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ABSTRACT

Boncz, Marc Á. (2002) “Selective Oxidation of Organic Compounds in Waste Water

by Ozone - based Oxidation Processes”. PhD. Thesis, Wageningen University, 168 pages.

For many different types of waste water, treatment systems have been implemented in the

past decades. Waste water treatment is usually performed by biological processes, either

aerobic or anaerobic, complemented with physical / chemical post treatment techniques.

However, in some sectors of industry, like the tanker cleaning industry, the pharmaceutical

industry and the textile industry, waste water treatment is still difficult because of the

irregular presence of varying loads of often toxic compounds. To enable the (cheap)

biological treatment of such waste water types a pre-treatment process is necessary to

protect the biological system against the adverse effects of such sudden loads of toxic

compounds.

Suitable pre-treatment processes can be found amongst the Advanced Oxidation Processes

(AOPs). These AOPs include a wide variety of oxidation processes, having in common that

radical reactions may play an important role. Examples of AOPs are oxidation with ozone

and oxidation with hydrogen peroxide and UV illumination.

In this thesis the oxidation with ozone was studied. This process has been used since the

early 1900s and ozone oxidation therefore is one of the most developed AOPs.

In the introduction of this thesis it is shown that there is some relation between the octanol-

water partitioning coefficient of a compound and its toxicity. As a result of oxidation

organic compounds usually become more hydrophilic and oxidation therefore can help in

the detoxification of waste waters. The effect of the oxidation of two chlorophenols on

biodegradability of the resulting solution was studied here. The results of these experiments

clearly showed biodegradability to improve on oxidation.

In spite of the good results that can be obtained with ozone oxidation, the application of

ozone in waste water treatment is hindered by the costs of ozone. Especially when ozone

oxidation is used for pre-treatment of waste water, care has to be taken to minimise the

ozone consumption of the process.

Minimisation of the ozone consumption can be achieved by controlling the selectivity of

the process. The selectivity of the oxidation process can be controlled by influencing the



reaction mechanism. This mechanism can either be a direct oxidation by the ozone

molecule or a radical mechanism, in which hydroxyl radicals are the most reactive

reactants. Selecting the predominant reaction mechanism can be done by affecting the rate

of ozone dissociation and by the use of compounds acting as radical scavengers.

The selectivity of the oxidation was quantified for different reaction conditions, in which

either the direct or the radical reaction mechanism was favoured. This quantification was

done by establishing linear structure-reactivity relationships, using the Hammett sigma

parameter, but also using the half wave oxidation potential of the organic compounds

involved. For this, reaction rates and half-wave oxidation potentials were determined

experimentally. As a clear correlation between these parameters and the rate of oxidation

was observed, rates of oxidation of related compounds can be calculated using the derived

relationships.

The effect of several process parameters, like pH, temperature and UV irradiation, as well

as the effect of the reactor design was studied experimentally and by modelling the

oxidation process. The conclusions drawn from the experiments performed with simple

solutions containing only organic compounds were shown to be valid in solutions that, like

real waste waters, contained inorganic salts as well. Modelling of the ozone decomposition

and the oxidation kinetics only gave qualitative results though.

By modelling the oxidation reactor it could be shown that a Plug Flow Reactor will be the

best system for maximising the oxidation selectivity, but the alternative and easier to

construct Cascaded Tank Reactor system yields a comparable efficiency and will generally

be more suitably as maximised selectivity will not in all cases the objective of the oxidation

process.
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1. INTRODUCTION

1.1. Historical background

In this thesis, research into fundamental and practical aspects of the ozone oxidation

process for the treatment of waste waters is presented.

The starting point for this research project was the situation in the Dutch tank cleaning

industry in the 1980s, where a waste water was produced that could not be treated ade-

quately before discharging. As a result of the size of the Dutch transhipment sector, this

industry produces a considerable amount of wastewater. Due to the amount and compo-

sition of this specific waste water, this situation had to be resolved, and a feasible way to

deal with this waste water at acceptable costs had to be developed. Preliminary tests indi-

cated good results could be expected from a combination of a chemical oxidation process

and conventional biological treatment[1-3], especially when it would be possible to reduce

the treatment costs. Soon it was recognised that waste waters with comparable characte-

ristics are produced in other industries as well, and a solution for waste water treatment

problems in the tanker cleaning industry might be applied elsewhere as well. Therefore an

introduction is given outlining the characteristics and the demands made by several of

these types of waste water. First however some background information regarding the ori-

gin of the problems that is the starting point of the research described in this thesis.

Located in the estuary of the rivers Rhine, Meuse

and Schelde, the Netherlands have been an

important centre of trade for centuries, serving a

part of Europe that stretches from the North Sea

coast to Switzerland and includes the important

industrial zone in the German Ruhr area. At the

mouth of the rivers Rhine and Maas is the port of

Rotterdam, by far the largest port in Europe.

Because of the important economical hinterland it

supports, it is actually one of the two largest ports

in the world[4], as illustrated in Figure 1.1.
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1998, ranked by amount of transhipped

goods[4].
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In this port, more than 307 million tons of goods are handled annually, of which 130

million tons are categorised as noxious and / or dangerous goods[4]. Related to the tranship-

ment activities large numbers of trucks, trains and ships have to be cleaned, mainly those

used for transporting liquids and bulk goods. For this purpose, special cleaning facilities, as

e.g. required by MARPOL treaties and EU and national regulations, have been set up[5].

Although usually only a small part of the cargo is left as a residual (“heel”) in the cargo

holding compartments before cleaning, due to the volumes involved every year a conside-

rable amount of tank cleaning waste water is produced in this port [1]. This waste water has

a very complex composition. There are large daily and seasonal variations in concentra-

tions and quantities[6]. Therefore it is difficult to treat this waste water by conventional or

even more advanced biological treatment systems alone[7]. The main problems with the de-

sign of a suitable biological treatment process for the treatment of tanker cleaning waste

water are caused by the high complexity, large variations in composition and frequent but

not constant presence of toxic and / or recalcitrant compounds herein[1, 6]. In many cases

also large variations in the flow of the wastewater are observed, even further hindering

stable operation of a biological treatment process. Buffering of the influent to achieve a

more or less constant supply to a biological treatment system warranting a more stable

operation is not always possible, and discharge of the waste water on public owned

treatment works (POTWs) is neither a desirable nor a suitable solution as an occasional

load of toxic compounds present in the waste water could endanger stable operation of

these plants[8].

As the concentrations of pollutants in this type of wastewater are typically high, treatment

with physical-chemical techniques alone, although technically possible, would be too

expensive[9]. Therefore, research was started to investigate the feasibility of a system

combining a chemical oxidation process with more conventional biological techniques for

the treatment of this and related types of wastewater, an approach also used by others[10-13].

In this approach, the physical / chemical techniques will be used as pre-treatment, and the

treatment operation has to take place in such a way that mainly the groups of compounds

mostly obstructing biological treatment are degraded first, to ensure a successful

subsequent biological treatment of the pre-treated wastewater. Until now, no generally

applicable and cheap solution has been found dealing with the above mentioned

difficulties, although a lot of progress has been made[10, 12, 14-18]. Thus more research needs

to be done to develop and optimise novel physical / chemical techniques that will lead to a

better handling of these types of waste water when used in combination with biological

treatment. Essentially, a system has to be designed that eliminates the large variations in

effluent composition and preferentially removes toxic or recalcitrant organic compounds

without requiring large equalisation tank volumes.
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A group of very promising techniques that can be applied for this purpose is the group

called ‘Advanced Oxidation Processes’ (AOPs)[2, 19-21]. In this group of processes oxidants

and radicals derived from compounds like ozone or hydrogen peroxide are responsible for

a fast degradation of organic pollutants[19, 20, 22]. Unlike the case with chlorination, no

problems are associated with the discharge of residual oxidants as these oxidants are

unstable and after their decomposition only water and oxygen will be left in the effluent. A

disadvantage however is found in the high costs of the oxidant use[12]. Ozone will cost

around € 3.50 per kilogram[23], and ozone consumption can be around 30-80 gram per

tonne of waste water[12, 23]. Of these costs, the oxygen supply and the energy account for

around 37% each, depreciation and maintenance account for the remaining 25%.

Application of ozone for the treatment of textile industry would thus amount to between €

0.11 and € 0.27 per tonne, but process water treatment could cost up to € 0.55 for more

heavily polluted industrial effluents[24] or landfill leachate[25]. Thus research is focused on

methods to minimise the oxidant consumption.

A first way to reduce oxidation consumption is by avoiding the oxidation of compounds

that do not need to be oxidised, and designing the process to selectively remove only non-

biodegradable compounds. For this, more fundamental aspects of the oxidation process

had to be studied. Therefore, the research presented here focused on mechanisms and

selectivity of Advanced Oxidation Processes, and the conclusions can be applied for the

treatment of a group of recalcitrant waste water types with characteristics comparable to

those of tanker cleaning waste water.

1.2. Targeted waste water types

The difficulties with the treatment of the waste water from the tanker cleaning industry are

not unique. Comparable problems can be observed in the treatment of the waste waters

originating from textile dyeing facilities[26], olive oil mills[27, 28] and pharmaceutical

industries[29-31], but they may exist in other fields of economic activity as well[8]. In fact, the

problems described above can occur in all industries where waste waters are generated

with a high complexity and a large variation in composition and flow[1]. Therefore,

attention will be paid to the characteristics and treatability of several of these waste water

types, that have in common that a physical / chemical pre-treatment is needed before a

biological waste water treatment can be used to remove the bulk of the organic pollutants.

1.2.1. Tanker cleaning waste water

Extensive data about the origin and composition of this type of waste water are available

from an E.P.A. survey conducted in the U.S.A.[7], where 2.440.000 tanker cleaning

operations were performed in 1998. In these operations, a total amount of 20.779.650
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tonnes of waste water was produced. Of all tank cleaning operations performed in the

U.S.A. in 1998, 87% involved the cleaning of trucks and only 1,5% involved cleaning

ships. In the Netherlands the relative share of truck transport in the total amount of

transport is much smaller, as relatively more transferred cargo is transported by ship here

(mainly because of the presence of the large ports of Amsterdam and Rotterdam, as

explained in section 1.1). Figure 1.2 shows the division for oil and oil products amongst

the different transport modalities in both countries. As ships are cleaned so much less

frequent compared to trucks that results in relatively around 33% less waste water from

truck cleaning operations and about double the relative share of waste water from ship

cleaning operations in the Netherlands when compared to the U.S.A.

Cleaning operations are usually performed by washing the inside of the storage

compartment using a detergent or another dissolving liquid, followed by air drying using

heated compressed air. In most cases (85%) a detergent solution is used in the cleaning

operation, but caustic solution washes occurred very frequently as well, being applied in

66% of the cleaning operations. As tanker cleaning operations vary widely depending on

matters like: type of tanker generally cleaned (truck, train, ship), type of cargo usually

involved (chemicals, oils, food) and operational structure of the cleaning facility

(independent company, carrier company, shipper or building / leasing company) it is

almost impossible to define the composition of an average “tank cleaning effluent”.

Independent companies and carrier companies generate the most problematic waste

waters. The independent companies provide cleaning facilities for third parties, meaning

they have to handle large varieties of loads. Queries indicated tanks can be used to

transport more than 700 different kinds of cargo’s. Carrier companies, which provide a

transport service for third parties, either clean their fleet themselves or hire services from an

independent company for this. These companies too have to deal with greatly varying

waste water streams. Shippers (companies owning the transport media for their own

products) often have their tankers in dedicated service, transporting one type of cargo only,

and are therefore more likely to clean their tankers themselves. Due to the more constant

Netherlands

train

0.3%
truck

0.2%

ship

99.6%

U.S.A.
ship

98.8%

train

0.4%
truck

0.8%

Figure 1.2 Transport modalities for oil and oil derived products as used in the Netherlands and in

the U.S.A. In the U.S.A., cleaning of transport modalities for oil derived products accounts for

75% of the waste water generated in tank cleaning operations (data: Central Bureau of Statistics,

NL and Department of Transport, U.S.A.).
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composition of their waste water resulting from this mode of operation, less problems exist

for these companies with implementing biological treatment of the waste water.

A big difference in waste water composition is caused by the type of tanker predominantly

cleaned in a facility. Trucks, because of their visibility for the public and the associated

advertising value, are typically more often cleaned on the outside than trains or boats. This

exterior wash water is mixed with the waste water produced when cleaning the inside of

the tank (interior wash water), thus creating a more dilute waste water, with a higher

particle (soil) content. Rail tankers are, due to safety regulations, more regularly tested for

leaks. This typically takes place by hydro testing, and so large volumes of relatively clean

water are discharged here, creating a relatively dilute waste water stream. Barges are

typically rarely cleaned, and in that case only on the inside, either for maintenance, or

before another type of cargo is loaded. Thus the waste water from barge (ship) cleaning

operations is generally more concentrated, and poses the biggest treatment problems. Data

on the origin of the different types of waste water are visualised in Figure 1.3.

Exact figures on the amount of tank cleaning waste water in the Netherlands were not

available. The relative amount of shipped cargo is approximately the same here as in the

U.S.A. (Figure 1.2), but the relative amount of cargo transported by truck is significantly

less. From the data in Figure 1.3 it is clear that the biggest problem in the U.S.A. originates

from the waste water generated in tank truck cleaning. Even though tank trucks are more

often in dedicated service than ships or trains the versatility of the compounds (mostly che-

mical & petroleum transporting waste, but also a very significant part well biodegradable

food transporting waste) and the amounts of waste water from very different sources make

it difficult to give general characteristics of this waste water stream. Data on untreated

tanker cleaning waste water indicate the presence of several hundreds of identifiable
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Figure 1.3 Average origin of tank cleaning waste water in the U.S.A., sorted by operation source

and by transport modality[7].
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compounds. In the Netherlands, the number of products listed as being present in tanks

exceeded 6000 in 1990[6]. Of the products listed by the EPA as being presents in the

effluent several pesticides, several intermediate chain length alkanes, 1,1,1-trichloroethane

and methylene chloride contribute most significantly to the waste water treatment

problems, due to the amounts discharged and the toxicity of the specific compounds.

A small selection of compounds discharged (for more than 99% discharged on POTWs) in

the U.S.A. in 1998 is given in Table 1.1.

Table 1.1 Selection of discharges of organic and inorganic compounds by tanker cleaning facili-

ties in the U.S.A. (1998). Selection based on amount of compound discharged and LD50 value of

the compound. Discharges amount a total of 7.4 .106 m3.year-1 of waste water[7] .

Inorganic compounds ton/year Organic compounds ton/year

Suspended solids

Chromium

Copper

Nickel

Lead

Zinc

Aluminium

Borium

Calcium

Iron

Tin

Ammonia (as N)

Fluoride

Cyanide

2 230 000

7.00

1.05

0.23

0.07

4.59

29.05

11.61

4.87

46.23

40.87

3562.5

74.78

0.07

oil & grease

simazine

dicamba

terbutylazine

MCPA

( (2-Me-4-Cl-phenoxy) acetic acid )

MCPP

( 2-(2-Me-4-Cl-phenoxy)propanoic acid )

2,4-diaminotoluene

1,2-dichloroethane

1,1,1-trichloroethane

methylenechloride

tetrachloroethylene

acetone

acrylonitrile

benzene

benzoic acid

benzyl alcohol

biphenyl

bis-2-ethylhexylphthalate

ethylbenzene

hexanoic acid

m-xylene

methyl ethyl ketone

methyl isobutyl ketone

n-alkanes

naphthalene

p-xylene

styrene

toluene

1 000 000

0.470

0.00091

0.090

2.09

0.91

0.59

1.95

2.56

40.38

4.45

116.35

14.83

1.81

2764

0.02

0.26

1.96

2.64

64047

7.70

44.45

13.67

40

8.35

4.17

31.74

8.44
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The biodegradability (measured as the ratio between the 5-day biological oxygen demand

and chemical oxygen demand) of the untreated waste water ranges between 0.15 and

0.40, depending on the origin of the waste water. Until now, no real solution has been

found for the treatment of these waste waters that is both technically and economically

feasible. Problems with the treatment of tanker cleaning waste water are therefore found in

many countries. The EPA study showed that treatment of the waste water from this industry

is mostly done by physical / chemical techniques, with settling, pH adjustment,

equalisation, oil / water separation and sludge dewatering as the most important treatment

options[7]. Options to reduce the waste water treatment problems in this industry are (i)

using dedicated tankers as much as possible, thus reducing the need for tank cleaning, (ii)

reducing heel volumes by more efficient tank design (optimised for complete draining) and

(iii) reduce wash water amounts by recycling wash water.

1.2.2. Pharmaceutical Industry Waste Water

Pharmaceutical products are specialty chemicals, produced in relatively small amounts, in

many cases in batch processes. In 1998, more than 110 000 pharmaceutical products were

available on the market (veterinary products included), divided in three categories:

patented drugs, generic drugs (drugs of which the patent has expired) and over-the-counter

drugs[32]. The consumer dosage forms of these drugs generally contain only a small amount

of the biologically active component, together with a bigger amount of filler or solvent,

used to produce a tablet, capsule, liquid or ointment. In the U.S.A., 286 facilities, owned

by approximately 250 companies, discharged waste water from the production of pharma-

ceutical products in 1995[32]. These facilities can produce anything from a dozen to

hundreds of active ingredients for use in drug formulation. Apart from waste water from the

production process, waste water from R&D activities will also be produced.

The biologically active compounds can be produced by fermentation processes (mainly

antibiotics and steroids) and by extraction processes (a number of anti-cancer agents). The

most frequently used technique, however, is chemical synthesis[33]. The classical organic

synthesis of most active ingredients implies batch reactions and discontinuous discharge of

waste water. The synthetic techniques implied, and the high purity required, result in

relatively high amounts of organic waste (ranging between 16 kg COD/kg product for

Mephenoxalone production[29] and 1298 kg COD/kg product for Omeprazole produc-

tion1[29]). This organic waste varies strongly in composition as a result of the different

synthetic routes involved[34]. Major components in pharmaceutical industry waste water are

                                            

1 Chemical Oxygen Demand: the amount of oxygen needed to convert all material to inorganic compounds

like H2O, CO2, HNO3 and H2SO4.
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organic solvents like 2-methoxyethanol, dichloromethane, chloroform, hexane, acetone

and ethylacetate, and salts like sulphate and nitrate[29]. However, due to the nature of the

production process the resulting waste water will also contain smaller quantities of a great

variety of biologically active compounds. The biodegradability of the active compounds

varies widely, as shown in a review by Halling-Sørensen[35], and ranges between complete

biodegradability and high toxicity. As a matter of fact, some of the compounds are

synthesised specifically because of their biocidal effect and these compounds will be very

resistant to biological treatment[29, 36, 37], although in some other cases, paracetamol and

bromazepam / diclofenac production for instance, the waste water turns out to be well

biodegradable[29, 34].

When looking at the origin of the pharmaceutical waste water it is clear that the largest

portion, accounting for 90% of the waste water produced in this industry is also one of the

more poorly biodegradable waste water streams. This portion originates from fermenting

and synthesis operations, categories “A”, “C” and “A&C” in Figure 1.4. The biodegradabili-

ty of this biggest and least biodegradable part of the generated wastewater, expressed as

the ratio of the Biological Oxygen Demand (measured as a 5-day oxygen consumption) to

the Chemical Oxygen Demand (BOD5/COD) is 0.41.

To improve the efficiency of the biological treatment of these waste waters, some physical

or chemical pre-treatment has to be applied. Activated carbon filtration is an option, but

this technique is costly and produces large amounts of spent activated carbon filter material

that has to be incinerated or dumped. Membrane filtration is another option, but after

treatment a concentrated and highly toxic rejection water remains that has to be treated[38].

Therefore, oxidation of the wastewater by techniques like wet oxidation[36] or ozone

oxidation[39, 40] may be a viable alternative.

Ozone oxidation has been shown to be effective in improving the biodegradability of

waste waters containing residues of cytostatics, mostly nitrogen-containing nucleobases

Biodegradability of produced waste
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Figure 1.4 Origin and biodegradability of pharmaceutical industry waste water[33].
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like fluorouracil, methothrexate and azathioprine (Figure 1.5)[39], but turned out to be

ineffective in the treatment of the waste water discharged from mephenoxalone

production[29]. The preservative 1,1,1-trichloro-2-methyl-2-propanol could be oxidised

effectively in model waste water, but oxidation of this compound in a sample of

pharmaceutical industry waste water failed to be effective because of competitive ozone

oxidation of other organic solutes[40].

A more robust solution to the problem of treating waste waters as produced in the pharma-

ceutical industry was given by Stern[41] who developed a continuous ozone oxidation / ae-

robic biological treatment system. This system showed adaptation of the biomass, much

like the situation shown by Krull degrading a textile industry wastewater[42], when changes

in the influent occurred and a high removal efficiency could be maintained while dealing

with varying influents containing pyridine derivatives. A drawback of the system however

is the large equalisation tank used in the design.

Adaptation of a biological waste water treatment system to compounds in its influent does

not guarantee complete removal of these compounds though, as evidenced by the

observation that residues from popular drugs like Ibuprofen  and diclofenac could be

shown in the effluents of waste water treatment plants in Brazil[43] and Denmark[44].

1.2.3. Textile Industry waste water

The textile industry is characterised by a relatively high specific water consumption (water

consumption related to production capacity)[45] and a resulting high volume of waste water

discharges. In the industry, several processes generate waste streams. Amount and compo-

sition of the waste water depend on the process used, and on the type of fibre (wool,

cotton, nylon) processed. Quantities and composition of the waste water varies widely, and

amounts ranging from 40 m3 - 300 m3 may be discharged per ton product[45]. In the

processing of the textile, fibres are treated with different organic compounds (sizing and
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1

10

desizing agents) to improve mechanical properties, and many thousands of different dyes

are used for colouring the product. The difficulties with the treatment of the waste water

mostly arise from the presence of the wide variety of dyes (hundreds of different dyes

exist), and the fact that these are often used in batch printing processes. Further, additives

like organic phosphates are added to improve the quality of the process water (softening)

and large amounts of non-ionic surfactants and salts can be found in the textile industry

waste waters as well[46, 47]. This results in the discharge of a wide range of hardly biode-

gradable organic compounds, together with a significant load of suspended solids (fibre

residuals of the processed textile products).

As was shown recently in an extensive review[48], the bulk of the dyes ending up in the

waste water belongs to the group of azo-dyes[48, 49], a large family of compounds all

consisting of two aromatic moieties, connected with a -N=N- double bond (Figure 1.6).

Most of these dyes are not biodegradable in aerobic processes[50]. Anaerobic treatment is

possible though and results in reductive scission of the -N=N- double bond and hence

decolourization. The success of this first step is found to depend on the substituent groups

present (R en R’ in Figure 1.6)[51].

Further anaerobic degradation of the aromatic amines that are formed in the first degrada-

tion step is extremely difficult though, and suffers from the same problems as experienced

with the other types of waste waters: due to the large variations in dyes present in the

waste water adaptation of the biomass to the many different compounds that are only

present during short periods of time is difficult to achieve[52, 53]. Sequential treatment by

either chemical oxidation - aerobic degradation or anaerobic - aerobic degradation will

therefore offer a more reliable solution[42]. When the two step chemical oxidative - aerobic

process is chosen, the oxidation step will have to be designed in such a way that only -

N=N- bond scission occurs, and biodegradable compounds remain unoxidised. Good

results with the application of ozone oxidation for the treatment of textile industry waste

water[54, 55] and for the treatment of paper machine waste water containing comparable

compounds[50] have already been obtained. These results show that colour removal occurs

faster than COD removal[55]. This is in agreement with the expectations, as from a chemical

point of view the azo-linkage is the easiest oxidisable part of the dyes, and therefore

transformation of the azo-linkage, leading to decolourisation, is the preferred reaction.

