. 
Another role is to oxidize partly organic matter present in water, and to significantly improve 
the removal of this matter, notably pesticides and other organic micropollutants, by GAC 
filtration. As stated by Graveland (1994) and Graveland and Van der Hoek (1995): "A low 
dose ozonation (0.5-1.0 mg 03/l) increases the concentration of Assimilable Organic Carbon 
to 100-150 ug Ac-C equivalents per liter. Because of this, the mass of bacteria, or the total 
bioactivity, or the capacity for biodegradation of organic matter adsorbed on GAC is strongly 
(ca ten times) increased. Due to strong biodegradation, DOC values in general -and contents 
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of undesirable, toxic organic micropollutants in particular- can be lowered considerably and 
for a long period." 

Such extensive pretreatment by the combined ozonation and GAC filtration reduces the 
concentration of pesticides and other organic micropollutants in the membrane concentrate of 
the reverse osmosis to a large extent, resulting in a diminished discharge of these compounds 
in the environment. However, the application of ozone should not result in an unacceptable 
formation of bromate. This aspect deserves special attention because, due to high bromide 
(150-200 ug/1) and low DOC (2 mg/1) concentration in Rhine River water, formation of 
bromate may be expected to limit the ozone doses that may be applied. 

Due to improved removal of pesticides and other organic micropollutants in the GAC filters, 
these filters can be run for a longer time before the regeneration of GAC is required. The 
regeneration of GAC, which is the removal and chemical oxidation of compounds adsorbed 
onto GAC, restores the adsorption capacity of GAC. Thus, after being regenerated, GAC can 
be reapplied. However, the regeneration of GAC is rather costly. Consequently, significant 
savings can be realized if the running time of GAC filters between the two regenerations of 
GAC can be extended. 

Savings offered by postponed regeneration of GAC To estimate the range of savings that 
can potentially result from the delayed regeneration of GAC, the annual costs of regeneration 
are calculated for empty-bed-contact-times of 20, 30 and 40 minutes, in case of regeneration 
every 6, 12, 24 and 48 months (Table 1.4). The calculation is done for the annual production 
capacity of 13 * 10s m3 (Q^ = 1500 m3/h), which is planned for the extension of the treatment 
capacity at the AWS' Leiduin plant. The cost of one GAC regeneration, including GAC make 
up, is estimated as DFL 650 (US$ 350) per m3 of GAC. This is about 40% of the cost of 
virgin GAC applied at Leiduin (Prinsen Geerligs, 1995). 

Table 1.4 Annual costs of GAC i 

EBCT 
(min) 

20 
30 
40 

GAC volume 
(m3> 

500 
750 

1000 

egeneration. 

6 months 

650,000 
975,000 

1,300,000 

Costs (DFL) for regeneration once every 
12 months 24 months 

325,000 
488,000 
650,000 

163,000 
244,000 
325,000 

48 months 

81,000 
122,000 
163,000 

As shown by Table 1.4, postponing of GAC regeneration results in significant savings. The 
potential savings makes it attractive to investigate the mechanisms that underlie the expected 
beneficial effect of ozonation on the performance of GAC filters, and to try to maximize the 
time that can be allowed between two GAC regenerations. 
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An estimate of the cost involved in the application of ozone is also provided. However, the 
costs of ozonation do not necessarily decrease the savings offered by the less frequent 
regeneration of GAC receiving ozonated influent. Namely, ozonation frequently has 
disinfection as the main treatment objective. In such cases, the savings brought by the 
improved performance of GAC filters is the clear gain, and is not reduced by the costs of 
ozonation. 

Based on Dutch experience (Wouters et al., 1993), the investment costs for ozonation equal 
approximately DFL 300,000 (US$ 160,000) per kg Oj/h installed capacity. These costs are 
expected to be a linear function of the capacity installed. Ozone capacity required for the 
water flow of Qmac= 1.25 * 2 ^ = 1875 m3/h and the maximum ozone doses of 1, 1.5 and 
2 g (Vm3, and the resulting investment costs and annuity, are given in Table 1.5. 

Table 1.5 Investment costs of ozonation and resulting annuity. 

Ozone dose Ozone capacity Investment Annuity' 
(gOj/m3) required (kg Oj/h) costs (DFL) (DFL) 

1.0 1.88 563,000 58,000 
1.5 2.81 844,000 87,000 
2J) 375 1,125,000 116,000 

1 for 15 years return period and 6% interest 

The annual operation and maintenance (O&M) costs, and the total costs (O&M costs and the 
annuity) of ozonation are given in Table 1.6. O&M costs were calculated in the following way. 
The annual ozone requirement was calculated for the annual production capacity of 13x10s m3 

and the average ozone doses of 0.8, 1.2 and 1.6 g 03/m
3. The annual costs of energy and 

oxygen were calculated as the product of the annual ozone requirement and the cost of DFL 3 
per kg 03. Such cost of energy and (liquid) oxygen has been estimated for the AWS' Leiduin 
plant, and for the production of ozone at concentration of about 7% ozone by weight (Prinsen 
Geerligs, 1995). The annual O&M costs were calculated assuming that the costs of energy and 
oxygen account for 75% of the O&M costs (Langlais et al., 1991). 

Table 1.6 Annual operation & maintenance and the total costs of ozonation. 

Average ozone Ozone requirement Energy and oxygen O&M costs Total costs 
dose (g O^m3) (kgQ3) costs (DFL) (DFL) (DFL) 

0.8 10400 31,000 42,000 100,000 
1.2 15600 47,000 63,000 150,000 
1.6 20800 62,000 84,000 200,000 
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1.3 RESEARCH PROJECT OF fflE, NORIT NV, Kiwa NV and AWS 

13 

The performances of the two aforementioned integral concepts for the treatment of Rhine 
River water were tested and evaluated by Amsterdam Water Supply (Fig. 1.2). Particular 
attention was paid to the following aspects: 
- removal of pesticides, metabolites and other organic micropollutants by combined 

ozonation and GAC filtration, and by reverse osmosis; 
- disinfection by ozonation and by reverse osmosis; 
- control of the fouling and scaling of reverse osmosis membranes. 

Figure 1.2 Technological laboratory at the Amsterdam Water Supply's Leiduin plant. 

The mechanisms that play a role were studied in the context of a research project conducted 
by fflE, NORIT NV, Kiwa NV and AWS. The research presented in this thesis was conducted 
within the framework of this project. Its focus is on Biological Activated Carbon (BAC) 
filtration, which is a combination of ozonation and Granular Activated Carbon filtration. 

Ozonation is expected to substantially improve the removal of pesticides and other organic 
micropollutants by GAC filtration. The general goal of this research is to identify and 
understand mechanisms that underlie the effect of ozonation on the removal of pesticides by 
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GAC filtration. This knowledge allows one to judge whether this combination provides a 
sound barrier against pesticides and other organic micropollutants. In addition, it allows 
optimization of the underlying mechanisms and, as a result, reduction in the cost of pesticide 
removal. 

Before the scope of this research was defined, the processes anticipated as playing a role in the 
removal of pesticides by BAC filtration were analyzed (via desk study) and preliminary 
experiments were conducted. The main purpose of these experiments was to verify the 
hypothesis that the removal of pesticides by GAC filtration is improved due to ozone-induced 
oxidation of Background Organic Matter present in pretreated Rhine River water. The results 
of these analyses and experiments, and the formulated research objectives, are presented in the 
following chapter. 
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Chapter 2 

Ozonation and Atrazine Removal by Granular Activated 

Carbon Filtration: Process Analysis and Research Scope ' 

ABSTRACT—Ozonation is expected to improve the removal of pesticides by GAC filtration 
not only via the well-known effect of oxidation of pesticides, but also due to oxidation of 
Background Organic Matter (BOM) present in filter influent. Namely, an important part of 
BOM compounds will be partially oxidized because of ozonation. This will increase their 
biodegradability, and lower their adsorbability and molecular mass. Thus, enhanced 
biodegradation and reduced adsorption of BOM are expected in filters receiving ozonated 
rather than non-ozonated influent. Both biodegradation and adsorption of pesticides can be 
improved because of this. 