N N

R R'

N N

R R'

Figure 1.6 Azo-dyes (general structure).
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1.3. Aspects of Biodegradability

The selective elimination of toxic or non-biodegradable compounds from an often complex

mixture like waste water is only possible when these compounds have some characteristic

physical or chemical property that distinguishes them from the non-toxic or more easily

biodegradable compounds. Examples of such physical / chemical properties may be

hydrophobicity (octanol-water partition coefficient, log Pow), acidity (pKA), or less easily

measured properties like steric hindrance (Taft parameter[56-58]), energy of the highest

occupied molecular orbital (HOMO)[59, 60], polarizability[61], molecular volume or oxidation

potential. When the value of one of the properties of a non-biodegradable or toxic

compound in a mixture deviates significantly from the value of the same property of the

biodegradable compounds present, the compound can be discriminated from the other

compounds and removed selectively by a process suitable to select by the chosen

parameter. When for example the most persistent compounds in a specific waste water

turn out to be the ones with the highest octanol / water partitioning coefficients,

liquid / liquid extraction with an apolar solvent may be a suitable and selective

detoxification technique for pre-treatment of this waste water.

This means insight has to be gained in two relations: (i) what physical / chemical parameter

corresponds to toxicity or persistence of organic compounds like the ones that may be

expected in the targeted waste water and (ii) can relationships be established between the

kinetics shown in an oxidation process and the parameter mentioned under (i).

In order to get quantitative insight in the relations between toxicity or persistence and such

physical or chemical parameters a literature study was done. Data from numerous

sources[62] were combined to obtain structure-reactivity relationships. From these data, it

was shown that toxicity is often connected to the octanol / water partitioning coefficient.

More hydrophobic compounds (characterised by higher log Pow values) tend to be more

toxic than hydrophilic compounds, as can be seen by plotting their respective IC50 or LD50

concentrations (concentrations inhibiting or killing 50% of the exposed test-organisms

respectively)[63, 64] versus the log Pow (Figure 1.7). These conclusions were also given in

papers by Sikkema[65] and Laane[66].

Organic compounds with moderate log Pow values tend to accumulate in the cell

membranes, thus preventing them from functioning properly. As a result, the cell may

become inactive and die, as shown by De Smet[67]. A more thorough discussion of the

mechanism of toxicity of organic compounds to micro-organisms is given elsewhere[68].
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Toxicity however is also connected to the degree to which the compound is taken up by

organisms. In order to show toxic effects, a compound not only has to be present in the

medium. The compound also has to enter (part of) the organism in order to express these

toxic effects. If a compound is toxic for an organism, but is not taken up by any part of this

organism, this toxicity will be barely visible. For bacteria and other micro-organisms (yeast,

fungi) this usually means a compound has to be able to pass the cell-membrane barrier in

order to show toxic effects. This ability of a compound to pass the cell membrane can also

be related to the octanol / water partitioning coefficient, and the degree to which a com-

pound is taken up by biomass (and thus concentrated in the biomass relative to the con-

centration in the surrounding solution) can be expressed as the ‘Bioconcentration Factor’

(KBio)[70]. This factor has a maximum for compounds with a log Pow around 5-6 Figure 1.8).

Correlating the expected toxicity of waste water constituents to the octanol / water

partitioning coefficient is thus possible to a certain extent. Unfortunately, the reactivity of a
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compound in an oxidation process, as for instance represented by the log of the first order

reaction rate constant of the reaction of the compound with ozone (log kozone), is hardly

related to its octanol / water partitioning coefficient, as can be seen by the scatter in the

data represented in Figure 1.9. Hence, unfortunately, this relation between toxicity and

log Kow has little practical value for the design of a chemical waste water treatment process.

A better parameter to use for predicting oxidation rates would be the Hammett sigma para-

meter (σ, to be explained in chapter 4), or the oxidation potential (Eox), as these parameters

have been shown to correlate to oxidation rate constants, for instance for chlorination[74],

for oxidation with potassium permanganate[75] and for oxidation with singlet oxygen (1O2,

an oxygen molecule with, as a result of irradiation, an increased reactivity)[76]. Only few re-

ferences to a relation between toxicity and these parameters have been found though[77, 78].

A useful observation is the fact that during oxidation of organic compounds hydroxyl- or

carboxyl groups are introduced into the molecule[79]. This tends to lower the log Pow of the

compound[80], and so oxidation of organic waste water constituents may generally be

expected to lead to a decrease of toxicity. Oxidation may therefore turn out to be a

practical detoxification technique. Studies of the effect of ozone oxidation of waste water

components indeed show an increased biodegradability of the mixture after ozone

oxidation[8, 18, 28, 81-84], although in some cases the opposite was noticed as well[82]. Unfortu-

nately, a lot remains unknown about the exact effects of ozone oxidation on the organic

compounds present as only in a few cases in literature the complete degradation pathway

of the oxidised organic compounds could be elucidated[85-88]. The analysis of intermediate

products by GC-MS, needed for this, is often complicated by the high water solubility of

these compounds[89]. LC-MS, promises to offer many advantages in studying degradation

mechanisms as it is more suitable for detecting highly polar and water soluble compounds.
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Figure 1.9 Plot of the logarithm of the first-order reaction rate constants of ozone-oxidation of a

number of organic compounds versus the log Pow for these compounds[62, 72, 73].
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However, the technique is relatively new and has yet been applied only on a limited

scale[88, 90].

1.4. Scope of this thesis

As was pointed out in the previous chapters, waste water from several different types of

economical activity, amongst which the tanker cleaning industry, can not be treated

efficiently by conventional or advanced biological techniques. Advanced Oxidation

Processes (AOPs) can be suitable for the treatment of such complex waste waters[1]. As

these oxidation processes often lead to improved biodegradability of the effluent[8, 81, 91] and

they are able to degrade most organic compounds, they can serve as robust pre-treatment

techniques.

Many different types of Advanced Oxidation Processes have been developed in the last

decade, ranging from oxidation by H2O2 to processes like sonolysis and electron beam

irradiation. Of these, the processes deploying conventional oxidants like ozone and

hydrogen peroxide are most viable now, and thus the research was concentrated on these

processes.

Based on the considerations given above, the objective of the presented work is to provide

a strategy and the necessary data, needed for the design of an oxidation process using

combinations of ozone, hydrogen peroxide and UV irradiation. This process then has to

serve as a pre-treatment step for the treatment of poorly biodegradable waste waters like

the ones specified in paragraph 1.2.

Using combinations of ozone, hydrogen peroxide and UV illumination, several Advanced

Oxidation Processes can be realised. Hydrogen peroxide, having less oxidative power than

ozone (E0,H2O2= 1.35 V, E0,O3 = 1.66 V), usually requires UV illumination, to convert the

H2O2 into the more reactive hydroxyl radical. UV light however only has a very small

penetration depth in concentrated solutions like the targeted waste waters, making the

combination H2O2/UV less suitable for this application. Thus the research has been focused

on those processes in which ozone, described in chapter 2, is the primary oxidant.

Due to the high costs involved in the application of this oxidant the main goal is to

optimise the oxidation process for a minimal ozone consumption. As was indicated, most

waste waters will contain considerable amounts of biodegradable compounds, next to the

toxic or persistent (non-biodegradable) compounds that have to be removed. These

compounds of course should remain unoxidised as much as possible. To reach this goal

the selectivity of the oxidation reactions has to be controlled, in order to minimise oxidant

losses to unwanted side reactions. A start was made by investigating the effect of the

oxidation on the biodegradability of the resulting effluent under different conditions
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(chapters 3 and 4). Further, it was necessary to gain some insight in toxicity and to learn

how toxic compounds can be distinguished physically or chemically from the less harmful

compounds present. Which harmful and less harmful compounds are present depends

heavily on the origin of the waste water, so information about the wastewater composition

had to be collected (paragraphs 1.2) as well as information about the characteristics of toxic

or non-biodegradable pollutants  (paragraph 1.3).

Although numerous studies have appeared describing the (im)possibility to degrade com-

pound X or Y in an oxidation process, not too much attention had yet been paid to

quantifying the relative rates of oxidation under different circumstances in a systematic

way. To overcome the problem of having to do experiments with every possible single

compound in the influent, a rational approach was chosen in which it was tried to establish

simple relationships between easily obtainable molecular parameters and reaction kinetics.

This should lead to simple structure-activity relationships, comparable to those given in

literature for other oxidation processes[60, 92]. Thus, efforts are focused on obtaining

quantitative structure-reactivity relationships that can be used in predicting process

performance. These relationships then can have a use in quantitatively describing the effect

of changing process parameters on the oxidation selectivity (chapter 5).

Depending on the kinetic regime (first, second or mixed order) a specific reactor set-up

may prove to be the most efficient for optimising the oxidant consumption in the system,

especially in the case ozone is the main oxidant. This as a result of the low solubility of

ozone (chapter 2), imposing some limitations on the reactor design. Therefore another aim

was to design a reactor set-up suitable for the oxidation process, taking likely reaction rates

and mass transfer limitations of compounds present in the specific waste system into

account. In chapters 6 and 7 a mechanistic model was elaborated on to quantify the effect

of process conditions and reactor configuration on the ozone oxidation selectivity and the

ozone consumption.

After these parts, in which the effects of process parameters on reaction rates and selectivity

in simple model waste waters are studied and modelled, the effect of salts and detergents,

as present in actual waste waters, are studied in chapter 8. In this way it is verified whether

results obtained in laboratory experiments can be translated to more practical situations as

well.

With the data obtained, a simple set-up consisting of two lab-scale CSTRs was modelled

and built, and tests with this lab scale plant were performed. Conclusions were drawn by

relating the research findings to the demands made by the waste water characteristics.





2. OZONE: PROPERTIES AND REACTIVITY

2.1. Abstract

zone, an allotrope of oxygen, is a strongly oxidative gas. Proper-

ties like this strong oxidative power and the fact that it leaves no

residuals in water other than oxygen make it useful in the field of

treatment of waste water and potable water. Because of this, ozone is applied

in these fields since the end of the 19th century.

In this chapter the properties of this special molecule are discussed, as well

as its reactivity in aqueous solution. It is shown that, depending on the

reaction conditions, different reaction types involving ozone, solvent and

solutes can be observed.

One of the most important observations regarding ozone in aqueous media is

that secondary oxidants may be derived from ozone (the primary oxidant)

and that these oxidants may affect both the type of products formed and the

kinetics of the ozone oxidation. To complement the information on ozone, a

short outline is given of the properties of the most important secondary

oxidants (mainly radicals) that can be found in aqueous solutions containing

ozone.

Based on the physical and chemical characteristics of ozone and the

secondary oxidants, it is explained what selectivity may be expected from

reactions in an ozone-based reaction system. This selectivity varies between

that of an electrophilic reagent when the less reactive ozone is the main

oxidant, and the non-selectivity of a very reactive reagent when the hydroxyl

radical is the main oxidant.

The fundamental knowledge provided in this chapter will be necessary to

understand and quantify the processes taking place during oxidation of

pollutants in waste water, as can be seen in the following chapters.

O
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2.2. Introduction

In 1839, the Swiss chemist Christian Friedrich Schoenbein discovered a molecule that was

an allotrope of oxygen, yet had completely different characteristics. This molecule was

baptised ‘ozone’, the word coming from the Greek ‘ozein’ meaning ‘smelling’, because of

the characteristic smell[93]. The ozone molecule, O3 ( CAS number [10028-15-6] ), is

composed of three oxygen atoms, and possesses a special reactivity. Under normal

conditions it is a gaseous compound (boiling point at 1 atm. is -111.9° C, critical

temperature Tc is -12.0° C) with a pale blue colour. It is quite an unstable compound, and

due to this instability ozone is almost always found as part of a mixture of oxygen and

ozone. The instability of ozone is reflected in the high positive standard Gibbs free energy

of formation of ∆Gº
f  = 163.14 kJ.mol-1 (∆Hº

f = 142.67 kJ.mol-1, ∆Sº = -69.9 J.mol-1.K-1 [94,

95]). As a result of this instability, the molecule is highly reactive, having a high reduction

potential of 2.07 V under acidic conditions and 1.24 V under basic conditions2[96].

In its ground state, the ozone molecule is made up of three oxygen atoms, having a bond

angle of 116°45’ and two oxygen-oxygen bonds with a length of 1.278 Å (compared to a

single O-O bond length of 1.480 Å and a double O=O bond length of 1.208 Å.) The π-

electrons are almost evenly distributed over the molecule but the exterior atoms have a

slight excess of electron density over the central atom. This results in a small dipole

moment of µ = 0.53 D[97], and also means that the ozone molecule can be seen as the

hybrid of a number of resonance structures, as shown in Figure 2.1.

As a result of this, ozone can react as a dipole (as seen in the Criegee reaction mechanism,

Figure 2.5) or as a ‘diradical’ capable of an electrophilic attack, as known for the reaction

of ozone with numerous aromatic compounds (Figure 2.4).

The UV/VIS spectrum of ozone is characterised by a peak at  258.7 nm (260 nm in aqeous

solution), and an extinction coefficient at this wavelength of ε258.7 = 2950 M-1.cm-1. This ab-

sorption at 258.7 nm is used in many techniques for monitoring gaseous ozone concentra-

tions. In aqueous solutions, quantification of the ozone concentration using this absorption
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Figure 2.1 Resonance structures of ozone.
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band is only possible if no interfering compounds (especially aromatic compounds) are

present. In cases when measuring the ozone concentration using the UV absorption is not

possible, the indigo method[98, 99] or electrochemical methods[100] can be applied.

A further characteristic of ozone is its low solubility in water, although ozone is still several

times more soluble than oxygen. However, this solubility has to be considered in relation

to the high reactivity of the ozone. As a result, mass transfer may play a significant role in

the kinetics of ozone oxidation processes[101-104].

The water solubility of any gas can be correlated to the partial pressure of this gas in

equilibrium with the solution as defined in equation 2.1, where [gas]° is the equilibrium

concentration of the gas, pgas its partial pressure and H its Henry’s law constant.

[ ]
gas

o

pHgas =× (2.1)

The water solubility of ozone (as related to its Henry’s law constant H) turns out to be

difficult to determine. In fact, no real thermodynamic equilibrium as required by the

definition of the Henry’s law constant exists, only a situation in which, next to the ozone

dissolution equilibrium, ozone decomposition takes place. (the mechanism of this

decomposition is discussed in more detail in paragraph 2.4).

Due to this self-decomposition of ozone, the concentration of dissolved ozone in

equilibrium with a gas phase containing ozone at a certain partial pressure will also be

affected by the parameters that determine the ozone self-decomposition. This self

decomposition is most noticeably catalysed by OH- and is also affected by some salts.

Thus, a quasi-equilibrium exists in which ozone self-decomposition is balanced with ozone

transport over the gas-liquid interface.

Consistent solubility data were only obtained when this was taken into account, as was

done by Jakob[105] or Kosak[106]. Reliable data are given in Table2.1[105-107]. Like most gases,

ozone becomes less soluble with increasing temperature.

As a result of the self-decomposition, the gas/liquid partitioning of ozone will not only be a

Temp. (°C) H (M.atm-1) [O3] (mg.l-1) (PO3=0.05 atm)
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0.0223
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0.0076

0.0049

0.0033

53.5

30.1

18.2

11.7

7.9

Table 2.1 Values for Henry’s constant of ozone, as determined by Kosak-Channing[106].
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function of temperature, but of pH and ionic strength as well[108]. Under conditions where

ozone dissociation is significant compared to the mass transfer over the gas-liquid interface,

the observed  partitioning coefficient H’ will deviate significantly from the Henry’s law

coefficient. As in the past this effect had been overlooked or ignored by numerous

researchers, many different figures can be found for H at a given temperature[95, 107, 109]. A

good estimation of the partitioning coefficient H’ can be made using the Roth-Sullivan

equation (equation 2.2)[103].

( )
T

2428
035.07

e]OH[10.842.3'H
−−=  atm.M-1 (2.2)

Sotelo et al. suggested an even more extensive equation in which also a correction for

ionic strength is taken into account, but the ozone solubility as calculated with this

equation is only significantly different from the solubility calculated with equation 2.2 at

high salt concentrations[108]. A more fundamental approach to the effect of salts on ozone

solubility is given by Rischbieter[110].

2.3. The production of ozone

Ozone can be produced in several ways. In literature, production of ozone by electrical

discharge[19, 93, 111], UV-illumination of oxygen[112, 113] and electrolysis [114] is reported. In prac-

tical situations however, ozone is always produced from oxygen (or air) by means of an

electrical discharge, known as the Siemens process[94]. In this process, very much resem-

bling the natural synthesis of ozone from air by electrical discharges in the atmosphere

(lightning, hence the image on the cover page), a high voltage of high frequency is applied

to a flow of dry air or oxygen passing through a corona discharge tube[115-117]. A typical

example of an industrial ozone generator is shown in Figure 2.2: in this generator, oxygen

is fed into the pre-chamber, located directly behind the door (as shown in the inserted

picture) and then flows to a collection chamber through a large number of narrow parallel

pipes: the corona discharge tubes.

Figure 2.2 Ozone generator outside and inside (inset), showing the corona discharge tubes.
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The electrical discharge in the tubes results in dissociation of oxygen molecules and

recombination of the formed oxygen atoms with oxygen molecules yielding ozone,

according to equations 2.3 and 2.4 below:[118]

O2 2 O ∆G = 495 kJ.mol-1 (2.3)

O + O2 + M  O3 + M (2.4)

In these reactions M represents a third collision partner, absorbing the excess energy. The

theoretical maximum efficiency of this reaction can be determined using the energy of

formation of ozone and is 1.22 kg O3/kWh[119]. However, the reactions of the oxygen atom

are basically a stochastically determined process, the result of which is determined by what

species are available for reaction, and part of the energy input is lost due to unavoidable

side reactions as shown in equations 2.5 (non-productive) and 2.6 (counter-productive).

Thus, the generation process has to be considered a kinetic equilibrium.

O + O + M  O2 + M (2.5)

O + O3  2 O2 (2.6)

As is the case with all equilibria the ozone formation will have a limited maximum yield as

determined by the ratio of reaction rate constants. Ozone generators nowadays reach an

efficiency of around 0.05 kg O3/kWh to 0.125 kg O3/kWh, depending on whether air or

pure oxygen is used for ozone generation[109]. There are a few factors affecting the

efficiency of the generation process, of which the most important are: operating pressure

and temperature, flow velocity, feed gas humidity, electrical power applied, and frequency

of the applied high voltage[111, 119-122]. Increasing the frequency decreases ozone yield (as a

function of power input), but increases the ozone concentration in the outgoing gas.

Cooling down the gas mixture slows down reaction 2.6 more than reactions 2.4 and thus

shifts the equilibrium of the endothermic ozone formation reaction

(∆Gº
f  = 163.14 kJ.mol-1) to the right resulting in a higher ozone concentration (Figure 2.3).
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Figure 2.3 Ozone formation/decomposition equilibrium as a function of temperature[94].
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The ozone concentration in the product gas also has an optimum for a specific power

input: a higher than optimal power input will lead to an increased ozone dissociation and

hence to a lower ozone production. This means the generator tubes have to be cooled and

power input has to be controlled when high efficiencies are pursued. More efficient

generator design has led to higher generator efficiencies, and nowadays it is possible to

reach ozone concentrations of up to 10 % in the product gas when using air, and up to

16% when using oxygen[111].

Another improvement involves the design of the discharge tubes, that generally consist of a

metal (the electrode) covered glass (the diëlectricum) tube. Traditionally glass tubes

chemically plated with aluminium were used but a gas-sputtered stainless steel layer has

proven to be superior, significantly lowering maintenance costs and generator performance

decline in time[116].

2.4. The chemistry of ozone

Due to its highly reactive nature, ozone is being used for water treatment since the late 19th

century[123]. In 1903, a drinking water treatment plant was built in Niagara Falls (U.S.A.)[124].

Since then, more and more of the principles of ozone oxidation are understood and many

more plants, designed more efficiently than this very first one, have started operation[109, 123,

125]. In spite of the big successes with the implementation of ozone oxidation processes for

the treatment of water that is already relatively clean (like drinking water[123, 125-129],

swimming pool water[125, 127, 128, 130] and process water for the semiconductor industry[124, 131]),

a lot more research is needed before a cost effective implementation of ozone oxidation for

more complex types of waste water is possible.

Ozone will react directly with an organic compound by means of an electrophilic attack[72,

132], both in the Criegee mechanism (Figure 2.5) and in the alternative mechanism for the

oxidation of aromatic rings (Figure 2.4). In the Criegee mechanism a cycloaddition product

(A, Figure 2.5) is formed that after ringopening and rearrangement yields the intermediate

ozonide (B, Figure 2.5). Between these, an aldehyde (C, Figure 2.5) and the zwitterionic

intermediate (D, Figure 2.5) are formed. From here, in aqueous solution the intermediate E

may be formed, that further reacts to yield the corresponding carboxylic acids, alcohols or

aldehydes[22]. In the reaction with aromatic compounds, an addition takes place rather than

a cycloaddition, and after elimination of oxygen, the phenolic reaction product is formed.

After formation of a hydroquinone, further oxidation yields a quinone which, following

reaction according to the Criegee mechanism, will yield ring-opened products.
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The initial step of the Criegee reaction mechanism being an electrophilic attack implies

that compounds which have a specific region with a high π-electron density will react

faster with ozone than compounds lacking such a specific region. Examples of such

compounds are amines, phenols, azo-dyes and alkenes.

Generally, ozone will be very reactive towards compounds incorporating one or more

double bonds and conjugated electron-releasing substituents. The substituent pattern on

the organic compounds has a strong effect on the reaction rates of these compounds, by

raising or lowering the energy of activation of the reaction, as shown for the oxidation of a

series of substituted stilbenes[132]. The selectivity appears to be independent of temperature,

and is not extremely large in this case where the energy of activation of the reaction

(around 48 kJ.mole-1, compared to for instance 30 kJ.mole-1 for phenols[135], see also chapter

3) is fairly large. Studies to quantify this selectivity were amongst others performed by

Decoret (using phenol, benzaldehyde and acetophenone)[97] and Hoigné[72].

Selective oxidation of specific pollutants belonging to groups of compounds that are very

reactive towards ozone was demonstrated by, amongst others, Laari (selectively removing

Lipophilic Wood Extractives from thermo-mechanical pulp processing waters)[136] and Roy

Arcand (selectively removing resins and fatty acids from a chemical / thermo mechanical

paper pulp mill)[137].
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2.5. The chemistry of ozone-derived radicals

Already in the 1930s it was noted that the reaction kinetics of ozone oxidation processes

did not in all cases show the simple first order kinetics (combined with possible mass trans-

fer limitations) that would be expected for the reaction mechanisms given in paragraph

2.4[138]. Also reaction products showed that a second mechanism had to be taken into

account, identifying a number of secondary oxidants. A great step forward in the under-

standing of the ozone-oxidation process was made in the late seventies and early eighties,

when the group of Prof. Jurg Hoigné from Switzerland investigated in great detail the me-

chanism of ozone decomposition in water [21, 139-141]. Their studies, based on earlier studies

like those done by Weiss[142], gave insight in the complex reaction schemes that are

followed when ozone decomposes in aqueous solution. Careful choice of different test

compounds to identify and quantify the different radical reactions involved in the process

enabled this group to quantify reaction rates and draw important mechanistic conclusions

that still hold[22, 143]. The data gathered with these experiments are still considered a

benchmark in the experimental knowledge of ozone-related processes. It turns out that

there are three main pathways for ozone decomposition in water, initiated by reaction with

the hydroxyl anion (OH-)[141, 144], the hydroperoxyl anion (HOO-)[141, 144] and by UV

illumination[19] respectively.

The decomposition of ozone by UV illumination is the most easy to describe. Basically, a

photon breaks an O-O bond in the ozone molecule, producing oxygen (O2) and an oxygen

atom (O), reversing reaction 2.4 in the way shown in equation 2.7. This oxygen atom

reacts with a water molecule to yield two hydroxyl radicals[145, 146].

O3 + hν (λ < 310 nm)  O2 + O (2.7)

O + H2O 2 HO• (2.8)

The OH- and HOO- initiated decomposition reactions start with the attack of one of these

anions on an ozone molecule (reactions 2.9 and 2.10[144]), yielding two intermediate

radicals: the superoxide radical anion (O2
• -) and the ozonide radical anion (O3

• -). Of these

reactions, reaction 2.10, being an electron transfer reaction, is much faster than the

‘normal’ reaction of ozone with the hydroxyl anion (reaction 2.9) as can be seen from the

reaction rate constants k:

O3 + OH- O2
• - + HO2

• k = 70 M-1 s-1 (2.9)

O3 + HOO- O3
• - + HO2

• k = 2.8 .106 M-1 s-1 (2.10)

Thus in spite of the abundance of OH- in aqueous solution, the decomposition of ozone in

Advanced Oxidation Processes will be usually be initiated by reaction 2.10., depending on
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pH and hydrogen peroxide concentration. In Figure 2.6 the main species responsible for

initiating ozone decomposition (for >90%), as a function of pH and initial hydrogen

peroxide concentration is indicated. It can be seen that even at very low concentrations of

hydrogen peroxide reaction 2.10 will be the main decomposition pathway for ozone.

Given the fact that during ozone decomposition small amounts of hydrogen peroxide are

formed as a side product the auto-catalytic ozone decomposition kinetics that were

observed in the past are partially explained.

After the first decomposition reaction (either reaction 2.9 or reaction 2.10) a complex

sequence of reactions (elaborated on in more detail in chapter 6) takes place leading to the

net conversion of ozone to oxygen. The most important intermediates here are the

superoxide radical (O2
•-) and the hydroxyl radical (HO•). The sequences of reactions seem

quite complicated but the general mechanism of the ozone decomposition is easy to

understand, when drawing these chains of reactions in a circle-based diagram, like Figure

2.8 and Figure 2.9. An abstracted version of these diagrams is given in Figure 2.7.

From left to right the net reaction (2 O3  3 O2) is represented. This reaction however

only runs when radicals are present. Radicals are generated by initiation reactions (top) and

removed by termination reactions. The ratio of initiation to termination reactions
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Figure 2.6 Plot showing combinations of pH and initial hydrogen peroxide (H2O2) concentration

where either OH- or HOO- will be the species mainly responsible for ozone decomposition.
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Figure 2.7 Simplified representation of the ozone decomposition schemes as given in Figure 2.8

and Figure 2.9.
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(recombination of radicals to yield molecules) determines the total radical concentration in

the solution. In all schemes an arrow represents a reaction, double arrows indicate an

equilibrium.

The radicals that are found as intermediates in the ozone decomposition cycles (Figure 2.8

and Figure 2.9 give the overall scheme, a detailed description of the reactions making up

these cycles is given in chapter 6) are very reactive and turn out to be important secondary

oxidants that may be responsible for a significant part of the degradation of organic

compounds observed in ozone oxidation processes[147].
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composition of ozone (right)[144]. In both schemes every arrow indicates a reaction, and every

double arrows indicate an equilibrium. HOO- is the initiator of the reaction sequence on the right

as analogous to the situation with the water-derived conjugate base OH-, HOO- is the reacting

species in the case of the H2O2 - initiated decomposition of ozone. The mechanisms of the two

initiating reactions (reactions 2.9 and 2.10) however are different.
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The radicals formed in the decomposition of ozone will react by a different reaction

pathway than ozone or hydrogen peroxide itself, with concomitant differences in

degradation selectivity. As a result of this, directing the mechanism of oxidation is a

possibility for directing the selectivity of the oxidation process in a specific way.

The total radical concentration is determined by the rates at which radicals are formed

(“initiation reactions”) and removed (“termination reactions”). On a micro time scale (short

in comparison to the time needed for the degradation of organic compounds) a steady state

approximation can be made. In this case radical concentrations can be estimated when re-

levant reaction rate constants are known. In case of a dynamic system, solving the complex

set of differential equations that describes the oxidation process (see chapter 6) is

difficult[147], and only recently it has become possible without the expense of long

computing times[148, 149].

In general the concentrations of the radicals will be very low. Nevertheless, the high

reaction rate constants for the reactions of radicals with organic compounds can make the

contribution of radical reactions to the total degradation pathway significant. (Compare the

contribution of even very low HOO- concentrations to the ozone decomposition as

depicted in Figure 2.6). A first step in assessing the relevance of the different processes

involves calculation of the rate of the initiation reactions (radical formation reactions)

versus the rate of direct oxidation of the organic compounds by ozone.

The radicals formed as secondary oxidants, like the hydroxyl radical (HO•) and also the

superoxide-anion radical (O2
•-), are very reactive (reaction rate constants for their reactions

indicate almost diffusion-limited processes) but less specific in their mode of action. Both

still react as electrophiles although only with a very small preference for high-electron

density areas in target molecules. Partially due to the high reactivity the radicals hardly

show any selectivity in their reactions. This can be seen in Figure 7.1, where reaction rate

constants for both the direct and the radical reactions have been plotted, and in Figure 5.3,

where the selectivities of the reactions with the hydroxyl radical, singlet oxygen and ozone

are plotted. These observations imply that the selectivity of ozone based oxidation

processes might be changed by choosing the reaction conditions in such a way that the

major oxidant is either ozone or an ozone-derived secondary oxidant (one of the radicals

as shown in Figure 2.9), an implication that is elaborated in more detail in chapter 6.

Following the scheme in Figure 2.8, it can be seen that several options are available to

increase the relative importance of the radical processes. In the first place, radical reactions

can be promoted by increasing the rate of the initiation reactions, as can be achieved by

increasing the pH. Further, hydrogen peroxide may be added, as the anion of this

compound will strongly increase the rate of radical formation as seen in equation 2.10 and
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Figure 2.6. The role of hydrogen peroxide in the radical formation scheme is shown in the

right hand  scheme of Figure 2.8. One has to realise that due to the termination reaction in

which two HO•
-radicals combine to form H2O2, a small concentration of hydrogen

peroxide will always be present during an ozone oxidation process, thus causing the auto-

catalytic decomposition kinetics for the decay of ozone mentioned at the beginning of this

paragraph. Finally, the radical concentration may also be increased by blocking the

termination reactions (in which two radicals combine to a molecule). For this the presence

of radical scavengers has to be prevented.

After having shown the options for increasing the radical concentration to obtain a radical

based oxidation process it is clear in what ways an ozone-only process can be realised: in

this case initiation reactions have to be prevented (low pH, no UV-light, no hydrogen

peroxide) and termination reactions have to be stimulated (adding carbonate, phosphate or

organic hydroxyl radical scavengers like t-butanol).

Reactor design can help by manipulating the efficiency of the initiation reactions. For

example, the initiation reaction by the hydroperoxide anion may be limited by the rate of

hydrogen peroxide diffusion to the bubble surface. Thus, a direct reaction is favoured by a

high rate of ozone mass transfer and the radical initiation is favoured when mass transfer

limitations are imposed, as was shown by research of KIWA.[150]

As shown above radicals are (almost) always involved in ozone oxidation processes, as

they are the intermediates formed during the decomposition of ozone. The most important

radicals to be found in an ozone-containing solution are the hydroxyl-radical (HO•), the

superoxide radical (O2
•-) and the hydroperoxyl radical (HO2

•). Some characteristics (like

acidity constant, pKA, reduction potential, Ered, and energy of formation, ∆Gº
f ) of these and

a number of other relevant species are given in Table 2.2.

Table 2.2 Some characteristics of reactive species present during ozone decomposition.

species name pKA
[144] Ered

[151, 152]

(V, vs NHE)

∆Gb
f

(kJ.mol-1)

remarks

O3 ozone - 1.66a 163 electrophile

H2O2 hydrogen peroxide 11.8 1.35 a 139

HO• hydroxyl 11.9 2.32b 13 electrophile

HOO• hydroperoxyl 4.8 0.64 b

O2
• - superoxide - nucleophile

O• - oxide - 1.73 b 96 nucleophile

atwo-electron reduction potentials, bone-electron reduction potentials, in water at pH = 7, T = 25 oC.
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Even when the decomposition of ozone is fast (for instance in basic solutions) the steady-

state concentrations of these radicals will be very low, typically below 10-12 M, due to their

high reactivity[148]. Studies of the reactivity of radicals toward organic solutes are therefore

almost always performed in a solution in which the decay of ozone is not the main source

of radicals, and in which the reactivity of the radicals is not obscured by interfering ozone

oxidation reactions.

Most data regarding rates and mechanisms of radical reactions have been obtained by

pulse radiolysis experiments[151, 153]. When water is subjected to γ-irradiation, hydroxyl

radicals are formed by two succeeding reactions (equations 2.11 and 2.12). The amount of

radicals produced by a certain amount of radiation can be calculated from the so called G-

values[151].

H2O 
γ

H• + HO• (2.11.a)

H2O 
γ

H2O•+ + e- (2.11.b)

H2O•+ + H2O  HO• + H3O+ (2.12)

Hydroxyl radicals can also be produced by the Fenton reaction (reaction 2.13) or by

photolysis of H2O2.

Fe2+ + H2O2  Fe3+ + HO•  + OH- (2.13)

An illustration of the possible changes in selectivity is given in Figure 2.10, depicting the

relative rates of reaction of several

organic compounds with two

different radicals and with ozone.

As expected ozone is the most

selective oxidant (three orders of

magnitude between the reaction

rate constants for the slowest and

the fastest reaction) and O•- and

HO• are the least selective

oxidants. The reaction rate con-

stants for the reactions of the orga-

nic compounds with these radicals

vary only within one order of

magnitude. For a much larger

number of compounds this will

also be illustrated in Figure 7.1.
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Also noteworthy is that the hydroxyl radical is an electrophile, and will react with

alkylaromatics by addition to the aromatic centre. When the pH is increased to above 11.9,

its conjugate base (the oxide anion radical, O• -) will be present and this radical reacts as a

nucleophile[151], thus reacting with the opposite selectivity and abstracting a hydrogen atom

from an alkyl chain yielding a OH- -ion. It also reacts about 1.5 times slower than the

hydroxyl radical. Thus, this figure illustrates once more the impact of changing the reaction

conditions on the results of the oxidation reaction.



3. KINETIC AND MECHANISTIC ASPECTS OF THE OZONE-

OXIDATION OF CHLOROPHENOLS
➊

3.1. Abstract

n ozone-based Advanced Oxidation Processes (AOPs), ozone and

hydroxyl radicals are considered to be the active oxidants. The strong

oxidative action of these oxidants can generally convert most organic

compounds present in a waste water into carbon dioxide, water, etc.

To reduce the costs associated with the use of ozone, the efficiency of the

process has to be optimised. Partial oxidation of the pollutants is acceptable,

as only toxic or non-biodegradable components need to be oxidised. For

this, kinetic and mechanistic data are required. In this chapter the effect of

several different parameters (temperature, pH, UV irradiation and carbonate)

on the kinetics of the ozone oxidation is quantified by studying the

degradation of two chlorophenols and two benzoic acids by ozone. Of the

indicated parameters, the pH turns out to be the most important one,

affecting the process in two ways: it affects the stability of ozone, but also

determines the degree of ionisation (α) of the organic compounds. This

parameter α is of importance since the highly stabilised organic anions react

with ozone at much higher rates than their undissociated precursors.

Three reaction mechanisms are shown to play a role in the ozone / UV

oxidation of the chlorophenols. Apart from the direct oxidation by ozone, the

dominant reaction mechanism under the applied conditions, radical

oxidation and photolysis occur. A strong indication for the radical

mechanism is found in the decrease of the reaction rate in the presence of

carbonate, a well known radical scavenger. A further indication of the

involvement of a radical process is seen in the first step of the reaction of the

chlorophenols, which is dechlorination of the aromatic compound.

                                            
➊  Published in part in Water, Science and Technology[155]

I
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3.2. Introduction

3.2.1. General

Most economical activities generate waste products, ultimately resulting in emissions of a

wide range of compounds into soil, air and surface water. Since the introduction of the

'Surface Water Contamination Act' in the Netherlands in 1970, waste water treatment

technologies have been implemented here on a large scale. Nowadays, biological systems

are wide-spread and effectively used techniques for processing of waste water.

Nevertheless, treatment problems still occur in several branches of industry, as was shown

in paragraph 1.2.

Advanced Oxidation Processes, in which oxygen-containing radicals act as the active

reagents[19], might be a solution for the treatment of these types of waste waters. Advanced

oxidation processes are generally capable of converting the majority of contaminations

present to carbon dioxide, water, etc. The economic feasibility of the technique is limited

however as a result of the relatively high costs of the process. This is also the case when

ozone or hydrogen peroxide are involved and complete oxidation of all COD (Chemical

Oxygen Demand, see page 145) is required. To make a more efficient use of the applied

oxidant, selectivity has to be introduced into the system. The aim is to oxidise only the

compounds that are either toxic for the biological system or not biodegradable, and to

establish a partial instead of a full oxidation. Takahashi et al.[81], but other researchers as

well showed that this approach might work as the biodegradability of solutions of aromatic

compounds tended to increase upon oxidation with ozone[8, 79].

An appropriate choice of the reaction conditions is necessary to allow substrate selectivity

to occur, in which the toxic and persistent compounds present will be oxidised first. It

might also be necessary to introduce product selectivity, mainly to maintain a high

efficiency with respect to the oxidant. Introducing product selectivity might also be

necessary when one degradation product turns out to be more toxic than another.

3.2.2. Reaction mechanisms

Selectivity can only be directed when the relevant reaction mechanisms and the reaction

kinetics are known. The research carried out has therefore been focused on resolving the

different processes occurring during ozone oxidation, using the oxidation of two chloro-

aromatic compounds as the starting point.

From literature it is known that the degradation of organic compounds in an ozone / UV

process can follow a number of different pathways[156], for instance: direct photolysis, direct

oxidation by molecular ozone, and indirect oxidation by means of radicals, formed from
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molecular ozone, as indicated in chapter 2. Staehelin and Hoigné[141] have shown that the

hydroxide anion is an efficient promoter of radical formation from ozone. UV-irradiation of

ozone  causes photolysis of ozone and results in the generation of hydrogen peroxide[19],

which, combined with ozone, results in an increased hydroxyl-radical concentration

through the catalytic effect of the HOO--anion.

The first step in the direct oxidation (oxidation by the ozone molecule) of aromatic

compounds with ozone proceeds by hydroxylation of the aromatic ring, either by a

concerted or a polar mechanism as shown in Figure 3.1. According to this reaction

mechanism, substituents like alkyl groups or halide atoms are not affected[97].

Dehalogenation will then take place in a later step of the degradation.

The indirect oxidation, taking place by a radical mechanism, follows a different reaction

sequence. Now, a hydroxyl radical will attack the aromatic ring, as shown in Figure 3.2.

The chlorine atom will leave from the intermediate radical, as this is energetically more

favourable than breaking the C-OH bond. (The homolytic bond dissociation energy for a C-

Cl bond is approximately 42 kJ.mol-1 less than that for a C-OH bond[158]). From this

mechanism dehalogenation is expected to take place at approximately the same rate as the

rate of disappearance of the chloro-aromatic compound. A comparable reaction

mechanism was described for the ozone oxidation of p-nitrophenol[159].

Which process will dominate is determined by the process conditions[160], but is also de-

termined by the organic reactant. Phenols are weakly acidic compounds (the pKA for 4-

chlorophenol is 9.3; the pKA for 2-chlorophenol is 7.9), which means that, especially at

high pH, the organic reagent is present in its anionic state. As both ozone and hydroxyl ra-

dicals are electrophilic reagents, the reaction rate increases at increasing pH due to an in-
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creasing importance of the radical mechanism and because the increasing average negative

charge on the organic compound increases its reactivity. So an increase in reaction rate

cannot only be claimed by an increasing contribution of the radical degradation pathway.

The increasing importance of radical reactions at higher pH values can be made clear by

the addition of carbonate ion (CO3
2-), which is a very effective radical scavenger, as shown

in the reactions below:[161]

HO• + CO3
2-  →  OH- + CO3

• - (3.1)

O2
• - + CO3

• -  →  CO3
2- + O2 (3.2)

In this chapter the dependence of the reaction rates of ozone oxidation of para- and ortho-

chlorophenol under a wide range of applied pH-values, temperatures, UV irradiation, and

in the presence or absence of carbonate is studied in order to gain insight in the effects of

these parameters on the kinetics and mechanism of the reaction. In addition, experiments

with the ozone oxidation of a mixture of benzoic acid and p-hydroxybenzoic acid have

been performed under temperatures ranging between 293 and 333 K.

3.3. Methods

3.3.1. General

All experiments have been performed in a 1.5 l batch reactor with an internal diameter of

9 cm, as shown in Figure 3.3. The ozone generator (Sorbios GSG 001), fed with pure

oxygen gas (HoekLoos, NL) is able to deliver an oxygen / ozone mixture of up to 4% (v/v)

of ozone. In this study however a concentration of 1.4% of ozone (v/v) was used in all

experiments. This concentration was verified by direct spectroscopic measurements or by

iodometric determination before the start of the experiment.

oxygen gas

ozone

generator

sample port

pH-electrode

magnetic stirrer

UV lamp

thermostating coil pH controller

basic and acidic

solutions

Figure 3.3 Experimental set-up used for the experiments in this chapter.
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The reactor is made of quartz glass, and does not contain any metal parts. Stirring takes

place by means of a Teflon-coated magnetic stirring bar. Outside the reactor six Philips

TUV15W UV lights (TL-type low pressure lamps, maximum emission at 253.7 nm, 15 W

each) are situated in a circular arrangement. Each of these lights can be switched on or off

separately. A thermostating coil is fitted in the centre of the reactor in order to minimise

shielding of the incident radiation. The gas mixture is introduced through a porous plate

made of glass, situated just above the stirring bar. The pH is regulated by means of an

automatic pH controller, adding NaOH or HCl solutions when necessary. In the

experiments with ortho-chlorophenol, and in a limited number of experiments with para-

chlorophenol, a mixture of NaOH and Ca(OH)2 was used as the alkaline solution. The

Ca(OH)2 prevents carbonate from being added with the alkaline solution, due to the low

solubility of CaCO3.

3.3.2. Oxidation of chlorophenols

In advance of each experiment, either 1 litre of demineralized water or 1 litre of an

appropriate buffer solution (phosphate / NaOH or borax / H2SO4) was saturated with ozone

during at least 30 minutes. When UV illumination was used, the lights were switched on

after saturation had taken place. The lights were allowed to warm up for approximately 10

minutes before an experiment was started. After complete saturation, the initial ozone

concentration was determined by iodometric titration, and in some cases by

spectrophotometry at a wavelength of 258.7 nm.

The experiment was started by bringing 50 ml of a 20 mM solution of the chlorophenol

into the reactor. The flow of the ozone / oxygen mixture (1.4 vol. % ozone) was

maintained at 12.5 l.h-1 during the experiment to prevent exhausting of the dissolved

ozone. During the experiments, samples were withdrawn with a 10 ml syringe from the

centre of the reactor. The samples were analysed for chlorophenol and chloride-ion

concentrations (both by means of HPLC) and ozone (iodometrically). Samples for HPLC

were quenched immediately with excess of sodium thiosulphate.

The column used for the analysis of the chlorophenols was a 10 cm Chromspher C18

column, detection was performed using a Kratos Analytical 783 UV detector at 220 nm.

The mobile phase was a 40:60 mixture of methanol and 1% aqueous acetic acid, at a

0.500 ml.min-1 flow.

The column used for the analysis of chloride was a Vydac anion exchange column (50 ×
4.6 mm; type 302IC4,6), detection was carried out using a Waters 431 conductivity

detector. The mobile phase was a 0.009 M potassium biphthalate solution.
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The chlorophenols were used without any further purification; 4-chlorophenol was

obtained from Aldrich, 2-chlorophenol was obtained from Merck.

3.3.3. Oxidation of benzoic acids

The experiments were performed as described in paragraph 3.3.2, the flow of the

oxygen / ozone mixture, however, was now controlled using an electronic mass flow

controller instead of a rotating ball gas flow meter, as shown in Figure 4.5. Further, to

reduce mass transfer limitations, stirring now took place by a mechanical stirrer suspended

from a gas-tight bearing at the top of the reactor. A 1:1 (mol/mol) mixture of benzoic acid

and p-hydroxybenzoic acid was used by injecting a stock solution containing a mixture of

both benzoic acids. The concentration of benzoic acids was monitored by HPLC, using the

same column and detector as mentioned in paragraph 3.3.2. The mobile phase, however,

was a 15:85 mixture of methanol containing 2% demineralised water and a buffer

containing 1.47 mM sodium acetate, 19.58 mM acetic acid, and 4.84 mM triethyl amine in

demineralised water, at a flow of 0.5 ml.min-1.

3.4. Results and discussion

Four parameters were varied to study their influence on the rate of degradation of

chlorophenols: pH, temperature, UV-illumination and the influence of radical scavengers

like carbonate.

In Figure 3.4, the effect of varying the temperature from 287 to 318 K on the degradation of

4-chlorophenol (4-CP) is shown. The partial pressure of ozone in the ozone / oxygen

mixture is kept constant in these experiments, performed at pH = 4.8. This means that the

ozone concentration in the solution decreases with increasing temperature (chapter 2).

By using a logarithmic plot of the normalised concentration of the chlorophenol

([4-CP]t/[4-CP]0) against time the decrease of the chlorophenol concentration shows first
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Figure 3.4 Effect of temperature  on the rate of ozone-oxidation of 4-chlorophenol (4-CP).
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order kinetics in both ozone and chlorophenol, as expected from direct ozone oxidation.

Writing the reaction rate according to equation 3.1 and substituting k’ = k [O3] an

Arrhenius-plot can be made.

R = d[4-CP]/dt = k [O3] [4-CP] e-EA/RT (3.1)

This is done in Figure 3.5, where ln k is plotted versus 1/T to obtain the activation energy

of the reaction. This yields a value of 24.6 kJ.mol-1 as the energy of activation of the

oxidation of 4-chlorophenol (4-CP), in good agreement with the 27 kJ.mol-1 found by Kuo

for the less reactive pentachlorophenol[135].

From these results it can be concluded that the increase in the actual reaction rate of ozone

oxidation, as caused by the higher reaction temperature, is balanced by the lower solubility

of ozone. In fact, it can be calculated that for compounds for which the energy of

activation of the ozone oxidation reaction is comparable to that of the chlorophenols

(15 - 30 kJ.mol-1), no net effect of the temperature on the observed reaction rate will be

observed. This is illustrated in Figure 3.6, where the observed reaction rates of a

hypothetical compound with ozone (kobs), relative to the rate of reaction at 298 K (kobs
o), are

plotted as a function of temperature (T) and energy of activation (EA) of the reaction.
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Figure 3.5 Arrhenius plot of the reaction rate constants for ozone-oxidation of 4-chlorophenol.
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Comparable results were obtained in the ozone oxidation of the benzoic acids; here too

the observed rate of oxidation in the range between 20 - 60 °C remained almost constant

(Figure 3.7).

UV illumination can have two effects on the chlorophenol degradation rate. In the first

place, it causes dissociation of ozone leading to the formation of radicals (see reactions 2.7

and 2.8). In the second place it enables direct photolysis to occur, when the radiation

wavelength matches the UV-spectrum of the compound to be degraded. The effect of UV-

illumination on the rate of the oxidation is expected to decrease with an increasing pH.

This is because at low pH-values, UV illumination will increase the rate of the hydroxyl ra-

dical formation, and thus result in a higher concentration of these radicals. The result

should be a higher oxidation rate. At high pH-values no strong increase of reactivity is ex-

pected. The rate of hydroxyl-radical generation is already high so the importance of the

photolytic radical generation will be relatively less than compared to the situation at a low

pH.