Pilot plant experiments with pretreated Rhine River water spiked with about 3 ug/1 of atrazine 
showed that ozonation results in incomplete oxidation of atrazine: about 25%, 45% and 65% 
of atrazine is oxidized when ozone doses of 0.5 mg/1, 1.0 mg/1 and 1.5 mg/1 are applied. For 
ozone doses up to 4 mg 0,/l, desethylatrazine and desisopropylatrazine (the two by-products 
monitored) are formed at concentrations of up to 20% and 5% of the initial atrazine 
concentration, respectively. By-products of atrazine oxidation are expected to be more 
biodegradable but less adsorbable than atrazine. This makes uncertain whether they are 
removed in GAC filters better or worse than atrazine. 

Improved atrazine removal was observed in the pilot plant GAC filter that received ozonated 
(0.8 mg 03/l) rather than non-ozonated pretreated Rhine River water. This improvement is 
thought to be due to ozone-induced oxidation of BOM, because atrazine was spiked after 
complete depletion of ozone and its concentration was the same (2.2±0.2 ug/1) in both 
ozonated and non-ozonated influent. 
Research is defined to verify which of the anticipated processes and relationships underlie the 
improved atrazine removal observed in filters receiving ozonated influent. 

1 Part of this chapter has been published by E. Orlandini, M. A. Siebel, A. Graveland and J.C. Schippers 
(1994) in Water Supply, 14:99-108. 
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2.1 INTRODUCTION 

Ozonation has a multi-functional role in the treatment philosophy of Amsterdam Water Supply 
(AWS), namely: disinfection, oxidation of pesticides and other organic micropollutants, and 
the improvement of the removal of these compounds by GAC filtration (Graveland, 1994). In 
this chapter, the two last mentioned roles are discussed. The pesticide atrazine was chosen as 
a model compound. A model compound needed to be chosen because detailed investigations 
for many organic micropollutants identified in Rhine River water were not possible. Such 
investigations would be too costly and, in addition, the appropriate analytical methods were 
not available for many of these compounds. Atrazine was chosen because -at the start of this 
study in 1992- its removal was relevant for AWS: atrazine was detected in pretreated Rhine 
River water at concentrations higher than 0.1 p.g/1, which is the standard set by the European 
Union for any pesticide (Smeenk etal, 1990). Moreover, atrazine was judged to be 
reasonable resistant to biodegradation. Its enhanced biodegradation in GAC filters receiving 
ozonated rather than non-ozonated influent would therefore, if verified, indicate enhanced 
biodegradation of other pesticides as well. Last but not the least, the analytical method needed 
to measure atrazine at concentrations below 0.1 ug/1 was available. 

Ozonation is expected to improve the removal of atrazine by GAC filtration. There are two 
reasons for this. First, a fraction of atrazine present in filter influent will be oxidized during 
ozonation. The resulting lower atrazine concentration will delay its breakthrough from GAC 
filters. This is expected from the theory of adsorption, and has been shown experimentally 
(Foster etal, 1992; Degremont, 1994). Only partial oxidation of atrazine is expected. Thus, 
the concentration of by-products of atrazine oxidation in the influent will be higher after 
ozonation. Considering that the by-products of atrazine oxidation are expected to be more 
biodegradable but less adsorbable than atrazine, it is difficult to predict whether they are 
removed in GAC filters better or worse than atrazine. Secondly, a fraction of Background 
Organic Matter (BOM) in the influent will be partially oxidized as well. Oxidation will increase 
the biodegradability, and reduce the adsorbability and molecular mass of these compounds. 
Thus, enhanced biodegradation2 and reduced adsorption of BOM are expected in filters 
receiving ozonated rather than non-ozonated influent. Although it has not yet been clearly 
demonstrated, both biodegradation and adsorption of atrazine may be improved because of 
this. 