An illustration of the effect of UV-light is given in the next two figures, showing the effect

on the degradation of 4-chlorophenol at pH = 4 (Figure 3.8), and at pH = 11 (Figure 3.9).
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As can be seen from Figure 3.8, at slightly acidic pH-values hardly any effect of UV-

illumination can be observed. The rate of degradation of 4-chlorophenol at high pH-values,

however, is increased when UV illumination is applied.

These results can be explained by the high absorption of UV-light with a wavelength

around 254 nm by the 4-chlorophenolate anion, compared to the UV-absorption of

4-chlorophenol at this wavelength, and are in accordance with the results obtained by

Shen et al[162].

These results also indicate that at high pH-values the effect of the direct photolysis on the

rate of degradation cannot be neglected. This can be concluded from Figure 3.10 as well.

In this figure the photolysis of 4-chlorophenol in the absence of ozone is shown. Assuming

first order kinetics in all three cases it is found that photolysis may account for up to 20% of

the chlorophenol degraded under these conditions, and that no extra radical generation

from ozone occurs.

The pH strongly affects the rate of degradation. This has been shown in several previous

articles, by amongst others Hoigné and Beltrán [73, 157]. The explanation for the effect of the

pH can be seen when the dissociation of the chlorophenols is taken into account. The rate

of direct oxidation (R) can be described by equation (3.2), in which [HA] equals the

concentration of a phenol, and [A-] the concentration of its phenolate-anion:
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Figure 3.9 Effect of UV light intensity on the degradation of 4-chlorophenol (4-CP) at pH=11.
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][ozone]A[k+][HA][ozonek = ])A[+([HA]k = 
dt

])A[+([HA]d
- = R -

21
-

obs

-

(3.2)

Expressing [A-] as a function of [HA], pKA and pH, equation 3.2 can be rewritten yielding:

)10kk](ozone][HA[R A
pKpH

21

−+= (3.3)

Hoigné and Bader showed that when the anion is the most reactive species (k2 » k1) and

when the pH is less than the pKA of the phenol, the log of the observed rate constant shows

the following dependence on the pH[73]:

pK-pH+)k(log = )k(log
A2obs (3.4)

The results of this study show a much smaller relation between the reaction rate and the

pH of the reaction medium. Most likely mass transfer limitations started playing a role at

pH values above the pKA values of the phenols, resulting in observed oxidation rates being

limited to a ‘ceiling’ smaller than the oxidation rates predicted by equation 3.4 under these

conditions. From a comparison of the reactivity of 2-chlorophenol and 4-chlorophenol

however, it can still be concluded that the anion is more reactive than the chlorophenol

itself. The results for both 4-chlorophenol and 2-chlorophenol are presented in Figure 3.11.

Only below the pKA values of the phenols a linear relationship between log(kobserved) and the

pH could be observed.

From the experiments in which the pH and the UV-illumination were varied, no

conclusion could be drawn on whether a radical reaction mechanism occurred or not.

Another way to establish the effect of radical reactions is comparing reaction rates in the

presence and in the absence of a radical scavenger. In this case, carbonate, a well known

radical scavenger is used to establish the role of the radical pathway in the chlorophenol

degradation[141]. The presence of carbonate (26 mM, sufficient to inhibit the radical chain
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Figure 3.11 Logarithms of observed reaction rate constants kobs (= k’ [ozone] ) for the ozone

oxidation of 2-chlorophenol (2-CP) and 4-chlorophenol (4-CP) for a range of pH values.
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reactions[141]) showed the expected decrease of the reaction rate, as can be seen in Figure

3.12.

From this figure, it can be concluded that in more alkaline reaction conditions, a radical

mechanism plays a role in the degradation of 4-chlorophenol. Assuming first order reaction

kinetics, an estimation of the extent to which radicals are responsible for the 4-

chlorophenol degradation can be given from the surface between the two lines in Figure

3.12. According to this calculation, around one fifth of the 4-chlorophenol degradation is

accomplished by a radical reaction mechanism. As noticed in the introduction, the radical

mechanism can also be distinguished by the direct dechlorination of the organic

compound.

In Figure 3.13, the concentrations of 4-chlorophenol, chloride, and the unaccounted part

of the mol balance are shown for pH = 4.8 and pH = 10.4.

At the high pH, dechlorination is the main degradation pathway, whereas at pH=4.8,

dechlorination clearly is not the preferred initial reaction step, and so a high concentration

of unknown chlorinated organic compounds is present ( ‘[residual]’ ). The same effect is

seen in the degradation of 2-chlorophenol, and shown in Figure 3.14.
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The exact nature of the degradation products and the relevant intermediates has been

studied by GC-MS but only few intermediary compounds could be identified. Most likely

the polar nature and high water-solubility of the reaction products obstructed attempts to

detect any further intermediates.

3.5. Conclusions

From the foregoing results several conclusions can be drawn. First, it is clear that in the

temperature range from 287 to 318 K and in the used reactor set-up the temperature will

hardly have any effect on the observed degradation rates of para- and ortho-chlorophenol

as the increase in the reaction rate constant of chlorophenol oxidation is balanced by a

decrease in ozone solubility.

Further some conclusions can be drawn on the reaction mechanism for the direct oxidation

pathway. From the observation that equation 3.2 overestimates the pH effect on the

reaction rate it can be concluded that both the chlorophenolate anions and the

chlorophenol molecules are reactive species (i.e. k1 as defined in equation 3.2 can not be

neglected with respect to k2). However, as expected the reactivity of the chloro-phenolate

anion is much higher than the reactivity of the chlorophenol itself, as can be seen in Figure

3.11, and is in agreement with literature[73, 163]. The indirect reaction mechanism can not be

clearly distinguished in these experiments because of the mass transfer limitations

occurring in the system under basic conditions.

From the scavenging experiments with carbonate, the contribution of the indirect (radical)

reaction mechanism is estimated to account for only one fifth of the degradation rate, even

in strongly alkaline solution.
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The effect of direct photolysis on the degradation rate can be quite high; in basic solution

the increase in the reaction rate can be as high as 20% when UV illumination is applied. At

neutral pH-values, hardly any effect is noticed.

Summarising it can be stated that both radical reactions and direct photolysis play a role in

the ozone-oxidation of the two chlorophenols. The importance of this role depends on the

process conditions. However, under the conditions as applied here, the most important

degradation mechanism is the direct oxidation by ozone.





4. THE EFFECT OF HYDROGEN PEROXIDE ON THE

OXIDATION OF CHLOROPHENOLS WITH OZONE
➋

4.1. Abstract

odel waste waters containing 2-chlorophenol and 4-chlorophenol

were oxidised with ozone in the absence and presence of hydrogen

peroxide at three different pH values.

The effect of these conditions on the degradation of the chlorophenols was

investigated in terms of initial reaction rates, improvement of biodegradabi-

lity, and efficiency. Improvement of the biodegradability was determined

using the ratio of BOD5
3 to COD3. Efficiency was related to the COD

removal per amount of oxidant.

Hydrogen peroxide was added to the reactor contents to improve conversion

of ozone into radicals. The addition was not seen to improve the efficiency of

the oxidation process, however, neither with respect to reaction kinetics, nor

with respect to the amount of oxidant needed for the formation of a

biodegradable effluent. It was found that radical reactions under the applied

conditions do not play a role in the oxidation of the chlorophenols, not even

at increased concentrations of hydrogen peroxide. A possible explanation

was found in the high reaction rates of the chlorophenols, and especially the

chlorophenolate anions, with ozone.

In spite of the absence of an acceleration of the oxidation by hydrogen

peroxide, it was noted that the efficiency of the oxidation with respect to

ozone consumption increased: with higher H2O2 dosages the ozone uptake

for a certain degree of oxidation decreased proportionally.

                                            

➋  Presented at the 4th International Conference on Advanced Oxidation Technologies[164]

3 Biological Oxygen Demand and Chemical Oxygen Demand. Definitions are given on page 145

M
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4.2. Introduction

Biological techniques are the ones most widely used for waste water treatment nowadays.

However, the applicability of these relatively simple and inexpensive systems is limited for

waste water types with strong fluctuations in quantity and composition[8, 11], as discussed in

chapter 1. Amongst the problems that can be encountered is the presence, sometimes at

irregular intervals, of toxic or hardly biodegradable compounds. Various solutions exist for

treating these kinds of waste water streams, one of which is to apply a physico-chemical

pre-treatment[13, 14], for instance an Advanced Oxidation Process (AOP). In general, AOPs

are able to oxidise the vast majority of the pollutants that can be present in a waste water,

due to the presence of oxygen-containing radicals acting as the active reagents. Therefore,

AOPs will be a suitable option for use as pre-treatment. For an AOP to be a viable

treatment technique, the costs have to be kept at an acceptable level. A reduction of the

costs of the oxidation should be achieved by maximising the efficiency4 of the process, for

instance by introducing selectivity into the system. In a system with a high selectivity, the

oxidant is used for the conversion of only some specific compounds present in the system.

It is clear that the most toxic, or least biodegradable, compounds are the ones that have to

be oxidised preferentially.

In an ozone-based oxidation process, the oxidation proceeds through either a direct

(oxidation by the ozone molecule) or an indirect (oxidation by radicals formed during

ozone decomposition) reaction mechanism, as was clearly shown for the oxidation of

toluene[166]. Essentially, avoiding (or suppressing) radical reactions and using only the direct

ozone oxidation will yield the most selective process. This is only one side of the medal

though. As using ozone always results in oxygenation of the reaction mixture a second way

to reduce the costs is to use as much as possible of this otherwise wasted oxygen to further

degrade target compounds, instead of only using it as a medium to transport ozone into the

solution. This can mainly be done when radical reactions are involved in the degradation

processes, as oxygen can be used to propagate radical-type reaction pathways[165]. An

example of the reaction sequence taking place is given in Figure 4.1.

                                            

4 efficiency should typically be expressed as a ratio of amount of compound removed to the amount of ozone

applied to the reaction mixture.
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Figure 4.1 Radical mechanism of oxidation involving oxygen as a chain carrier[165].
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When enough oxygen is taking part in the oxidation this way, a non-selective process like

oxidation by a radical mechanism might even be more efficient than a selective oxidation

by molecular ozone, at no additional costs. The selectivity of the oxidation process is

determined by reaction kinetics and by mass-transfer kinetics. The reaction kinetics depend

on the reaction mechanism and structural properties of the substrate as shown in chapter 3

and as will be elaborated on in more detail in chapter 5. It is expected that influencing the

oxidation mechanism will have an effect on which compounds are degraded and on which

products are formed in the course of the oxidation. As a result, the reaction mechanism

will affect the degree of the biodegradability that will be obtained with a certain dosage of

oxidant. In order to study the possibilities to induce a change in the oxidation mechanism,

a synthetic waste water containing either 2-chlorophenol or a mixture of 2-chlorophenol

and 4-chlorophenol was oxidised by ozone alone and by ozone combined with H2O2, at

neutral and basic conditions. In this latter case, there should be a rapid dissociation of

ozone into radical species through the reactions shown in Figure 4.3, and the degradation

pathway should become an indirect radical one rather than a direct oxidative one. H2O2

was chosen to induce radical formation rather than UV illumination as UV illumination

turned out to be not very efficient for this purpose (chapter 3) and H2O2 is known to be

efficient for this (chapter 2).

4.2.1. Background

Selectivity can be expressed as the reaction rate of a compound, relative to the reaction

rate of a reference compound in the same type of reaction, or more commonly: as the

logarithm of this ratio (chapter 5). Oxidation by hydroxyl radicals is generally faster but less

selective than oxidation by molecular ozone (as shown for a large number of widely

different compounds in Figure 5.3). The selectivity of both molecular and radical oxidation

of several aromatic compounds is illustrated in the Hammett plot5 in Figure 4.2.

                                            

5 A Hammett plot shows the (linear) relationship (Hammett relation) between the logarithms of reaction rate

constants of structurally related compounds in a specific reaction and a parameter characterising the

substituent that distinguishes these structurally related compounds from each other[167]. The dependency of

the relative reaction rates on the substituent constant σ, the slope of the line in the Hammett plot, is denoted

ρ. This parameter indicates the sensitivity of the reaction mechanism for substituent effects[167]. The parameter

characterising the substituent, σ, has been determined empirically using a reference reaction[167]. Values for σ
for many hundreds of possible substituents can be found in literature[62]. A distinction is made between σ, σ+

(value of σ for a substituent when present in a positively charged species), σ- (value of σ for a substituent

when present in a negatively charged species) and σx (where x is o, p or m, denoting the value of σ for a

substituent located ortho-, para-, or meta- with respect to the reactive site). Combinations of the notation for

charge and location (like σp
+) are possible as well. As σ-values are often additive, Σσ is often used in case

multiply substituted compounds are involved.
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The negative values of the correlation constants ρ are indicative for an electrophilic

reaction mechanism, as is expected for an oxidation reaction[167]. From the larger absolute

value of the ρ-value of the ozone oxidation (ρ = -2.48) it is clear that the oxidation by

molecular ozone is much more selective than the oxidation by hydroxyl radicals (HO•)

(ρ = -0.44). Above pH = 11.9[151] the hydroxyl radical is mostly present as its conjugate

base, the O• --anion, which is a nucleophilic reagent (see Table 2.2). At high pH values, the

indirect oxidation may therefore even have a slightly positive ρ-value. This clearly

demonstrates (as will be elaborated on in chapters 5 and 6) that the selectivity of the

oxidation can be affected by the reaction conditions.

The effect of hydrogen peroxide (and especially its conjugate base, the HOO- anion) in

combination with ozone is well known[19, 141]. Just like the hydroxide anion (OH-), it acts as

an initiator for the formation of hydroxyl radicals. Adding hydrogen peroxide to the

reaction mixture may therefore be a good way to direct the reaction mechanism into a

radical pathway. In the 1980’s, the mechanism of the relevant reactions was clarified by

Hoigné et al.[141] The general scheme of the reactions involved when H2O2 is present is

given in Figure 4.3, which is a simplified version of the total scheme as given in Figure 2.9.

The most relevant reactions for the formation of hydroxyl radicals in an O3 / H2O2 / water

system are given in equations 4.1, 4.2 and 4.3.[141]:

H2O2 + H2O  HOO- + H3O+ pKA = 11.8 (4.1)

O3 + OH- → O2
• - + HO2

• k1 = 70 M-1 s-1 (4.2)

O3 + HOO- → HO2
• + O3

• - k2 =2.8 .106 M-1 s-1 (4.3)

ρ = -2.48

ρ = -0.44
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Figure 4.2 Hammett plot for ozone oxidation and radical oxidation of several substituted

benzenes.[147, 167] Reference (k0) is benzene.
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Due to the large reaction rate constant k2, the hydroperoxide-anion (HOO-) will be the

main initiating species. As a result, even low concentrations of H2O2 have an important

effect on the rate of ozone decomposition, in a wide range of pH values. This is illustrated

in Figure 4.4 (left), showing the effect of both pH and H2O2 concentration on the observed

reaction rate constant of decomposition of ozone, calculated from equations 4.1 through

4.3. Taking the propagation reactions, as shown in Figure 4.3 into account, the effect of the

pH becomes even more pronounced (Figure 4.4, right).

From equations 4.1 through 4.3, it follows that the relative increase of the ozone

decomposition rate as a function of H2O2 concentration is the same at different pH values.

It can also be seen that increasing the pH of the solution further increases the rate of O3

decomposition, independent of the H2O2 concentration.
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Figure 4.3 Reaction scheme for the formation of HO•-radicals in an ozone / H2O2 process. (OH -

initiated reactions omitted for clarity, the complete picture is given in Figure 2.9)[141, 144].
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A second effect of the pH on the oxidation process is caused by the dissociation of the

chlorophenols. Thus, when next to ozone and hydrogen peroxide other solutes are present,

the situation becomes a bit more complicated. The initiation reactions now have to

compete with reactions of the solutes with ozone. The rate constants for the reactions of

the chlorophenols with ozone are of the same order of magnitude as the rate constant of

the reaction of the hydroxide anion with ozone, k1. However, the rate constants of the

reactions by which the chloro-phenolate anions react with ozone are much larger than the

rate constant of the reaction of the hydroperoxide anion with ozone, k2. This is illustrated

in Table 4.1. This might indicate that hydroxyl radical formation as described in equation

4.3 can only compete with the oxidation of the chlorophenols at pH values below the pKa

of the chlorophenols. Because of the high reactivity of the hydroxyl radicals this does not

mean that no radical reactions will occur at pH-values above these pKa values.

compound pKA kArOH (M-1.s-1) kArO- (M-1.s-1)

2-chlorophenol

4-chlorophenol

8.55

9.41

1100

600

2 .108

6 .108

To test the initiator effect of hydrogen peroxide, three series of experiments were done. The

first series of experiments was carried out at a neutral pH of 7.2, while 0 - 3 mM of H2O2

was added in the course of the experiments. Two other series were conducted at pH values

of 7.6 and 8.6 respectively, with dosages of 0 - 6 mM of hydrogen peroxide.

4.3. Experimental

Oxidations were carried out in a experimental set-up as described in paragraph 3.3.1, but

equipped with data logging equipment to record the pH, the gas flow rate and the ozone

concentration in the off-gas. A mass flow controller (Brooks Instruments, Veenendaal, NL)

was installed for more accurate ozone dosing. Ozone was generated from pure oxygen

(HoekLoos, NL) by a Sorbios model GSG 001.2 ozone generator, and fed to the reactor as

a 1.1 % v/v ozone in oxygen gas mixture, with a controlled feed rate of 17.7 l.h-1. The

heart of the experimental set-up, as depicted in Figure 4.5 is a stirred and thermostated

1.5 litre batch reactor.

For any experiment, first, 1.5 litres of demineralized water was brought in the closed

reactor, adjusted to the desired pH, thermostated at a temperature of 288 K and saturated

with ozone. After saturation was reached, the experiments were started by injecting 50 or

25 ml of a 60 mM solution of the chlorophenol(s) into the reactor, in order to obtain a final

Table 4.1 Reaction rate constants for the reaction of chlorophenols and chlorophenolate anions

with ozone[73].
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chlorophenol concentration of 1 mM (2-chlorophenol + 4-chlorophenol). 2-Chlorophenol

was obtained from Merck; 4-chlorophenol was obtained from Aldrich. Both compounds

were used without any further purification.

When hydrogen peroxide (obtained from Merck as a 30% aqueous solution) was used, this

was added by slowly (1.65 ml.min-1) pumping a dilute solution (6 - 36 mM) into the

reactor, during the 120 minutes of the experiment. The pH of the reaction mixture was

monitored and kept constant automatically by addition of a 1.5 N NaOH/Ca(OH)2

(1.25:0.125 M:M) solution. Ca(OH)2 was used to prevent the accumulation of carbonate in

the alkaline solution, as this anion may reduce the amount of radicals in the solution. In

addition to using Ca(OH)2 in the alkaline solution the storage vessel of this solution was

vented through Ca(OH)2 pellets.

At specific time intervals, samples were drawn from the reactor for HPLC analysis

(chlorophenols, chloride) or analysis of the biodegradability (COD and BOD5). Residual

ozone in these samples was quenched by adding the samples to a solution of sodium

thiosulphate. The ozone content of the off-gas was monitored by means of a Varian

DMS100 spectrophotometer (operating at 259 nm wavelength), in order to quantify the

ozone consumption during the reaction.

Chlorophenols were analysed by HPLC, using a Chromspher C18 column and a Kratos

Analytical 783 UV detector, operating at 220 nm. The mobile phase was a 40:60 v/v

mixture of methanol and 1% aqueous acetic acid, with a flow of 0.500 ml min-1. Chloride

oxygen gas

pH-electrode

magnetic stirrer

thermostating

coil (15 oC)
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Figure 4.5 Schematic drawing of the experimental set-up.
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was analysed by HPLC using a Vydac anion exchange column (50 × 4.6 mm; type

302IC4,6) in combination with a Waters 431 conductivity detector. The mobile phase

(flow: 1.2 ml min-1) was a 0.009 M potassium biphthalate solution.

COD analysis was done by the micro-method (standard method NEN 6633[168]): to 5.00 ml

of sample 3.00 ml of a solution of 35 mM K2Cr2O7 and 0.11 M HgSO4 in 3 M sulphuric

acid was added, and 7.00 ml of 31 mM Ag2SO4 in sulphuric acid. This mixture was heated

for 1.5 hours at 150 oC in a sealed tube and cooled to room temperature. After that, the

absorption of light at 600 nm was measured spectrophotometrically and the COD was

calculated from a calibration curve obtained from standards of known amounts of

potassiumbiphthalate in water.

BOD5 analyses were performed according to the standard method NEN 6634. A medium

(10 litre) was prepared using 20 ml of inoculum and 10 ml each of five pre-prepared

solutions of minerals (A: 8.5 g KH2PO4 + 21.75 g K2HPO4 + 22.2 g Na2HPO4 
. 2H2O +

1.7 g NH4Cl per liter, B: 22.5 g MgSO4
 . 7H2O per liter, C: 27.5 g CaCl2 per liter, D: 0.25 g

FeCl3
 . 6H2O per liter, E: 2.5 g allylthioureum per liter.), dissolved in demineralised water.

The medium was allowed to reach a constant temperature and a minimal endogenous

respiration by leaving it under aeration for one full day in a room, thermostated at 20 oC.

Of each sample, 20 - 40 ml was then diluted with this medium to 1.00 litre. The dilution of

the samples was chosen in such a way as to end with a residual oxygen concentration

between 1.5 and 5 mg per litre. These diluted samples were then divided over three

headspace-free bottles. After measuring the oxygen concentration (using a WTW oxygen

meter) the bottles were sealed. The oxygen concentration was measured again after 5 days.

The BOD was calculated from the decrease of the oxygen concentration, using a blank to

correct for endogenous respiration. Settled effluent of an aerobic pilot-scale waste water

treatment facility, operating in continuous mode, was used as the inoculum.

4.4. Results and discussion

The effect of hydrogen peroxide addition on several relevant process parameters was

investigated. These parameters include: the observed initial first-order reaction rate

constant of chlorophenol degradation, the amount of dechlorination after a certain amount

of time, the aerobic biodegradability of the resulting solution, and the amount of ozone

needed to obtain a fully biodegradable reaction mixture.

Biodegradability in itself is a parameter with a somewhat ambiguous definition. The

ultimate goal of this research is to produce an effluent which may be treated in a POTW,

and hence our definition of a biodegradable effluent is one that can be purified by the

micro-organisms in such a waste water treatment facility without adaptation. Biodegradabi-
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lity is therefore evaluated by measuring the ratio of the COD (Chemical Oxygen Demand)

and BOD5 (Biological Oxygen Demand) content of the sample. This approach to describe

the biodegradability in terms of BOD5 and COD is used by many other researchers[14, 28, 86,

169, 170]. For the purpose of this research, a mixture is assumed to be biodegradable when the

BOD5/COD ratio approaches unity.

A typical experimental result is shown in Figure 4.6. Oxidation of chlorophenol and its

intermediate oxidation products results in a decrease of the remaining COD content with

increasing ozone addition. At the same time biodegradable compounds are formed,

resulting in an increase of the BOD5, until the BOD5 is equal to the COD content of the

mixture (of course, the BOD values can not exceed the COD values). In the end of the

experiment, when a total amount of 6 mmol of oxidant has been added, the solution has

become completely biodegradable.

The observed first order rate constant of chlorophenol decomposition and COD removal

was found to be independent of the amount of hydrogen peroxide added, as can be seen

in Figure 4.7 and in Figure 4.8. The increased reaction rates of both compounds at

pH = 8.63 (dotted lines) compared to the reaction rates at pH = 7.64 (solid lines) in Figure

4.8 can be attributed to the dissociation of the chlorophenol).

Assuming the increase in the rate of hydroxyl radical formation upon addition of H2O2

results in significantly increased radical concentrations, two hypotheses can explain the

fact that hardly any effect of the increasing hydrogen peroxide addition is observed :

1. hydroxyl radicals are formed in sufficient quantities to contribute to the degradation of

the chlorophenols. This does not necessarily need to result in higher degradation rates

though: the radicals may preferentially react with intermediate products, whilst the

chlorophenols are oxidised mainly through a direct reaction with ozone itself. However,
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when the radical mechanism becomes more important, oxygen will start to take part in the

oxidation, through the auto oxidation reaction mechanism (Figure 4.1). As a result of this,

the efficiency of COD removal should increase.

2. hydroxyl radicals are not formed in sufficient quantities in any case. The increasing

concentrations of hydrogen peroxide indeed do increase the radical concentration.

However, a maximum concentration of radicals will be reached, depending on pH and

ozone concentration. Regarding the high reaction rates of the chlorophenolate anion in the

direct reaction with ozone this radical concentration has to be very high to make the

contribution of the radical pathway to the chlorophenol oxidation significant. It is possible

that even with higher amounts of hydrogen peroxide present the radical concentration will

not increase enough to make the degradation proceed through a radical mechanism.

The reaction rate of the radical reactions can be written as in equation 4.4 (left) whilst the

reaction rate of the direct reactions can be written as in equation 4.4 (right).
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HOradical
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Assuming a kHO.=109 M-1.s-1, a pH of 7.5 and reaction rate constants as given in Table 4.1 a

noticeable contribution of the radical reactions to the degradation of the chlorophenols

would require a radical concentration of 10-7 M. This concentration will not easily be

reached, not even in the presence of high concentrations of hydrogen peroxide.

In the first case, the combined oxidation rate of all organic compounds together (including

intermediate degradation products) will increase with H2O2 addition. The rate of COD

elimination in the presence of H2O2 should thus be faster than under conditions without

hydrogen peroxide, although the rate of elimination of chlorophenol itself does not need to

be increased significantly. The COD measurements as shown in Figure 4.7 do not show

such an effect though. The efficiency of the process, obtained from comparing the amount

of oxidant used (H2O2 and O3, expressed as mmol O3/l) to the amount of COD removed

(∆ COD, expressed as mmol O3/l), as is done in Figure 4.9 does not change with increasing

hydrogen peroxyde addition either.

In the second case, hardly any effect of the addition of hydrogen peroxide is expected to

be observed. This case can easily be observed when mass transfer limitations are present in

the system. As a result of mass transfer limitations, the concentration of dissolved ozone in

the bulk of the liquid will be low, and the maximum concentration of radicals that may be

obtained will be low accordingly.

The presence of mass transfer limitations can be verified using the Hatta number and Φ
(equation 4.5).

l

3oxidationO
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3=                             
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3O

CP

3

=Φ (4.5)

Here DO3 is the diffusivity of ozone, kl the mass transfer rate, and koxidation  the reaction rate

constant for the chlorophenol oxidation. In chapter 3, koxidation was shown to be
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koxidation = kArOH + kArO- 10pH-pKA. Values of Ha>3, or of Ha2/Φ>1 indicate mass transfer

limitations play a role in the system[157]. Calculating koxidation from the values in Table 4.1,

taking DO3 to be 6.9 .10-10 m2.s-1[171], using an experimentally determined kla of 16 h-1 and

an estimated bubble diameter of 3 mm, Ha will be in the range of 40-250, and Ha2/Φ will

be large, depending on pH and ozone concentration. This shows mass transfer limitations

do occur.

The most important aspect of this research was the effect of hydrogen peroxide addition on

the biodegradability of the produced effluent. Hydrogen peroxide was intended to make

the process more efficient, mainly with respect to the total amount of oxidant needed for

the conversion of the initial solution to a mixture with a BOD5/COD value of 1.

The effect of hydrogen peroxide addition can be seen in Figure 4.10. In spite of the scatter

in the data it is clear that the addition of hydrogen peroxide has no significant effect on the

efficiency of the oxidation. However, it can be seen that that as the amount of oxydant

dosed to obtain a biodegradable effluent is more or less constant, the amount of ozone that

has to be dosed decreases with increasing dosage of hydrogen peroxide.

4.5. Conclusions

Oxidation of chlorophenols with the combination of O3 / H2O2 yields a biodegradable

effluent (with a BOD5/COD ratio of 1). The efficiency of this process is satisfying, as only

slightly more than a stoichiometric amount of oxidant is consumed.

The addition of hydrogen peroxide in these systems of around neutral pH does not

improve the oxidation of 2-chlorophenol, neither with respect to degradation kinetics nor

with respect to the amount of oxidant needed to achieve a specific change in

biodegradability, measured as the BOD5 to COD ratio. This indicates that radical reactions
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are not effectively promoted by the H2O2 addition under the conditions of these

experiments. In the first place a kinetic competition between initiation reactions and the

direct oxidation of the chlorophenols exists. As the reaction rate constants for the reactions

of the chlorophenols and chlorophenolate anions (the main reacting species in this system)

with ozone are very high the initiation rate of the radical reactions is almost negligible.

To change the reaction mechanism at least partially to a radical mechanism a very high

concentration of radicals is needed. Thus, to most successfully make the degradation of

chlorophenols take place by a radical mechanism, either a combination of a low pH and a

high hydrogen peroxide addition should be used, or a combination of a high pH and

hydrogen peroxide addition.

Mass transfer limitations were shown to play a role in the experiments in this chapter. This

is in agreement with calculations performed by Hautaniemi on a comparable system[172, 173].





5. LINEAR STRUCTURE-REACTIVITY RELATIONS IN THE

ADVANCED OXIDATION OF ORGANIC COMPOUNDS
➌

5.1. Abstract

hysical-chemical processes like ozonation may be applied in waste

water treatment to solve problems arising with biotreatment when toxic

or poorly biodegradable substances are present. To reduce the costs of

oxidant dosage in such processes, selectivity has to be controlled. This will

be possible by, amongst other methods, changing the ratio of ozone vs.

radical concentrations. The selectivity depends on which reaction

mechanism dominates, and so the kinetics of the different reaction steps

involved have to be known quantitatively for a wide variety of compounds.

To quantify these reaction kinetics three steps were taken: 1. The rate of

oxidation of eleven p-substituted phenols and benzoic acids was correlated

with substituent parameters using a Hammett relation. Changing the process

conditions is shown to have a measurable effect on ozonation selectivity. 2.

It was subsequently shown that a linear relation exists between the Hammett

σp
+-value of these substituents and the E1/2 oxidation potential. 3. Finally it

was shown that a linear correlation exists between the E1/2 and the rates of

oxidation of these compounds.

As in principle the E1/2 can also be determined for non-aromatic compounds

(to which a Hammett relation does not apply) this opens up the way to

predict relative rates of oxidation of a variety of aromatic and non-aromatic

compounds present in waste waters, using this E1/2.

                                            

➌  Presented at the 14th Ozone World Congress.[174]
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5.2. Introduction

Oxidation of non-biodegradable organic compounds by ozone and / or the hydroxyl

radical (that can be formed in the presence of ozone) can be a valuable method for waste

water treatment[2, 8, 175]. A complete mineralization of all the compounds present is generally

possible, but not always necessary for detoxification or improvement of the

biodegradability (chapter 4). Thus, the oxidation step should be designed to only partially

degrade the compounds present in the waste water. A subsequent (an)aerobic treatment

can then remove most of the organic pollutants left in the pre-treated waste water.

In processes involving ozone, the ozone itself may act as the active oxidant, but radicals

involved in the decomposition of the ozone may be the active oxidants too[19], as was

clearly shown for the oxidation of toluene[166]. These radicals are formed after the initial de-

composition of ozone initiated by hydroxide or hydroperoxide anions. A more detailed

overview of the mechanisms involved here[22, 141, 144] can be found in section 2.4 and in

chapter 6.

Oxidation of organic compounds with ozone takes place by an electrophilic reaction me-

chanism. For alkenes this is the well-known Criegee reaction mechanism[133], shown in

Figure 5.1, in which ozone attacks the electron-rich double bond. The rate of the reaction

is influenced by the substituents at the C-atoms; electron-donating substituents increase the

rate of the reaction, while electron-withdrawing substituents will yield a less reactive

alkene[132].

In the same way the ozonisation of aromatic compounds is affected by the substitution

pattern. The general mechanism, based on a calculation of the reaction energy pathway,

involves a 1,3-dipolar addition of ozone, rather than a concerted addition, as shown in

Figure 5.2[97]. The localisation of charge on the aromatic ring in the transition state makes

the reaction sensitive to substituent effects: electron-donating substituents, which stabilise

the small positive charge found on the ring in the transition state, will increase the rate of
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Figure 5.1 Criegee mechanism for the ozone-oxidation of alkenes[133].
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the reaction. This effect has been described for several reaction types[57, 97] and in some of

these cases a Hammett relation6 was observed[72, 73, 75, 76, 176-179], making it possible to

quantify the observed substituent effect, as shown in Figure 5.3 and in Figure 4.2.

Oxidation by oxygen-based radicals also occurs by an electrophilic reaction mechanism,

but due to the very high reactivity of radicals, the selectivity is generally smaller in this case

(ρ = -0.42 vs ρ = -2.67 for ozone oxidation; Figure 5.3). Oxidation by radicals mainly

occurs in aqueous solutions at elevated pH, or when ozone and hydrogen peroxide are

used simultaneously, to oxidise compounds that have low to moderate reaction rates for

the oxidation with ozone (k < 107 M-1 s-1).

Although, due to its inherent greater selectivity (Figure 5.3) the oxidation by ozone itself

seems the desired process, the oxidation by the less selective radical reactions can

sometimes be more efficient than the direct oxidation in terms of ozone consumption. This

is caused by the indirect degradation process proceeding by a chain reaction, in which the

available oxygen takes part as an oxidant as well, by formation of organic peroxy -

                                            

6 For a comprehensive explanation of the Hammett-relation, see note 5 on page 47.
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radicals[181]. These peroxy radicals will decompose to oxidation products. This increases the

efficiency of the indirect process as a whole, when compared to oxidation by ozone alone.

It is therefore important to optimise the process conditions in such a way that the most

efficient removal of a selected number of compounds can be obtained with the least

amount of ozone. This can be done by changing the conditions that affect the reaction

mechanism, like the pH, UV illumination, concentration of hydrogen peroxide and the

presence of radical scavengers.

5.3. Approach

To quantify the selectivity of the different reaction pathways (radical and molecular

reaction mechanisms may be involved) by a linear structure-reactivity relation the

following approach was used:

1. A structure-reactivity correlation was made between the relative rates of the oxidation of

eleven para-substituted phenols and benzoic acids, using the Hammett relation. The

aromatic compounds (a mixture of benzoic-, p-methoxybenzoic-, p-methylbenzoic-,

p-chlorobenzoic-, p-(trifluoromethyl)benzoic- and p-nitrobenzoic acid or a mixture of

cresol, phenol, p-chlorophenol, p-nitrophenol and p-hydroxybenzoic acid) were oxidised

in competition experiments under conditions allowing either oxidation by ozone only or

oxidation by hydroxyl radicals only. Carbonate, a radical scavenger, was added when

needed to prevent radical reactions from taking place. The experiments were performed

both above and below the pKA values of the acids and phenols. In the Hammett relation

relative reaction rates, expressed as log( k / k0 ) are correlated with a substituent constant σ,

according to the following relation:

log( k / k0 ) = σ ρ (5.1)

The value of ρ is constant for one specific reaction type and gives information about the

reaction mechanism. For electrophilic reaction mechanisms, generally ρ < 0. The constant

σ is specific for the substituent present in the compound under study. By definition

σ = 0.00 for an unsubstituted reference compound[167].

For these correlations, the appropriate σ-constant (σ or σ+) has to be used. Thus, the

reactivity of the undissociated molecules towards ozone was correlated with the

σp
+-coefficient, as all compounds were para-substituted, and in the transition state a partial

positive charge has to be accommodated on the aromatic ring. The reactivity of the anions

towards ozone and of the undissociated molecules towards radicals was correlated with σp.

In Table 5.1, as well as in Figure 5.4, Σσp and Σσp
+ values are given to express that
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benzene and not phenol or benzoic acid is used as the reference compound. The table also

contains the pKA values of the compounds, and their oxidation potentials.

2. As the approach of quantifying the reaction kinetics by a Hammett relationship is usually

restricted to aromatic compounds, a more general approach is aimed at. Since the half-

wave potential, E1/2, can be determined for a wide range of compounds, it is investigated

whether a simple relation can be established between the reaction rate constant (k) and this

E1/2. Thus, E1/2 values had to be obtained for all compounds used in this chapter. For those

compounds for which no E1/2 values could be found in literature the half-wave potentials

had to be obtained from measurement or by calculation.

As it was shown in the past[74, 182] that a linear relation exists between the σp
+ value of a

group of aromatic compounds and the E1/2 oxidation potential of these compounds, it had

to be tested whether such a relation could be used to obtain the E1/2 values of the phenols

and benzoic acids for which no E1/2 values could be found in literature.

From the literature data[183], as collected in Figure 5.4, it can be seen that E1/2 for these

aromatic compounds can indeed be correlated to the substitution pattern of these

compounds by using σp
+ values. Therefore E1/2 values can be estimated by interpolating

from a Hammett relation when E1/2 values for a few comparable compounds are known.

As, to a first approximation, σ-values are additive for the para-substituted benzene-

derivatives used in this study[76], E1/2 values for multiply substituted compounds can be

obtained from such a relationship as well.

For greater reliability of the E1/2 values that were calculated using this relationship, the

oxidation potentials of the anions of several of the compounds used in this chapter were
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measured and a correlation between the Emax,anion values (oxidation peak potential of the

anion) and the corresponding E1/2 values from literature was established. E1/2 values

estimated by interpolation from this relationship matched E1/2 values approximated from

the Σσp
+ values very well, deviations averaged 4 % only. The good agreement obtained

here indicates that these calculated E1/2 values can be used for correlation analysis of the

kinetic data obtained later on. Some characteristic thermodynamic and kinetic parameters

for the studied compounds (pKA, Σσ and E1/2) are collected in Table 5.1. Experimentally

determined values (see paragraph 5.4) for Emax,anion and E1/2 are included in this table as well.

3. After thus obtaining reliable E1/2 values of all compounds used in this study, a correlation

analysis was made to verify whether a relationship can be established as denoted below. In

this relationship, E1/2 is the half-wave oxidation potential and Creaction a sensitivity constant

characteristic for the reaction of a reagent with a group of related compounds, analogous to

ρ in equation 5.1.

log (k/k0) = E1/2 Creaction (5.2)

The advantage of such a simple relationship is that it can be used to estimate the reactivity

of aromatic compounds, as well as the reactivity of non-aromatic compounds. The only

condition to be met for the application of such a relationship is a mechanistic similarity for

all reactions it is applied to.

5.4. Experimental

Two types of experiments have been performed for the correlation analysis in the

“Approach” and “Results and Discussion” sections: measurements of Emax and measure-

ments of relative reaction rates. Both types of experiments were performed with a series of

para-substituted phenols and a series of para-substituted benzoic acids. All compounds in

Table 5.1 were used, except the no’s 1, 3, 4, 6 and 117.

Emax measurements were performed by means of cyclic voltammetry in dry acetonitrile

(HPLC quality, stored on activated 4 Å molecular sieves, under N2) in an Argon

atmosphere. Generally, from a 50 mM stock solution of each individual compound in dry

acetonitrile, a 1 mM solution was prepared, containing 1 mM of  tetrabutylammonium

tetrafluoroborate (TBATFB) as the conducting electrolyte. Of this solution, 9.00 ml was

brought into a voltammetric cell placed in a glovebox and two voltammograms were

                                            

7 para-Aminophenol was not used in the correlation analysis because the reactivity of the -NH2 group[184]

obscures the reactivity of the aromatic ring itself. The volatility of benzene would cause a considerable
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recorded. Pt work- and counter electrodes were used, and a Ag/AgCl electrode served as

the reference electrode (standard potential E0 of this electrode is +0.2221 V vs NHE).

As the Emax values of several of the undissociated compounds of interest can not be

measured in this solvent (because they exceed the Emax value of acetonitrile itself), Emax

values of most compounds and of all their anions have been measured. To obtain the

anions, the non-nucleophilic base 2,6-di-methyl-pyridine (lutidine) was added to the

solutions. From these data E1/2 values for the undissociated compounds could then be

derived based on an empirical correlation found for a related series of compounds (vide

infra).

After cleaning of the electrodes the solution was titrated by adding 250 or 500 µl aliquots

of a 10 mM 2,6-dimethylpyridine (lutidine) solution in dry acetonitrile containing 1 mM of

TBATFB. After each addition two voltammograms were recorded. The result of such a

titration can be seen in Figure 5.5. From the voltammograms Emax is determined for both the

undissociated and the dissociated compound, yielding Emax and Emax,anion, respectively. As

these two are related (vide infra), this makes it possible to estimate E1/2 for compounds with

an E1/2 exceeding the E1/2 for acetonitrile.

Relative reaction rates were measured by performing competition experiments in which

the rate of the simultaneous oxidation of 5 or 6 different compounds was followed by

HPLC. The set-up of these experiments, as also shown in Figure 4.5 is the same as

described in chapter 4[185]. Two series of experiments were performed: experiments in

which a series of five para-substituted phenols (cresol, phenol, p-chorophenol, p-

                                                                                                                                              

change in its concentration as a result of stripping. Thus, these compounds, and ethylphenol and t-

butylphenol are only included in Table II to improve the correlation analysis of the E1/2 vs. Σσp
+ relationship.
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Figure 5.5 Titration of phenol (1 mM) in acetonitrile by addition of aliquots of a lutidine solution.

The equivalents of lutidine added are indicated next to the voltammograms. Scans were with

potential increasing, then decreasing.
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hydroxybenzoic acid and p-nitrophenol) was oxidised, and experiments in which a series

of six para-substituted benzoic acids (p-methoxybenzoic acid, p-methylbenzoic acid,

benzoic acid, p-chlorobenzoic acid, p-trifluoromethylbenzoic acid and p-nitrobenzoic

acid) was oxidised. para-Hydroxybenzoic acid is used as the reference to correlate both

series of relative reaction rates with each other. The relative rates of oxidation of the

mixtures were measured under four different conditions: oxidation with ozone only at a pH

below the pKA of the compounds under study, oxidation with ozone only at a pH above

the pKA of the compounds under study, and the corresponding oxidations under radical

reaction conditions at a pH above and below the pKA of these compounds. Generally the

experiments were performed as follows: in a closed reactor 1000 ml of demineralized

water, adjusted to the desired pH by addition of HCl or NaOH was thermostated at 15 oC

and saturated with ozone. From then on, the pH was kept constant by automatic addition

of 1 M HCl or 1.5 N NaOH/Ca(OH)2 solutions. After saturation, 50 ml of a stock solution

containing a total of 30 mM of the organic compounds was injected. At selected time

intervals 20.00 ml samples were taken from this reactor and brought into 50 ml volumetric

flasks containing an acidic buffer and a small (but known) amount of indigo-trisulphonate.

Concentrations of the individual compounds were measured with HPLC according to the

procedure outlined in chapter 8; a spectrophotometer was used to measure the

concentration of ozone in the off-gas (to determine the amount of ozone needed for a

certain degree of oxidation) and to measure the concentration of indigo in the samples. To

obtain ozone-only reaction conditions at elevated pH values 60 mM of CO3
2- was added to

the reaction mixture[185]. Radical reactions at low pH were performed by using a

combination of H2O2 and UV light instead of ozone.

5.5. Results and Discussion

The Emax,anion values that were measured for the anions of six phenols and five benzoic acids

(para-hydroxybenzoic acid is contained in both categories) are given in Table 5.1. E1/2

values were calculated from these data using the empirical relationship derived from the

data in this table:

E1/2 = 0.534 Emax,anion + 0.032 (R2 = 0.84) (5.3)

The E1/2 values for the compounds for which no Emax,anion could be measured were

calculated from a Hammett relationship (see Figure 5.6) correlating σp
+ and E1/2:

E1/2 = 0.304 Σσp
+ + 0.941 (R2 = 0.80) (5.4)

Literature values and derived values for E1/2 are reproduced in Table 5.1 as well. For com-

parison, calculated and literature values of E1/2 are plotted in Figure 5.6. The values of Σσp
+
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and E1/2 as obtained in this way are used in the correlation analysis performed on the

kinetic data.

As reported earlier[185], Hammett relations were found for the reactions occurring at

different reaction conditions. As the rate of the radical reactions is basically not affected by

the substituent pattern on the organic compound (k » 0) the most interesting cases are the

situations in which oxidation by ozone itself occurs.

The rate constants of the oxidation reaction of the benzoic acids and phenols at a low pH

clearly show a linear correlation with Σσp
+, as can be seen in Figure 5.7. At this pH all

compounds are in their undissociated state, meaning that a relationship with σp
+ is to be

expected.

As the E1/2 values as given in Table 5.1 are given for these undissociated compounds a

good correlation is expected between the relative reaction rates and this E1/2 value as well.

Indeed such a correlation is found, as can be seen in Figure 5.8.
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Figure 5.6 Relation between Σσp
+ (relative to benzene) and E1/2 for the disubstituted aromatic

compounds mentioned in Table 5.1. Calculated values (O) are compared to literature data (● ).
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Figure 5.7 Correlation of the relative rates of ozonation of a group of substituted organic

compounds with Σσp
+ at pH = 2.2. Reference is 4-hydroxy benzoic acid.
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At higher pH ranges all compounds are dissociated. The -O- and  -COO- groups in the

phenolate and benzoate anions will have significantly different electronic effects on the

aromatic ring, reducing the stabilising or destabilising effect of the other substituents.

The substituent effect is thus expected to be smaller at higher pH values, and the

C = -2.36
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Figure 5.8 Correlation of the relative rates of ozonation of a group of substituted organic

compounds with E1/2 (at pH = 2.2). Reference is 4-hydroxy benzoic acid.

Table 5.1 Characteristic parameters for the compounds used.

No Compound pKA
a Σσp

+ b Σσp b E1/2
c Emax,ArO-

d E1/2
e kArOH

f kArO-
f

1 4-aminophenol 8.5 -2.22 -1.03 0.45 ± .015 0.267

2 4-methylphenol 10.28 -1.23 -0.54 0.543 0.96 0.567

3 4-ethylphenol 10.3 -1.22 -0.52 0.567 0.570

4 4-t-butylphenol 10.39 -1.18 -0.57 0.578 0.583

5 phenol 10.0 -0.92 -0.37 0.633 1.13 0.662 1300 1.4 .109

6 4-aminobenzoic acid -0.88 -0.21 0.714 1.24 ± 0.03 0.674

7 4-chlorophenol 9.41 -0.81 -0.14 0.653 1.14 ± 0.02 0.695 600 6.0 .108

8 4-hydroxybenzoic acid 4.48 -0.50 0.08 0.716 1.45 ± 0.06 0.789

9 4-methoxybenzoic acid 4.47 -0.36 0.18 1.75 ± 0.02 0.832

10 4-nitrophenol 7.16 -0.13 0.41 0.924 1.55 0.902

11 benzene -.- 0.00 0.00 0.941 2

12 4-methylbenzoic acid 4.36 0.11 0.28 1.755 ± 0.008 0.975

13 benzoic acid 4.19 0.42 0.45 1.887 ± 0.008 1.069

14 4-chlorobenzoic acid 3.98 0.53 0.68 1.102 0.2

15 4-CF3-benzoic acid 3.65g 1.03 0.99 1.254

16 4-nitrobenzoic acid 3.41 1.21 1.23 1.309

ataken from Tratnyek and Hoigné[76], btaken from Hansch and Leo[62], ctaken from Suatoni et al.[183], reference

is SCE (+0.2412 V vs NHE) dmeasured; oxidation peak potential of anion ecalculated from quoted E1/2 and

measured Emax values using a Hammett-relation, ftaken from Hoigné and Bader[73], ginterpolated from these

data using a Hammett relation.
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correlation between σp and the relative reaction rates of the aromatic anions is expected to

be smaller as well.