2 In this thesis the term "biodegradation" is used to describe biological activity which results in 
transformation of organic compounds and/or their complete breakdown to inorganic elements and 
compounds (mineralization). 
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The objectives of the work presented in this chapter are: 
- to analyze, via desk study, processes anticipated as playing a role in the removal of atrazine 
by combined ozonation and GAC filtration; 

- to relate oxidation of atrazine and formation of desethylatrazine and desisopropylatrazine to 
the ozone dose applied, and to determine GAC's adsorption capacity for these compounds; 

- to verify the hypothesis that the removal of atrazine by GAC filtration is improved due to 
ozone induced oxidation of Background Organic Matter present in filter influent and to give 
an indication for the potential reduction in the annual cost of GAC regeneration that may 
result from it; 

- to define, based on the results of this analysis and these experiments, the scope of the 
research to be done within a framework of this thesis. 

The need for the aforementioned preliminary experiments came from the topic chosen for this 
research {i.e. to identify the mechanisms underlying the enhanced removal of pesticides in 
GAC filters receiving ozonated rather than non-ozonated water). If it turned out that the 
enhanced removal of pesticides in GAC filters receiving ozonated rather than non-ozonated 
influent does not occur, it would be necessary to change the topic of this research. 

2.2 PROCESS ANALYSIS 

Organic matter can be removed from water passing through GAC filters by two principal 
processes. They are adsorption onto GAC and biodegradation by bacteria present in these 
filters. Other processes that may occur, for instance oxidation catalyzed by activated carbon, 
are expected to play only a minor role. 

2.2.1 Properties of granular activated carbon 

Activated carbon is obtained by activation of suitable carbonaceous material {e.g. bituminous 
coal, lignite, peat, wood or coconut shells) which results in a material with a defined pore 
structure. The excellent adsorption capacity of (granular) activated carbon can be attributed to 
its high internal surface area ranging from 500 m2/g to 1500 m2/g (Boere, 1992) and the nature 
of its surface. The densities of GAC in backwashed and stratified filter beds range from 175 g/1 
for wood-based GACs to ca. 480 g/1 for coconut-based GACs (Orlandini, 1992). 

All activated (or reactivated) carbon types that are commercially available contain a certain 
quantity (circa 0,2% weight) of calcium in the form of CaO. Release of Ca(OH)2 at the start of 
GAC filter operation may cause an increase in pH of filtered water to values as high as 11 
(AWS, 1995). If filtered water contains sufficiently high HC03" concentrations, the increased 
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pH may cause precipitation of CaC03 in GAC pores resulting in their blocking. Precipitation 
of calcium carbonate can be prevented by addition of an acid to GAC filter influent which will 
lower its pH. Based on the experience of Amsterdam Water Supply, pH of GAC filter effluent 
is expected to equal the influent pH after approximately one week of filter running time. 

Another characteristic of activated carbon which needs to be accounted for when starting up 
(pilot-plant) GAC filters is the initial chemisorption of oxygen. This phenomena has been 
widely observed and is so pronounced that GAC filters at the start of their operation produce 
anaerobic effluent. After about one week of filter running time, oxygen concentration in filter 
effluent approaches the concentration in filter influent (AWS, 1995). 

Finally, before GAC filters are put in operation they need to be adequately backwashed in 
order to remove small particles (which may otherwise appear in filter effluent) and to ensure 
proper stratification of GAC bed which limits mixing of GAC during subsequent backwashes. 

2.2.2 Adsorption in GAC filters 

adsorbing 
compound 
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mass transfer by 
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Figure 2.1 Mass transfer of a compound onto and into a GAC particle. 

Adsorption capacity of GAC. The extent of the adsorption of a specific compound onto GAC 
is determined by the adsorption capacity of GAC for it. This capacity is the mass of the 
compound that can be adsorbed per unit mass of GAC (q) at equilibrium with a certain 