This can be seen when comparing the data obtained at higher pH (Figure 5.9) with the data

presented in Figure 5.7. The difference in stabilisation is taken into account in the

experimentally determined Emax,anion values however, and the correlation with is potential is

good in this case (R2 = 0.96), as can be seen in Figure 5.10.

From these results it can be seen that often E1/2, as well as the σ value, can be used for the

estimation of the reaction kinetics, both of the undissociated and the dissociated species.

As the E1/2 parameter is available for non-aromatic compounds too, it is expected that with

the use of this parameter good estimates can be made for the reaction rates of many

compounds in the ozone-oxidation process.

From the data, it can be seen that the reaction mechanism for the ozone-oxidation of the

substituted benzenes may differ from the oxidation mechanism of the substituted benzoic
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Figure 5.9 Correlation of relative rates of oxidation of 10 aromatic anions with Σσp. Oxidation

with O3 only at pH = 12 ([CO3
2-] = 60 mM). Reference is the 4-hydroxy benzoic acid anion.
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acids or benzoate anions, as the ρ-value for the reaction of these last two groups of

compounds is significantly smaller than the -2.67 found for the ozone oxidation of the

substituted benzenes. Another possible cause for this smaller sensitivity of the reaction for

a substituent effect could be the weakening effect that the -OH and -COOH substituents

may have on the substituent effect of the second substituent present.

5.6. Conclusions

Benzoic acids and phenols, and their respective anions, are oxidised by ozone at moderate

to high reaction rates. It is shown that reaction rates for the processes occurring during

ozonation reactions can be described by Hammett relations, correlating relative reaction

rates to σp or σp
+ constants obtained from literature. This is in line with what can be

expected from the postulated reaction mechanism.

The ρ-values for these oxidation reactions range from ρ = -0.54 for the aromatic anions to -

ρ = -0.72 for the benzoic acids, which is relatively small when compared to the ρ-value of

-2.67 for the ozone-oxidation of substituted benzenes.

The approach of correlating these relative reaction rates to E1/2 values by means of a simple

linear relationship between log(k/k0) and E1/2 (equation 5.2) gives comparable results when

quantifying the selectivity of a reaction mechanism, when aromatic compounds are

concerned.

As for non-aromatic compounds E1/2 values are more readily available in literature than σ
values (which are not defined in this case) this method, unlike the Hammett relationship,

can also be applied to such non-aromatic compounds. This will make it possible to

estimate reaction rates for the ozone-oxidation of a wide range of compounds that can be

present in waste waters.



6. MODELLING AN O3/H2O2 OXIDATION

PROCESS IN A GAS-LIQUID SYSTEM

6.1. Abstract

n chapter 2 it was shown that a reaction system involving ozone can be

very complicated. Apart from direct oxidation reactions, which can be

described by a model based on kinetics of mass transfer and chemical

reactions, indirect (radical) reactions also take place. This causes

complications due to their high reaction rates and complex cyclic reaction

mechanism.

Several research groups tried to tackle the problem of performing predictive

calculations of the concentrations of relevant species differently. Mechanistic

models were developed, and analytical methods were applied to perform

simulations with these models, using steady-state approximations for some of

the species involved. Numerical methods were employed to perform

simulations as well, although these models tend to require a lot of

computational power.

We further developed a mechanistic model of this system as well, based on

literature data for reaction mechanism and kinetics. To perform simulations, a

computer program was written using the Bulirsch-Stoer numerical integration

method for solving the set of differential equations. The results of the

modelling work indicate that several different situations can exist, depending

on the process conditions. At low pH values the effective reaction kinetics of

the ozone decomposition have a different order than at high pH values.

Verification of this model, by comparing the results of the calculations with

the literature data upon which the model was based, shows some

discrepancies between model and reality still exist. Probable explanations for

this are suggested.

I
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6.2. Introduction

Reaction systems involving ozone can be very complicated. Apart from direct oxidation

reactions, which can be described by a model based on kinetics of mass transfer and che-

mical reactions, indirect (radical) reactions occur, causing complications due to their high

reaction rates and complex cyclic reaction mechanism. In chapter 4 it was seen that

controlling reaction conditions to stimulate indirect oxidation does not always work as

expected from the general reaction schemes as depicted in Figure 4.2 and Figure 4.3. The

reason was shown to be the competition between direct reactions (reactions between

ozone and the organic compound) and initiation reactions (reactions in which ozone and

OH- or HOO- form two radicals).

Thus, a tool to properly estimate the concentrations of the different reacting species is

needed. A consistent mathematical description of the reaction system, composed of

differential equations describing the kinetics of the chemical and physical processes, might

be such a tool. To be useful for performing predictive calculations a mathematical model of

an ozone oxidation process should incorporate:

• kinetics of direct oxidation reactions

• kinetics of the initiation and the propagation

reactions

• chemical dissociation equilibria, often pH

dependent, of the numerous molecular and radi-

cal species involved in the oxidation process.

• kinetics of relevant radical scavenging reactions.

• mass transfer kinetics

A schematic representation of a system as it might

be described in the model is given in Figure 6.1: an

infinite amount of gas (hence having a constant ozone partial pressure, PO3) is in contact

with a definite amount of an aqueous phase, in which all reactions are taking place.

Initiation reactions convert ozone into radicals. Termination reactions, possibly caused or

catalysed by scavenging compounds S convert radicals to termination products. Organic

compounds, for simplicity represented as C1 and C2 (both with a well defined reactivity),

are oxidised by either ozone or by the radicals generated from ozone, forming inert

reaction products.

Modelling a (semi) batch process like the process described here is quite complicated due

to the time dependency of the solution. In case the processes in a CFSTR (continuous flow

stirred tank reactor) are modelled, steady state approximations may be used and the calcu-

lations become somewhat easier to solve. An example of a such a model was presented by
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Figure 6.1 Schematic overview of the

system as implemented in the model.
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Glaze for the design of a groundwater treatment plant in California[186]. It was solved on a

mainframe computer and predicted quite well the different species concentrations.

When considering mathematical modelling of a process two approaches are possible:

writing a mechanistic model in which the whole process is simulated based on

assumptions about the actual reactions taking place, or writing an empirical model in

which data from experiments are fitted and predictions are made by inter- or extrapolation

of the data entered. Usually, the validity of a mechanistic model is better than the validity

of a ‘best-fit’ model, and their results are also more instructive. Unfortunately however,

mechanistic models usually require more resources as well[187]. As we wanted to be able to

use the model to better understand and design the experimental set-up for quantifying

reaction kinetics, the approach using a mechanistic model was chosen, as was done

recently by others as well[188]. A first attempt of modelling the system was made using the

simulation programme Simnon[189], but soon it turned out that the mathematical capabilities

of this program did not meet the requirements set by the complicated system. Hence we

wrote a FORTRAN-program, running on a Windows 95/Pentium personal computer to

solve the differential equations in the mechanistic model. In the first version of this model

simple mass-transfer kinetics were incorporated, but the degradation mechanism of the

organic compounds was largely simplified. Still, this simple model may very well be used

to study the effects of individual processes in continuous reactors in a qualitative way.

6.3. Approach

The model of the system as described before (Figure 6.1) mainly serves to study the effect

of changing process parameters on the concentration dynamics of the reactants. It

comprises five  sections, corresponding to the requirements set in the previous paragraph:

1. Degradation of the organic compounds C1 and C2. In order to be able to study the

selectivity of the oxidation two organic compounds need to be defined. The selectivity can

then be defined as the ratio of the removal efficiencies of the compounds, at a specified

removal efficiency of one of the compounds. The organic compounds are degraded into

products P1 and P2, which are inactive. Reaction rate constants are kd1 and kd2 for the

conversion of the organic compounds by direct reactions and kr1 and kr2 for the conversion

of the organic compounds by radical reactions respectively. This yields the following

equations:

]C][OH[k]C][O[k
dt
]C[d

1r13d
1

11

•−−= (6.1)

]C][OH[k]C][O[k
dt
]C[d

2r23d
2

22

•−−= (6.2)
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As the concentrations of the oxidants are not constant and the reaction scheme for ozone

and the hydroxyl radical is quite complicated the concentrations of the different

compounds do not follow from a simple integration of these equations. Instead, a

numerical integration has to be performed, taking the (many) other reactions into account.

When the organic compounds can be considered as acids or bases, dissociation of the

compounds will play a role as well and the rate equations become even more complicated.

This is especially the case as anions will react faster than undissociated compounds, as is

shown in chapter 3.

2. Initiation and propagation of the ozone-based radical cycle. The net decomposition of

ozone to oxygen (2 O3 → 3 O2) is catalysed by the action of the hydroxide anion, the

hydroperoxide anion or UV light, as discussed in chapter 2. The reactions in this section

make up the ozone dissociation cycle as given in Figure 6.2 below:

Ignoring UV illumination as radical source, the relevant reactions, taken from Staehelin[141,

144] and Gonzalez[190], and their rate constants as used in the model, are given below:

Initiation reactions:

O3 + OH- → O2
• - + HO2

• ki1 = 70 M-1s-1[144] (6.3)

O3 + HOO- → HO2
• + O3

• - ki2 = 2.8 .106 M-1s-1[144] (6.4)

Due to the very fast acid-base equilibria (equilibria 6.22 and 6.23 respectively) following

the formation of HO2
• and O3

• - by electron-transfer reaction 6.4[22], and the non-rate-

limiting dissociation of HO3
• yielding HO• and O2, this reaction is often found as reaction

6.5. given below, with the same or even a higher[191] rate constant:

O3 + HOO- → HO• + O2 + O2
• - k = 2.8 .106 M-1s-1[144] (6.5)

Propagation reactions:

O2
• - + O3  → O3

• - + O2 kp1 = 1.6 .109 M-1s-1[144]  (6.6)

2 O3 3 O2

initiation reactions

termination reactions

radicals

Figure 6.2 Ozone decomposition mechanism; left:

schematically, right: detailed, as clarified by Staehelin

and Hoigné[22, 144].
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HO3
•  →  HO• + O2 k p2 = 1.1 .105 s-1[144] (6.7)

HO• + O3  →  HO4
• k p3 = 3 .109 M-1s-1[141] (6.8)

HO4
•  →  HO2

• + O2 k p4 = 1 .1010 s-1[141] (6.9)

HOO- + HO• → O2
• - + H2O k p5 = 9 .109 M-1s-1[190] (6.10)

O• - + O2 → O3
• - k p6 =1.75 .109 M-1s-1[190] (6.11)

3. Scavenging and termination reactions, leading to a loss of radicals from the solution. In

these termination reactions two (odd-electron) radicals react to give one or more (even-

electron) molecules. Apart from the termination reactions occurring when different radical

species react with one another the amount of radicals can decrease by the action of

carbonate anions and other radical scavengers. The reactions below, with reaction rate

constants taken from Staehelin[141, 144], Farhataziz[192] and Gonzalez[190], are used in the

model:

O2
• - + HO•  →  O2 + OH- k t1= 1 .1010 M-1s-1[192] (6.12)

HO2
•+ HO•  →  O2 + H2O k t2= 1 .1010 M-1s-1[192] (6.13)

2OH•  →  H2O2 k t3= 5 .109 M-1s-1[192] (6.14)

HO2
• + O2

• -  →  HOO- + O2 k t4= 7 .107 M-1s-1[192] (6.15)

2HO4
•  →  2O3 + H2O2 k t5= 1 .1010 M-1s-1[144] (6.16)

HO4
• + O2

• -  →  O3 + O2 + OH- k t6= 1 .1010 M-1s-1[144] (6.17)

HO• + O3
• - → OH- + O3 k t7= 2.5 .109 M-1s-1[190] (6.18)

HO• + CO3
2-  →  OH- + CO3

• - k = 4.2 .108 M-1s-1[144] (6.19)

O2
• - + CO3

• -  →  CO3
2- + O2 k = 7.5 .108 M-1s-1[144] (6.20)

4. Dissociation constants for all acidic or basic compounds in the reaction system affect the

concentrations of the reactants and therefore have to be taken into account. Apart from the

dissociation of the organic compounds the following dissociation constants were used:

H2O2 HOO- + H3O+ pKA = 11.6[141] (6.21)

HO2
• O2

• - + H+ pKA = 4.80[141] (6.22)

HO3
• O3

• - + H+ pKA = 6.15[144] (6.23)

HO• O• - + H+ pKA = 11.9[190] (6.24)

H2CO3 HCO3
- + H+ pKA = 6.3 (6.25)

HCO3
- CO3

2- + H+ pKA = 10.3 (6.26)
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5. Mass transfer from the gas phase to the liquid phase is important as no real equilibrium

exists. The amount of ozone decomposed and taken up to degrade the organic compounds

is balanced by the ozone mass transfer. As this determines the actual ‘steady state’ ozone

concentration the mass transfer has to be taken into account. The following equation, in

which H is Henry’s laws constant for ozone, and PO3 the partial pressure of ozone, was

used:








 −






= ]O[
H

P
ak

dt
]O[d

3

O

l
3 3 (6.27)

A FORTRAN program, based on an implementation of the Bulirsch-Stoehr algorithm8 for

solving stiff systems of differential equations, was written to solve the model. After

implementing the program testing had to be performed, so the program was extended in

such a way as to allow for a sensitivity analysis. The model was tested by simulating ozone

decomposition by OH- and HOO-. For verification of the simulations, literature data from

Staehelin[144] were chosen, because the main input into the model was derived from his

work. These data were supplemented by our own measurements, performed as described

below. Further, the effect of varying reaction parameters on the selectivity and rate of

organic compounds removal was studied.

6.4. Experimental

Ozone decomposition rates at a number of different pH values were measured as follows:

In a 1.5 liter reactor, 1 liter of demineralised water is brought and thermostated at 15 oC.

The solution is adjusted to the desired pH, using a 0.025 M borax/H2SO4 buffer (adapted

from the Handbook of Chemistry and Physics, table D-148[193] or a 0.025 M borax/NaOH

buffer for the experiment at pH = 10). This solution is saturated with ozone, using a

Sorbios GSG 001 ozone generator fed with oxygen (HoekLoos, NL). After saturation, a

small amount of sample is transferred from this solution into a closed 1 cm cuvette, placed

in a Varian DMS 100 spectrophotometer. The initial ozone concentration in these samples

is around 2 .10-4 M. The absorption at λ = 258.7 nm is recorded over time. From this

recording, a plot of the natural logarithm of the normalised ozone concentration

( X = ln([O3]t/[O3]0 ) in time is made and the observed “half life” time t1/2 is calculated as

t1/2 = ln(2)/(dX/dt). These data are used to compare model and literature data for the ozone

decomposition rate.

                                            

8 The Bulirsch-Stoer Algorithm is an algorithm designed for numerically solving ‘stiff’ sets of differential

equations, i.e. sets of differential equations where the individual equations have largely variable orders of

magnitude. The implementation of this algorithm was obtained from Numerical Recipies, http://www.nr.com/
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6.5. Results

An attempt to verify the model was made using data from own experiments, performed as

described in section 6.4, and literature data from Staehelin[144]. Aim was to reproduce the

“half-life” time (t1/2) of ozone using the model. When successful, it could be assumed that

the model would enable sufficiently accurate calculation of the relevant radical

concentrations. The simulations, however, by far (2.5 log units) underestimated the half-life

times of ozone when compared to the experimental values (Figure 6.3). As the process is

not first order in ozone (vide infra) this deviation increases with increasing initial ozone

concentrations. As not all reaction rate constants relevant for the ozone decomposition

mechanism could be determined with great accuracy (see for instance the reaction rate

constants in equations 6.12, 6.13, 6.16 and 6.17), it was attempted to fit the outcomes of

the simulations to the experimental and literature data by adjusting individual reaction rate

constants. However, even significant adjustments of the reaction rate constants used could

not compensate for the deviations from reality. This was checked by performing

simulations using the model with individual reaction rate constants varied two orders of

magnitude around their listed value, even though fitting reaction rate constants to match

the experimental and the literature data was actually considered inappropriate[194] as the

reaction rate constants were derived originally from the same data we now attempted to fit

the results to.

Deriving concentrations of different species analytically from the description of the model

started to yield more information though. Maintaining the suggested ozone decomposition

mechanism a few assumptions can be made. Radicals are formed by initiation reactions

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

1.0E+01

1.0E+02

1.0E+03

4.00 5.00 6.00 7.00 8.00 9.00 10.00

pH

t 1
/2
 (

m
in

.)

measured
literature
simulated
analytical solution

0.001 mM

0.1 mM

Figure 6.3 Comparison between the measured half-life time of ozone (own results, and literature

data from Staehelin et al.[141]) and simulated half life times (dotted lines). Simulations were

performed with initial ozone concentrations of 1 .10-6 and 1 .10-4 M. The dashed line shows the

results obtained from algebraically deriving the expected half-life time, with an initial ozone

concentration of 1 .10-6 M.
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and removed by termination reactions. After a short initiation period a (low) quasi steady

state concentration of all radicals will be present. Thus the first assumption is that a steady-

state approximation can be made for the concentration of radicals in the system. This

steady-state can be written as done in equation 6.28. The ozone decomposition takes place

by a propagation mechanism, the kinetics of which are basically only dependent on the

total radical concentration. Thus, from equation 6.28 an equation for the radical

concentration (6.29) can be derived. In these equations, ktermination and kpropagation are the net

observed reaction rate constants for the termination and propagation reactions respectively:

( ) 0]radical[k10]OH[k10k]O[2
dt
]radical[d 2pKpH

222

pKpH

13 nterminatio

2O2H,Aw =−+= −− (6.28)
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The total amount of radicals present is strongly influenced by the bulk ozone concentration

and the pH. The relative amounts of the different radicals are mainly determined by the

solution pH, dictating the partitioning of the two equilibria between different radical

species in the cycle (Figure 6.2). The rate of ozone decomposition now can be shown to

obey 1.5th order kinetics when the propagation term is significant compared to the

initiation term, which is mainly at low and intermediate values of pH.
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(6.30)

This matches the 1.5 order decomposition kinetics as observed in the ozone

decomposition at e.g. pH = 6.7 (Figure 6.4, order of reaction n = 1.52).

The second assumption thus made is that a steady state exists for the individual radical

concentrations as well. From here it follows that all propagation reactions run at the same
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Figure 6.4 Comparison of measured ozone decay (shown as )]O/[]Oln([
03t3

) in demineralised

water (pH = 6.7) with first order kinetics.



Modelling an O3/H2O2 Oxidation Process in a Gas-Liquid system

79

speed. This enables us to express all radical concentrations in the concentration of one

radical, and derive an equation for the total concentration of hydroxyl radicals:

]O[K

]O[
]HO[]HO[

3S

3

max +
= •• (6.31)

where 
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As not all radicals are responsible for the propagation reactions leading to ozone

decomposition, the effect of the equilibria in the radical cycle on the observed ozone

decomposition rate is significant.

Simulating a situation in which the dissociation constant for equilibrium 6.22 was

increased to for instance a value of pKHO2• = 8 yielded a much better match between

calculated and experimental data. This result shows the third assumption: all protonation /

deprotonation reactions are very fast compared to the reactions yielding or consuming one

of the equilibrating species, and thus proper equilibration between acid and conjugated

base takes place. If this assumption does not hold, the actual partitioning of two species

might differ from the theoretical partitioning as defined by the respective pKA value, and

influence the observed rate of ozone decomposition, and the amount of oxidative radicals.

In an article by Pedit, a reaction rate constant for the protonation of O3
• - of

k = 5.2 .1010 M-1.s 1 was given[186], indicating the protonation step may indeed be rate
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Figure 6.5 Simulation of the half-life time of ozone, using a value of kp3 = 1.1 .108 M-1.s-1. Again

the simulated half life times (dotted lines) are compared to the literature data (solid line). Ozone

concentrations used for the simulations are as indicated in the legend.
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limiting. In this same article, a value of kp3 = 1.1 .108 M-1.s-1 is given for the reaction rate

constant of reaction 6.8. Using this value, the results in Figure 6.5 were obtained.

An explanation of the observed deviations between theory and experiment may be found

in the fact that the reaction rate constants found in literature were mostly derived

analytically from quasi steady-state situations, using assumptions as made above. When

these assumptions were not valid, for instance because of a rate-limiting settling of

equilibria 6.22 and 6.23, or a limited length of the radical chain (mainly at more basic

conditions, due to the increasing importance of reaction 6.18), this might have been an

inappropriate way to obtain exact values for reaction rate constants. Further, the model

ignores the recent finding[22] that HO• and O3 equilibrate with HO4
•, which would further

reduce the effective reaction rate constant of reaction 6.8. Although the calculated results

still deviate from experimental results by at least an order of magnitude, it is seen that

characteristics of the system (response to pH, order of the reaction kinetics) may be

predicted with reasonable accuracy.

Thus, in spite of the failure of the model to adequately calculate the exact outcome of an

experiment, it is believed that the results will at least provide qualitatively correct trends in

concentrations of species present in the system. Following this conclusion, some

simulations were performed to verify if it is possible to change the process selectivity by

changing the process conditions, something that appeared to be problematic in the case of

ozone-oxidation of fast-reacting compounds (chapter 4).

The equations 6.1-6.26, together with the ozone mass transfer from gas to liquid (equation

6.27) define the concentrations of all species in the modelled batch process. Assuming

kr1 = kr2 = 109 M-1.s-1 , and kd1 = 20 kd2 = 2.4 M-1.s-1 the selectivity in the oxidation of two

dissociating organic compounds was simulated9. As the selectivity in the case of reactions

between comparable compounds usually arises from differences in the energy of activation

of the reaction (EA) and these differences end up in the exponential term in rate equations,

one way to show selectivity is as a logarithmic value of (observed) relative reaction rate

constants, kobs. The results of a number of simulations are presented in Figure 6.6, showing

the reaction conditions can indeed have a significant effect of the selectivity, especially

when dissociation of the organic compounds present can take place.

                                            

9 This assumption, made for modelling purposes only, is correct within the accuracy of the calculations. This

can be concluded from the observation that all rate constants for the reaction of organic compounds with the

hydroxyl radical are around 109.36 M-1s-1, with a standard deviation of only 0.73 log-units for a selection of 55

chemically widely different compounds (as seen in Figure 7.1)
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In this plot we can distinguish four different situations. First, at low pH, direct oxidation by

ozone prevails and the selectivity follows from the relative values of the rates of the direct

reactions of the undissociated compounds. Then, second, the selectivity of the process

increases significantly when the pH of the solution falls between the pKA values of the

acids, as in this case one acid will mainly be present in its protonated form whereas the

other acid can be found in its dissociated, and much more reactive, form (in this example

actually only a moderate kanion = 10 kacid was used). The third phase, with decreasing

selectivity, marks the transition between direct and radical mechanism. Due to the

inaccuracies in the model no reliable calculations can be made here. The fourth region is

characterised by radical reactions being responsible for the degradation of the organic

compound. Here, hardly any selectivity will be observed.

6.6. Conclusions

A mathematical description of the system involving ozone and radical reactions was

implemented in a program designed to solve the concentrations of the relevant reactive

species in the system. The results obtained with this model have to been seen as qualitative

findings only though, as it was shown that the model failed in accurately predicting actual

radical concentrations in the system, when comparing calculations with measurements.

However, the similarities between results of the calculations and experimental findings

show that the model can be used to study in a qualitative sense the effects of changing

important process parameters. Amongst others, the sensitivity of the ozone decomposition

rate to the pH, and the reaction order, are in agreement with experimental data.
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Figure 6.6 Selectivity in the oxidation of two organic acids as a result of reaction pH. The dotted

lines represent the dissociation of compounds C1 and C2 (having pKA values of 3.62 and 4.92
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of these compounds.
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The results from simulations using this model indicate that it is possible to significantly

change the selectivity of oxidation in ozone-based oxidation processes by changing

process conditions like pH and hydrogen peroxide concentration. Given the inaccuracies

in the model the shift from selective ozone-only oxidation to non-selective radical-only

oxidation may take place under conditions (pH, concentration of hydrogen peroxide or

concentration of radical scavengers) differing from those predicted though.

From the problems encountered in constructing a model that can be used for obtaining

quantitative data, it is clear that more fundamental research will have to be done to further

develop the model to more consistently match experimental data.



7. OPTIMAL REACTOR DESIGN: A TOOL TO SELECTIVE

OXIDATION OF TOXIC ORGANIC POLLUTANTS IN

WASTE WATER
➏

7.1. Abstract

zonation can be a suitable technique for the pre-treatment of waste

waters that can not be treated with satisfactory result when only the

traditional, less expensive biological techniques are applied. For

application of ozone-oxidation as a pre-treatment process, the oxidation

process has to be made as efficient as possible, in order to reduce the costs of

ozone addition and energy use. Supported by literature data and

experimental knowledge, as presented in the previous chapters, a

mathematical model was developed. It quantifies the ozone consumption by

the oxidation reactions, and the share of ozone consumption by undesired

side reactions, in several different reactor systems, using the assumption that

maximum selectivity needs to be maintained and thus a process through

direct oxidation reactions by the ozone molecule is preferred.

Results obtained with this model indicate that a plug flow reactor (PFR) will

be the most efficient design for the oxidation reactor. As an alternative, the

cascaded tank reactor system (CTR) might be considered. This CTR system

consists of a series of continuous flow stirred tank reactors (CFSTR), laid out

in such a way that all have the same product of hydraulic residence time and

ozone concentration. It has the advantage that the ozone feed may be

realised with less practical problems than in a PFR. The traditional CFSTR is

indicated to be the least efficient system.

                                            

➏  Presented at the IWA conference in Melbourne, april 2002.[195]

O
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7.2. Introduction

During the last two decades an increasing interest in advanced physical-chemical processes

for waste water treatment is observed. There are several reasons for this increasing interest.

First, with the conventional aerobic and anaerobic biological waste water treatment

technologies many industrial waste water streams can be treated, very often against

relatively low costs and with a high effluent quality, but in some cases without too much

success and with a too low effluent quality[2], as shown in the introduction (chapter 1).

Physico-chemical waste water treatment systems are often considered as a good additional

(post) treatment systems[11, 13, 14, 196]. When the presence of strongly toxic organic

compounds in the waste water will disturb the biological treatment process completely this

physico-chemical treatment step has to be applied as a pre-treatment process[79]. A lot of

research is directed at solving problems optimising such physico-chemical pre-treatment

processes.

The second reason for the increased interest in the physico-chemical processes is that the

water management approach within the industry is focusing more and more on closed loop

systems, including the reuse of treated waste water streams. However, very often a

biological process or combination of biological processes can not achieve the required

effluent quality. To obtain a water quality sufficient for reuse it will often be necessary to

apply a physico-chemical post-treatment step. A large variety of physico-chemical

processes or process steps exist which can be applied in practice in combination with

biological processes. Well known processes are: membrane filtration, precipitation,

flotation, adsorption, chemical oxidation, electrodialysis and ion exchange. Each process

has its own specific field of application. In the case of strongly toxic soluble pollutants like

chlorinated aromatics, phenols, dyes, pesticides, etc. Advanced Oxidation Processes

(AOPs) may be suitable destruction techniques. In general these AOPs are rather expensive

due to the amounts of chemicals that are required and the costs of the energy needed for

the process. Especially in the case of waste waters containing small amounts of such

pollutants besides large quantities of other oxidisable compounds the application of only a

physico-chemical treatment step to completely remove all pollutants will in general not be

feasible economically. In that respect there is a strong need for oxidation processes which

can selectively oxidise toxic pollutants, prior to a biological treatment step.

This chapter deals with the selective oxidation of toxic compounds in waste water also

containing large amounts of non-toxic biodegradable pollutants by ozone. In this respect,

two subjects have to be seen in connection to each other: reaction kinetics and reactor

design. The reactor design for the oxidation process can be optimised when the reaction
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kinetics of the oxidation of the waste water constituents are known. Data regarding these

reaction kinetics can be taken from literature[72, 73, 197, 198], but for other compounds

(substituted phenols and benzoic acids) were determined experimentally, as described in

chapter 5[185]. Taking those data into account, a model is built to allow for optimising the

process design in such a way that an organic pollutant will be oxidised by ozone with as

low an ozone consumption as possible.

7.3. Reaction Rate Constants

In an ozonisation reactor three reaction types can occur: 1. reactions in which organic

compounds are oxidised by ozone, 2. reactions in which organic compounds are oxidised

by radicals derived from ozone and 3. reactions leading to the decomposition of ozone

into radicals and finally into oxygen.

The process design can be optimised when data concerning the relevant reaction kinetics

are available. These include both the reactivity of the organic compounds with ozone and

the well known kinetics of the decay of ozone in water[141].

The reactions involved in the decomposition of ozone have been studied in detail in the

group of Jürg Hoigné[141, 144], and were dealt with in chapter 6. Numerous reaction rate

constants can be found in literature for the first two categories of reactions[72, 73, 197, 199]. In

addition to these data measurements were performed to further quantify the reaction rates

of benzoic acids and phenols under different reaction conditions. A more detailed

description of these experiments can be found in chapter 5[174]. From the experimental data

Hammett-relations could be established to quantify the structure-reactivity relationships[200].

These make it possible to calculate reaction rate constants for compounds of which the

reaction rate constants are not listed in literature.

An overview of a large number of reaction rates, both measured and obtained from

literature, is given in Figure 7.1. It is clearly visible that the oxidation with ozone will be far

more selective than the oxidation with the hydroxyl radical derived from this oxidant.

Where the reaction rate constants of the reaction with ozone differ by 10 orders of

magnitude, the reaction rate constants for the radical reaction only differ by 3 orders of

magnitude. Which kind of oxidation process (oxidation by molecular ozone or oxidation

by hydroxyl radicals) will be preferred, will depend strongly on the relative reactivities of

the different compounds present in the waste water.

When studying these data a few trends are visible: aliphatic alcohols and acids hardly show

any reactivity, aromatic acids are not very reactive as well, but phenols and amines (both

aromatic and non-aromatic) react with ozone at a very high rate, and will most likely be



7

86

oxidised by a direct reaction in all situations, even when the reaction conditions are such

that a relatively high concentration of radicals is produced.

When these fast reacting compounds are present, the process will most likely be mass-

transfer controlled, although this will not significantly affect the selectivity of the process,

unless steric factors play a role in the system[57]. Here we will only consider the situations

where the direct reaction mechanism (oxidation by the ozone molecule) is the

predominant degradation route and degradation by the hydroxyl radical can be neglected.

7.4. Reactor Systems Optimisation

The oxidation of a waste water containing small amounts of a toxic component A and a

high concentration of a non-toxic pollutant B involves three reactions:

A

k

3A
POzA A→+ RA = -kA [O3] [A] (7.1)

B

k

3B
POzB B→+ RB = -kB [O3] [A] (7.2)

2

k

3
O3O2 O→ RO = -kO [O3] (7.3)

in which zA and zB are stoichiometric coefficients and [A], [B] and [O3] are the

concentrations of compound A, B and ozone respectively. PA and PB are the oxidation

products and RA, RB and RO are the reaction rates of the three reactions, for which kA, kB

m
e
th

a
n

o
l

a
c
e
to

n
e

g
ly

c
in

e
a
tr

a
z
in

e
b

u
ta

n
o

n
e

p
-n

it
ro

b
e
n

z
o

ic
 a

c
id

n
it
ro

b
e
n

z
e
n

e
p

-C
F
3

-b
e
n

z
o

ic
 a

c
id

fo
rm

a
ld

e
h

y
d

e
p

-c
h

lo
ro

b
e
n

z
o

ic
 a

c
id

b
e
n

z
o

ic
 a

c
id

e
th

a
n

o
l

p
ro

p
a
n

o
l

p
-m

e
th

y
lb

e
n

z
o

ic
 a

c
id

g
lu

c
o

se
n

-b
u

ta
n

o
l

p
-m

e
th

o
x
y
b

e
n

z
o

ic
 a

c
id

c
h

lo
ro

b
e
n

z
e
n

e
p

-h
y
d

ro
x
y
b

e
n

z
o

ic
 a

c
id

te
tr

a
c
h

lo
ro

e
th

y
le

n
e

a
c
e
ta

ld
e
h

y
d

e
i-
p

ro
p

a
n

o
l

b
e
n

z
e
n

e
b

e
n

z
a
ld

e
h

y
d

e
fo

rm
ic

 a
c
id

is
o

-p
ro

p
y
lb

e
n

z
e
n

e
to

lu
e
n

e
e
th

y
lb

e
n

z
e
n

e
tr

ic
h

lo
ro

e
th

y
le

n
e

a
m

m
o

n
ia

o
rt

h
o

-x
y
le

n
e

m
e
ta

-x
y
le

n
e

1
,1

-d
ic

h
lo

ro
e
th

y
le

n
e

p
a
ra

-x
y
le

n
e

M
e
O

-b
e
n

z
e
n

e
 (
a
n

is
o

le
)

4
-c

h
lo

ro
p

h
e
n

o
l

Z
-1

,2
-d

ic
h

lo
ro

e
th

y
le

n
e

m
a
le

ic
 a

c
id

2
-c

h
lo

o
rf

e
n

o
l

c
h

lo
ro

e
th

y
le

n
e

p
h

e
n

o
l

E
-1

,2
-d

ic
h

lo
ro

e
th

y
le

n
e

2
-m

e
th

o
x
y
p

h
e
n

o
l

3
-m

e
th

o
x
y
p

h
e
n

o
l

e
th

y
le

n
e

4
-m

e
th

y
lp

h
e
n

o
l

m
e
th

y
la

m
in

e
c
a
te

c
h

o
l 
(o

)
re

so
rc

in
o

l 
(m

)
4

-m
e
th

o
x
y
p

h
e
n

o
l

4
-h

y
d

ro
x
y
p

h
e
n

o
l

tr
ie

th
y
la

m
in

e
tr

im
e
th

y
la

m
in

e
d

im
e
th

y
la

m
in

e
a
n

il
in

e

t-
b

u
ta

n
o

l

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

14

lo
g
(k

o
x
id
a
ti
o
n)

radical reactions

ozone oxidation

Figure 7.1 First-order reaction rate constants for the reactions of 55 organic compounds with

ozone or the hydroxyl radical in water[72, 73, 139, 147, 192]. When no reaction rate constant for the re-

action of one of the organic compounds with the hydroxyl radical was known, the bar was

omitted.
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and kO are the reaction rate constants. The selectivity which can be reached and thus the

amount of ozone used in a continuous reactor system depends on (i) differences in

chemical reaction kinetics of the compounds present, (ii) the required degree of conversion

of the compound to be removed and (iii) on the reactor design.

Regarding the process design several reactor types and reactor configurations may be

considered. In this paper we will discuss three different reactor systems: the Continuous

Flow Stirred Tank Reactor (CFSTR), the Plug Flow Reactor (PFR) and the Cascaded Tank

Reactor (CTR). Diagrams of these reactor systems are shown in Figure 7.2, Figure 7.3 and

Figure 7.5. For all these three reactor systems it is assumed that the ozone is fed as a gas,

optimal gas-liquid mass transfer occurs, and that there is no loss of ozone via the gas phase.

It is further assumed that the liquid phase mixing conditions and the ozone distribution are

optimal and that all reactions occur in the bulk liquid. Component A has to be converted

to reach a certain effluent concentration [A]e, defined by the maximum allowed

concentration of this compound in the effluent that is fed to a bioreactor system. The

reaction is selective with kA > kB. (In case kA < kB a radical reaction mechanism should be

used, as then it will be more advantageous to remove both compounds at the same rate

than to remove the least harmful compound first). The third reaction, the spontaneous

decay of ozone, is assumed to be first order.

7.4.1. Continuous Flow Stirred Tank Reactor (CFSTR).

We first consider the continuous flow stirred tank reactor (CFSTR), as shown below. In such

a reactor, the ozone consumption per unit time, Φozone, is given by equation 7.4.

( ) ( )
e3e3OeiBeiAozone
]O[Q]O[kV]B[]B[zQ]A[]A[zQ ++−+−=Φ (7.4)

In this equation, Q is the flow through the reactor, [A]i, [A]e, [B]i, [B]e, are the influent and

effluent concentrations of component A and component B respectively. [O3]e is the effluent

concentration of ozone and V is the volume of the reactor. Φozone can be expressed in

kinetic constants and influent composition.

ozone

influent effluent
Continuous Flow

Stirred Tank

Reactor

Figure 7.2 Schematic view of a CFSTR.
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From mass balances over the reactor and the conversion rate equations (7.1-7.3) it can be

calculated that with a given residence time θ = V/Q the conversion of component A and

component B are given by:

θ+
=

θ+
==ε

e3Bi

e

e3Ai

e

]O[k1

1

]B[

]B[

]O[k1

1

]A[

]A[
(7.5)

The value of the conversion efficiency ε is determined by the required efficiency of the

conversion of component A. By substituting equations (7.5) into equation (7.4) we find for

the ratio of the total ozone consumption to the amount of ozone needed for the oxidation

of component A, defined as the Ozone consumption Factor (OF):

OF = ( ) εθ
+

ε
+









−ε+

+=
−

Φ

iAAiAA

O

B

A

iA

iB

eiA

ozone

]A[kz

1

]A[kz

k

1
k

k
1

]A[z

]B[z

1
]A[]A[Qz

(7.6)

With given flow Q and influent concentrations [A]i and [B]i, and the required efficiency ε
the reactor volume and ozone consumption can be optimised from this equation.

7.4.2. Plug Flow Reactor (PFR).

A plug flow reactor (PFR)  differs from a CFSTR in the fact that ideally all material has the

same residence time. The ozone consumption rate, Φozone, in such a reactor can be given

by equation 7.7, an equation comparable to equation 7.4 as given for the CFSTR.

( ) ( )
e33OeiBeiAozone
]O[Q]O[kV]B[]B[zQ]A[]A[zQ ++−+−=Φ (7.7)

Here <[O3]> is the average ozone concentration in the PFR. From the conversion rate

equations and mass balances it can be derived that:

0]B][O[k
dx

]B[d
u0]A[]O[k
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]A[d
u

3B3A
=+=+ (7.8)

where u is the linear flow velocity.

Plug Flow Reactor
effluentinfluent

ozone

Figure 7.3. Schematic view of a PFR. The line in the reactor indicates the ozone concentration as

a function of the reactor length.
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These differential equations (7.8) can be solved by substituting the independent variable

∫=µ
x

0

3
dx]O[  resulting in:










εθ
=ε= 1

ln
k

1
]O[

]B[

]B[

A

3

kk

i

e AB (7.9)

Substitution of equations (7.9) into equation (7.7) yields the ozone consumption factor (OF)

for the PFR:
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From this analysis we see that the selectivity is independent of the spatial distribution of the

ozone concentration. Minimal ozone dosage can be obtained when [O3]e = 0. This can be

done by dividing the PFR into two zones (see Figure 7.3): a first zone, to which the influent

is fed and in which ozone is introduced, and a second zone without introduction of ozone

in which the ozone concentration will decrease. The consumption of ozone by component

B is lower when using a PFR instead of a CFSTR, as can be calculated from the second

terms in the right hand sides of equations (7.6) and (7.10). In Figure 7.4 the ratio of the

ozone consumption by the conversion of component B in a PFR and a CFSTR is given in

dependence on the ratio kA/kB and ε. When a high conversion of component A is desired

(ε « 1) and the kA and kB differ by more than one order of magnitude, which is often the

case when only oxidation by molecular ozone is considered (Figure 7.1) the ozone losses

due to the conversion of component B can be reduced by more than 90%.
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Figure 7.4. Ratio of the ozone consumption by the conversion of component B (second term in

right hand side of equations 7.6 and 7.10) in a PFR and a CFSTR as a function of kA/kB; the

parameter is ε = [A]e / [A]i.
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The absence of mixing (PFR) leads to an optimal ozone usage. If it is assumed that in the

PFR the concentration at the exit approaches 0 (optimal conditions) then the amount of

ozone self-decomposition in the PFR can be compared to that in the CFSTR using the third

terms in the right-hand sides of the equations 7.6 and 7.10. From this comparison it is clear

that in the CFSTR more ozone will be lost due to self-decomposition than in the PFR.

7.4.3. Cascaded Tank Reactor (CTR).

To get more insight in the effects of mixing we consider a third design: the Cascaded Tanks

Reactor (CTR) . This design basically consists of a series of CFSTRs.

For this reactor system the ozone consumption is given by equation 7.11, in which n is the

number of tanks and Vi and [O3]i are the volume and the ozone concentration of tank i

respectively.
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i3OieiBeiAozone
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From a mass balance over each tank it can be derived that:

∏
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After substituting equations (7.12), giving the removal efficiencies of the components A and

B after a series of n reactors into equation (7.11), Φozone can be optimised by differentiation

with respect to θi and [O3]i. From symmetry arguments we then find that minimal ozone

consumption is reached in the case the following condition is met for each tank:

1]O[k n1

i3iA
−ε=θ − (7.13)

Given the fact that kA is a constant this indicates that a series of CFSTRs (a CTR) will

perform optimal when all tanks are characterised by an identical product of θi[O3]i. The

ozone consumption factor for this reactor system is given by:

influent
effluent

Cascaded Tank Reactor

ozone

Figure 7.5. Schematic view of the Cascaded Tank Reactor.
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Optimal ozone usage is reached when [O3]n approaches 0, which means that the last tank

should have a large residence time. A comparison between the CTR model and the PFR

model regarding the ozone consumption is given in Figure 7.6.

With a moderate number of tanks the efficient use of ozone for the oxidation of component

B in the PFR can be approximated by this set-up. In Figure 7.6 also a comparison is made

between the ozone losses by spontaneous decay in different reactor systems. Minimal

losses are obtained in a PFR, while the losses are maximal for a CFSTR. From equation 7.6

it can be derived that in the case of a CFSTR the ratio of the ozone losses by decomposition

and losses in the effluent is given by kOθ. Because in most cases kO « 1, ozone losses in the

effluent of a CFSTR are inevitably high.

All three terms that contribute to ozone losses are minimal in a PFR. The relative

importance and the absolute values of these terms and the ozone consumption factor can

be calculated from equations 7.6, 7.10 and 7.14, provided the reaction rate constants and

the reaction conditions are known.
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Figure 7.6. left: ratio of the ozone consumption by the conversion of component B (2nd term in

right hand side of equations 7.10 and 7.14) in a PFR and in a CTR at ε = [A]e / [A]i = 0.1 as a

function of kA/kB; right: the ozone consumption ratio for the spontaneous decay of ozone (third

term in right hand side of equations 7.10 and 7.14) as a function of ε = [A]e / [A]i; parameter in

both figures is the number of tanks.
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7.5. Conclusions

Oxidation of waste water constituents by ozone can be a powerful solution to the problem

of treating waste waters that are difficult to treat by biological degradation techniques.

When toxic compounds are present in waste waters that further contain relatively high

concentrations of biodegradable compounds, the oxidation technique has to be applied as

a pre-treatment step. To keep the process economically feasible, it has to be made as

efficient as possible, by reducing the total amount of ozone used. Supported by literature

data on reaction kinetics and reactor design, a mathematical model was developed, as a

tool to investigate the most efficient designs. The model predicts that the oxidation process

is most efficiently realised by application of a plug flow reactor design (PFR). As an

alternative to the PFR, the cascaded tank reactor system (CTR) may be considered. In this

system, the high efficiency of the PFR can be approximated whilst at the same time the

ozone can be transferred easily and in a very well controllable way into the waste water

that is being treated. The traditional continuous flow stirred tank reactor (CFSTR) is the least

efficient design.



8. THE EFFECT OF SALTS ON THE OXIDATION PROCESS

8.1. Abstract

ost of the research described in this thesis has been done on model

waste waters, containing no solutes other than the organic

compounds to be degraded, and in some cases low concentrations

of inorganic buffers to stabilise the pH of the solution during the experiment.

In some other experiments modest concentrations of carbonate, serving as a

radical scavenger, were present. In practical applications, however, other

compounds, like salts and detergents, will be present. The effect of such

impurities on the process has to be investigated, to prevent unpleasant

surprises during pilot-testing of the process.

To quantify this, experiments have been performed in which ozone-

oxidation of the same model waste waters as used in chapter 5 took place,

but in the presence of high concentrations of several inorganic salts. Again,

the oxidation selectivity was described by means of a Hammett relationship.

This selectivity was compared to the selectivity of benzoic acid oxidation as

described in chapter 5.

The effect of the different salt concentrations on the oxidation selectivity

when considering reactions in the bulk of the liquid was seen to be small.

This implicates the design of an ozone based oxidation system can be based

on literature or calculated data regarding reaction rates, like is done for

instance in chapter 7. The effect of increased salt loads on ozone solubility

and bubble size distribution however, may have implications for the reactor

design, as these factors affect the mass transfer efficiency.

M
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8.2. Introduction

Most of the research described in this thesis has been done on model waste waters, contai-

ning no impurities other than the organic compounds to be degraded. In some cases low

concentrations of inorganic buffers or higher concentrations of carbonate, serving as a radi-

cal scavenger, were present. In practical applications however, other compounds like salts

and detergents will be present. In the pulp and paper industry for instance, where ozone

can be used to remove colour from the process water[50] , large amounts of calcium, sul-

phate and carbonate (up to several grams per litre) will be present in the waste water. In

the tanker cleaning industry, detergents were seen to be the most frequently used chemi-

cals (paragraph 1.2.1). The effect of these impurities on the process has to be investigated

in order to be able to design installations which can be applied effectively in practice.

Salts can affect the ozone oxidation process in two ways: physically and chemically.

Physical changes occur in ozone solubility and ozone mass transfer. A change in ozone so-

lubility can be observed in salt containing solutions, as mentioned in chapter 2. The

presence of a salt generally lowers the solubility of a gas. This effect can be quantified by

the Sechenov relation for solutions containing moderate concentrations of salts (up to

2 M)[110]:

∑=





 ]salt[K

H
Hlog

S
0

(8.1)

Here H is Henry’s laws constant as observed for the gas, H0 Henry’s laws constant under

standard conditions, KS the Sechenov constant, and Σ[salt] the total salt concentration.

Typical values for KS are between 0.1 and 0.5 depending on the compound. Using these

data it can be shown that a 0.5 M salt concentration can already lead to a decrease of the

ozone solubility by 50%, as shown in Figure 8.1.
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Figure 8.1 Effect of salts on the solubility of ozone in an aqueous solution[110]. Salts: 1: Na2SO4; 2:

MgSO4; 3: Ca(NO3)2; 4: NaCl; 5: KCl.
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Salts can also influence the size distribution of gas bubbles in a bubble column[101, 201].

Above the so-called transition concentration, electrolytes largely inhibit bubble

coalescence, resulting in a lower average bubble diameter. This leads to increased mass

transfer rates, resulting in changing ozone oxidation kinetics[201].

A more important effect of inorganic salts on the ozone oxidation process however is

caused by chemical reactions. Carbonate ions are a well-known species for scavenging the

radicals involved in the ozone decomposition[139, 153, 188, 202]. The two reactions responsible

for the radical scavenging effect are given below:

HO• + CO3
2- → OH- + CO3

• - k= 4.2 .108 M-1s-1 (8.1)

O2
• - + CO3

• - → CO3
2- + O2 k= 7.5 .108 M-1s-1 (8.2)

These reactions result in a catalytic decrease of the hydroxyl radical concentration and

consequentially in a loss of efficiency and a relatively higher share of the direct oxidation

mechanism (see chapter 6).

Radical scavenging reactions comparable to those mentioned as reactions 8.1 and 8.2 are a

possibility that might affect ozone-oxidation selectivity. Unfortunately, very few literature

data could be found on the scavenging effect by such reactions of other inorganic salts (like

nitrate, phosphate and sulphate).

Liao reported a small radical scavenging effect by chloride[203]. Schmelling et al. found no

radical scavenging effect using nitrate, chloride or borate[204]. Tanaka found no significant

effect of chloride in the ozone oxidation of ammonia in seawater[205]. Finally, Hoigné

reported that “sulfate, phosphate, nitrate, chloride are extremely slow in reacting with HO•;

their scavenging effect can generally be neglected”[22]. This is in consistent with all but the

first of the following reaction rates being considerably slower than reaction 8.1.[192]:

HO• + Cl- → ClOH• - k= 8.9 .107 M-1s-1 (8.3)

HO• + NO3
- → OH- + NO3

• k< 5 .105 M-1s-1 (8.4)

HO• + H2PO4
- → OH- + H2PO4

• k< 1.2 .107 M-1s-1 (8.5)

HO• + PO4
3- → OH- + PO4

•2- k< 1 .107 M-1s-1 (8.6)

Sotelo et al. however reported a decrease in ozone decomposition rate due to radical

scavenging, not only by carbonate, but also by phosphate and sulphate at moderate and

elevated pH[206]. No reference was made of regeneration of the scavenging inorganic

anions, in reactions comparable to the one in equation 8.2.

At low pH, however, phosphate and chloride were found to increase the ozone

decomposition rate[206]. Due to the direct reaction between ozone and the chloride anion,
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the half-life time of ozone was reduced by a factor 2 in the presence of 0,1 M NaCl. The

following reactions and reaction rate constants were reported[207]:

O3 + Cl- → O2
- + OCl- k1=0.003 M-1s-1 (8.7)

O3 + OCl- → 2 O2
- + Cl- k2=110 M-1s-1 (8.8)

Simulating ozone decomposition in the presence of chloride using these two reactions

could explain the reduction in ozone lifetime as observed by Sotelo to a great extent, as is

shown in Figure 8.2.

Summarising, based on the literature presented here, interactions of salts other than carbo-

nate with the predominant degradation mechanism are unlikely but can not be ruled out.

8.3. Experimental

The effect of a moderate salt concentrations on the selectivity of the ozone-oxidation was

investigated using competition experiments with the same model system as used in chapter

5, but in the presence of a moderately high concentration (0.50 M) of a specified salt. This

model system consisted of p-methoxybenzoic acid, p-methylbenzoic acid, benzoic acid, p-

chlorobenzoic acid and p-nitrobenzoic acid. Competition experiments were used as they

allow for determination of reaction rates independent of rate limitations imposed by mass

transfer rates, and independent of slight variations of the ozone concentration in the

ozone/oxygen gas mixture[198].

As it was demonstrated that salts can have both a (small) radical scavenging and an

initiating effect, depending on the pH, the experiments were performed under acidic
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Figure 8.2 Simulation of ozone decomposition in water at pH = 6 in the presence of different

concentrations of Cl-, taking into account (i) a simplified OH- initiated decomposition pathway

and (ii) reactions 8.7 and 8.8. Datapoints are experimental data from Sotelo[206]. Curves are fitted

to datapoints, using k1=0.002 M-1.s-1 and k2=110 M-1.s-1.
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(pH = 2.5) and under basic (pH = 10.4) conditions. These pH values were chosen to

guarantee comparable reactions to take place: using these conditions the experiments were

perfomed at a pH clearly below the pKA’s of all acidic compounds (at pH = 2.4) or at a pH

clearly above the pKA’s of all acidic compounds (at pH = 10.4). In the experiments

performed under basic conditions a radical mechanism was aimed at, so the presence of

carbonate in the reactor was prevented. A selection of relevant data regarding these

compounds is given in Table 8.1.

The experiments were performed as follows: in a closed reactor (the experimental set-up is

the one as given in Figure 4.5), 1500 ml of the desired salt solution was brought, and

adjusted to the desired pH using H2SO4 (causing an additional loading with sulphate of

around 0.002 M). Salt solutions (0.5 M) were prepared from K2SO4, KNO3, or K2HPO4

respectively. Consequentially, the reactor contents were thermostated at 15 oC and

saturated with ozone. From then on, the pH was kept constant by automatic addition

(using a LH Fermentation auto-titration) of solutions of 1 M HCl or a 1.5 N NaOH/Ca(OH)2

(1.25:0.125 M:M) solution. After saturation a 20.00 ml sample was withdrawn to

determine the initial ozone concentration using the indigo method[98]. Then, 50 ml of a

stock solution containing a total of 30 mM of the organic compounds was injected to start

the experiment. The pH of the reaction mixture was monitored and kept constant

automatically by addition of a 1.5 N NaOH/Ca(OH)2 (1.25:0.125 M:M) solution. Ca(OH)2

was used to prevent the accumulation of carbonate in the alkaline solution, as this anion

may reduce the amount of radicals in the solution. In addition to using Ca(OH)2 in the

alkaline solution used for the automatic pH regulation, the storage vessel in which this

solution was kept vented through Ca(OH)2 pellets.

At selected time intervals 20.00 ml samples were taken from this reactor and brought into

50.00 ml volumetric flasks containing an acidic buffer and a small, but known, amount of

indigo-trisulphonate, to quench any ozone present in the sample and to allow for

determination of the dissolved ozone concentration. Consequentially, demineralised water

was supplemented to 50.00 ml. Concentrations of the individual compounds were

measured by means of HPLC using the same column and detector as mentioned in

Table 8.1 Acidity constants and Hammett σ-parameters for the acids under study

compound pKA [76] σp [62] σp
+ [62]

p-methoxybenzoic acid

p-methylbenzoic acid

benzoic acid

p-chlorobenzoic acid

p-nitrobenzoic acid

4.47

4.36

4.19

3.98

3.41

-0.27

-0.17

0.00

0.23

0.78

-0.78

-0.31

0.00

0.11

0.79
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paragraph 3.3.2. The mobile phase was a gradient, starting as a 15:85 mixture of methanol

containing 2% demineralised water and a buffer containing 1.47 mM sodium acetate,

19.58 mM acetic acid, and 4.84 mM triethylamine in demineralised water, at a flow of 0.5

ml/min. Over time (20 minutes) the percentage of the methanol/demineralised water

mixture increased at a constant rate to 30% v/v, to change back at the end of the analysis.

Detection was performed using a Kratos Analytical 783 UV detector at wavelengths of 218,

227 and 247 nm. A Varian DMS 100 spectrophotometer was used to measure the

concentration of ozone in the off-gas (to determine the amount of ozone needed for a

certain degree of oxidation) and to measure the concentration of indigo trisulphonate in the

samples.

8.4. Results and Discussion

The effect of different salt concentrations on the oxidation selectivity was quantified using

Hammett relations10, in the same way as in chapter 5. Under both acidic and basic reaction

conditions, the effect of the presence of the different salts was seen to be small.

The experiments at low pH involve a direct oxidation (by O3) only. At a pH of 2.4, ozone

decomposition by the radical mechanism as discussed in chapter 6 can be considered

negligible. As can be seen in Figure 8.3 nitrate and chloride hardly affect the selectivity of

the ozone oxidation. A decrease in selectivity (indicated by a smaller slope ρ in the

Hammett-plot correlating log(k/k0) with σ; ρ = -0.38 vs ρ = -0.65 in the blank) is only seen

in the presence of sulphate and phosphate.

                                            

10 For a comprehensive explanation of the Hammett-relation, see note 5 on page 47.
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Figure 8.3 Hammett-plot showing the effect of four different salts (0.5 M) on the selectivity of the

oxidation of five benzoic acids with ozone at pH = 2.4. Reference (k0) is benzoic acid.
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The decrease of selectivity in the presence of phosphate can be in agreement with a

stimulation of ozone dissociation by phosphate as mentioned by Sotelo[206], if this

dissociation mechanism involves a radical mechanism. The result may be affected however

by the large error in the determination of the reaction rate of p-nitrobenzoic acid in this

experiment. The reduction of the selectivity in the presence of sulphate, is not supported

by literature data. Hence it can not be concluded that the anions studied significantly affect

the selectivity of the ozone oxidation by increasing the share of radical reactions under

acidic conditions.

The second set of experiments was performed at under basic conditions, to maximise

radical formation from ozone. Radical scavenging by carbonate was prevented by use of

the NaOH/Ca(OH)2 solution for the automatic pH control. The results show that no

increases in selectivity were observed, implicating that the different anions, unlike

carbonate, do not act as radical scavengers (Figure 8.4).

In the presence of nitrate, the selectivity decreases even more: ρ = -0.25 vs ρ = -0.33 in

the blank. This could indicate participation of nitrate in the radical reaction scheme, in

agreement with findings from Fichter[208], although the reaction rate constant for the

reaction of the nitrate anion with the hydroxyl radical (reaction 8.4) is not high, especially

when compared to the reaction rate constant of reaction 8.1.

8.5. Conclusions

When taking the available literature into account, one can hardly expect any effect of the

presence of inorganic anions on the selectivity of the ozone-oxidation of organic

compounds. In some cases (mainly at low pH), inorganic anions may stimulate ozone
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Figure 8.4 Hammett-plot showing the effect of four different salts (0.5 M) on the selectivity of the

oxidation of five benzoic acids with ozone at pH = 10.4. Reference (k0) is benzoic acid.



8

100

dissociation and perhaps radical formation. In such cases a decrease of oxidation selectivity

will occur. In more basic solutions inorganic anions may act as radical scavengers and thus

cause an increase in oxidation selectivity. This increase in selectivity however, will be

accompanied by a loss of efficiency, as the radicals removed from the system by

scavenging reactions do not contribute to the oxidation process.

Competition experiments performed under acidic conditions showed no decrease in

selectivity by the presence of nitrate. As was expected from the findings of Sotelo, a small

decrease in selectivity was observed in the presence of 0.5 M of phosphate. A comparable

decrease in selectivity was observed in the presence of sulphate. No loss of selectivity

occurred in the presence of chloride, however.

The oxidation reactions under basic conditions show a lower selectivity than those at a low

pH due to the larger contribution of radical degradation pathways. In the presence of the

anions used in this study, the selectivity of the oxidation increases marginally, indicating

that these anions, unlike the carbonate anion, do not act as significant radical scavengers.

Exception is nitrate, where interaction with the radical mechanism is suspected.

Overall, it can be concluded that the conclusions drawn in chapters 4 and 5 with regard to

the selectivity and efficiency of the process can be maintained when these processes are to

be used on waste waters containing intermediate concentrations of salts.



9. DISCUSSION AND CONCLUSIONS

9.1. Discussion

Advanced Oxidation Processes (AOPs) are powerful waste water remediation

techniques[147, 209]. They are capable of degrading with a certain ease the compounds that

are difficult to remove by the cheaper biological waste water treatment methods. A viable

AOP is ozone oxidation. Ozone-based oxidation processes are very flexible, and can be

tailored to suit the needs of specific situations[22]. This is the case because two types of

reactions can occur: direct oxidations by the ozone molecule and indirect oxidations by

ozone-derived radicals, mainly the hydroxyl radical[22]. The hydroxyl radical is one of many

different radicals formed during the decomposition of ozone into oxygen.

The overall decomposition reaction (reaction 9.1) is initiated by either the hydroxyl anion

(OH-), the perhydroxyl anion (HOO-), or UV irradiation (reactions 9.2-9.4)

2 O3 → 3 O2 (9.1)

O3 + OH- O2
• - + HO2

• k = 70 M-1 s-1 (9.2)

O3 + HOO- O3
• - + HO2

• k = 2.8 .106 M-1 s-1 (9.3)

O3 + hν (λ < 310 nm)  O2 + O (9.4)

An overview of the ozone degradation pathway as

derived by Staehelin and Hoigné[141, 143, 144] is shown

in Figure 9.1. The main intermediates in this system

are HO3
•/O3

• - (the most abundant radicals in the

system) and HO• (the most reactive radical). The

total amounts of radicals are determined by the rate

of the initiation reactions related to the rates of the

termination reactions. The partitioning between the

different radical species is dictated by the rates of

the propagation reactions and the equilibrium

constants of the equilibria involved. An extensive

discussion on this topic is given in chapter 6.

O3 + OH
-

O2

.-

HO2
.

O
3

.- HO
4

.

HO
.

HO3

.

H2O

O3+

O3

O2

O2

O2

O3

H2O2

HO2

-

Figure 9.1 Scheme of ozone

decomposition[22, 139, 141, 144].
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reagens Ered (V) at pH=7 Ered (V) at pH=1 Ered (V) at pH=14

ozone

HO•

1.66

2.32

2.07

2.73

1.24

1.86

The reactivity of the oxidants in the ozone-based system is indicated by their oxidation

potentials. These are given in Table 9.1. An indication of the capabilities of the different

oxidants can be obtained from comparing their respective reduction potentials to the

oxidation potentials of the organic compounds[183]. This is done in Figure 9.2. Here it can

be seen that the hydroxyl radical is the stronger oxidant, thus capable of oxidising

compounds with a higher oxidation potential than ozone. However, both oxidants are

capable of oxidising the most common organic compounds.

Oxidation power is only one side of the medal though. To minimise the treatment costs,

the oxidant consumption, accounting for around 75% of the running costs of the process,

should be minimised. This can be done by using the inherent selectivity (or lack thereof) of

the reactions involved. As a rule of thumb, reagents react in a less selective way when they

are more reactive. Indeed this can be observed in the ozone-based oxidation processes as

well, where the oxidation by the ozone molecule is more selective than the oxidation by

the more reactive hydroxyl radical (Figure 9.3).

Table 9.1 Reduction potentials of the two most relevant reagents in ozone based oxidation

processes.

p
-n

it
ro

b
e
n

z
o

ic
 a

c
id

1
.3

0
9

p
-C

F
3

-b
e
n

z
o
ic

 a
c
id

1
.2

5
4

p
-c

h
lo

ro
b
e
n

z
o

ic
 a

ci
d

1
.1

0
2

b
e
n

z
o

ic
 a

c
id

1
.0

6
9

p
-m

e
th

y
lb

e
n
z
o

ic
 a

ci
d

0
.9

7
5

p
-n

it
ro

a
n
il

in
e

0
.9

3
5

4
-n

it
ro

p
h

e
n
o

l
0

.9
2
4

3
-n

it
ro

p
h

e
n
o

l
0

.8
5
5

4
-c

y
a
n
o

p
h

e
n

o
l

0
.8

4
9

2
-n

it
ro

p
h

e
n
o

l
0

.8
4
6

sa
li

c
y
li
c
 a

c
id

0
.8

4
5

p
e
n

ta
ch

lo
o

rp
h
e
n

o
l

0
.8

3
9

p
-m

e
th

o
x
y
b
e
n
z
o

ic
 a

ci
d

0
.8

3
2

tr
im

e
th

y
la

m
in

e
0

.8
2
0

4
-a

c
e
ty

lp
h

e
n

o
l

0
.7

9
1

tr
ie

th
y
la

m
in

e
0

.7
9
0

3
-c

h
lo

ro
p
h

e
n

o
l

0
.7

3
4

p
-h

y
d
ro

x
y
b

e
n

z
o

ic
 a

ci
d

0
.7

1
6

p
-a

m
in

o
b
e
n

z
o

ic
 a

c
id

0
.7

1
4

p
-c

h
lo

ro
an

il
in

e
0

.6
7
5

re
so

rc
in

o
l 

(m
)

0
.6

6
7

4
-c

h
lo

ro
p
h

e
n

o
l

0
.6

5
3

p
h

e
n
o

l
0

.6
3
3

2
-c

h
lo

o
rf

e
n
o

l
0

.6
2
5

a
n
il

in
e

0
.6

2
5

tr
ib

u
ty

la
m

in
e

0
.6

2
0

3
-m

e
th

o
x
y
p
h

e
n

o
l

0
.6

1
9

4
-t

-b
u

ty
lp

h
e
n

o
l

0
.5

7
8

p
-e

th
y
la

n
il

in
e

0
.5

6
8

4
-e

th
y
lp

h
e
n
o

l
0

.5
6
7

4
-m

e
th

y
lp

h
e
n

o
l

0
.5

4
3

p
-m

e
th

y
la

n
il

in
e

0
.5

3
7

c
at

e
c
h

o
l 

(o
)

0
.5

0
7

4
-h

y
d
ro

x
y
p

h
e
n
o

l
0

.5
0
7

2
-m

e
th

o
x
y
p
h

e
n

o
l

0
.4

5
6

N
,N

-d
im

e
th

y
la

n
il

in
e

0
.4

5
0

4
-m

e
th

o
x
y
p
h

e
n

o
l

0
.4

0
6

p
-m

e
th

o
x
y
-a

n
il

in
e

0
.3

9
3

4
-a

m
in

o
p
h

e
n

o
l

0
.2

6
7

b
e
n

z
o

q
u

in
o
n

e
0

.0
5
5

2
-B

r-
5

-M
e
-b

e
n
z
o

q
u
in

o
n

e
0

.0
2
5

2
-M

e
-b

e
n

z
o
q

u
in

o
n

e
0

.0
0
0

2
,5

-d
iM

e
-b

e
n

z
o

q
u

in
o
n

e
-0

.0
5

0
te

tr
a
m

e
th

y
lb

e
n

z
o
q

u
in

o
n
e

-0
.1

6
0

2
,5

-d
iM

e
O

-b
e
n

z
o

q
u

in
o

n
e

-0
.1

8
3

2
,5

-d
iO

H
-b

e
n

z
o

q
u
in

o
n

e
-0

.3
7

9

Ozone
Ered = 1.66 V

E1/2 (half wave oxidation potential, V vs SCE)

Ered = 2.32 V Hydroxyl radical

Figure 9.2 Scheme of ozone and hydroxyl radical capabilities: reduction potentials of these

oxidants compared to half-wave oxidation potentials of numerous organic compounds.
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Knowing the reduction potentials of the oxidants and the oxidation potentials of the

organic compounds, we can see that both ozone and the hydroxyl radical are capable of

oxidising all organic compounds shown. The efficiency and the costs of the oxidation

process will depend on the choice that is made with respect to what is the active oxidant

and which are the reaction conditions. These choices have to be made depending on what

compounds are present, which compounds need to be removed, and what selectivity is

possible.

The efficiency can be defined here as the amount of compound related to the amount of

ozone needed. It might be expected that the direct oxidation would be more efficient than

the indirect oxidation, because when a radical mechanism is involved, part of the supplied

ozone will be converted to oxygen. However, in case the oxidation takes place by a

radical mechanism, auto-oxidation (Figure 9.4) may take place. Now the oxygen, that is

always supplied together with the ozone, participates, thus reducing the amount of ozone

that has to be dosed.

Taking the considerations given above into account, it seems easy to choose how to design

the oxidation process: depending on the organic pollutants being present, and on the

m
e
th

a
n

o
l

a
c
e
to

n
e

g
ly

c
in

e
a
tr

a
z
in

e
b

u
ta

n
o

n
e

p
-n

it
ro

b
e
n

z
o

ic
 a

c
id

n
it
ro

b
e
n

z
e
n

e
p

-C
F
3

-b
e
n

z
o

ic
 a

c
id

fo
rm

a
ld

e
h

y
d

e
p

-c
h

lo
ro

b
e
n

z
o

ic
 a

c
id

b
e
n

z
o

ic
 a

c
id

e
th

a
n

o
l

p
ro

p
a
n

o
l

p
-m

e
th

y
lb

e
n

z
o

ic
 a

c
id

g
lu

c
o

se
n

-b
u

ta
n

o
l

p
-m

e
th

o
x
y
b

e
n

z
o

ic
 a

c
id

c
h

lo
ro

b
e
n

z
e
n

e
p

-h
y
d

ro
x
y
b

e
n

z
o

ic
 a

c
id

te
tr

a
c
h

lo
ro

e
th

y
le

n
e

a
c
e
ta

ld
e
h

y
d

e
i-
p

ro
p

a
n

o
l

b
e
n

z
e
n

e
b

e
n

z
a
ld

e
h

y
d

e
fo

rm
ic

 a
c
id

is
o

-p
ro

p
y
lb

e
n

z
e
n

e
to

lu
e
n

e
e
th

y
lb

e
n

z
e
n

e
tr

ic
h

lo
ro

e
th

y
le

n
e

a
m

m
o

n
ia

o
rt

h
o

-x
y
le

n
e

m
e
ta

-x
y
le

n
e

1
,1

-d
ic

h
lo

ro
e
th

y
le

n
e

p
a
ra

-x
y
le

n
e

M
e
O

-b
e
n

z
e
n

e
 (
a
n

is
o

le
)

4
-c

h
lo

ro
p

h
e
n

o
l

Z
-1

,2
-d

ic
h

lo
ro

e
th

y
le

n
e

m
a
le

ic
 a

c
id

2
-c

h
lo

o
rf

e
n

o
l

c
h

lo
ro

e
th

y
le

n
e

p
h

e
n

o
l

E
-1

,2
-d

ic
h

lo
ro

e
th

y
le

n
e

2
-m

e
th

o
x
y
p

h
e
n

o
l

3
-m

e
th

o
x
y
p

h
e
n

o
l

e
th

y
le

n
e

4
-m

e
th

y
lp

h
e
n

o
l

m
e
th

y
la

m
in

e
c
a
te

c
h

o
l 
(o

)
re

so
rc

in
o

l 
(m

)
4

-m
e
th

o
x
y
p

h
e
n

o
l

4
-h

y
d

ro
x
y
p

h
e
n

o
l

tr
ie

th
y
la

m
in

e
tr

im
e
th

y
la

m
in

e
d

im
e
th

y
la

m
in

e
a
n

il
in

e

t-
b

u
ta

n
o

l

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

14
lo
g
(k

o
x
id
a
ti
o
n)

radical reactions

ozone oxidation

Figure 9.3 Reaction rate constants for the reactions of 55 organic compounds with ozone or the

hydroxyl radical in water[72, 73, 139, 147, 192].
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desired selectivity of the process, either a direct or a radical process has to be applied. To

maximise the efficiency in case the direct reaction mechanism is chosen, the contribution

to the ozone decomposition of the chain of reactions shown in Figure 9.1 must be

minimised. Thus the process should be run at a low pH, in the absence of H2O2, shielded

from UV irradiation, and the presence of radical scavengers is desired. Thus, known radical

scavengers are welcome in the reaction mixture. Ozone losses in the effluent can be

abated by optimising the reactor design.

If a radical process is chosen, the key factor in maximising the efficiency is maximising the

chain length: the average amount of times a radical reaction chain occurs per initiation

reaction. This chain length depends on the ratio of the reaction rates of the propagation

reactions (including those in which organic compounds are degraded) and the reaction

rates of the termination reactions. This means that the rate of the termination reactions has

to be minimised. The presence of radical scavengers in the reaction mixture thus has to be

reduced as much as possible.

The results of simulations, showing the effect on the observed selectivity of directing the

most significant reaction mechanism from a direct oxidation mechanism at low pH to a

radical mechanism at high pH, are shown in Figure 9.5.

Although this graph is only illustrative (the pH range where the shift towards more or less

selectivity occurs depends on many factors, and not all can be quantified) it shows the

relevance of this basic research: finding out reaction kinetics and the way they are affected

by reaction conditions.

An example of a situation where direct oxidation would be suitable is the treatment of

coloured waste waters, like those from dyeing industries. The dyeing compounds,
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Figure 9.5 Selectivity in the oxidation of two organic acids as a result of reaction pH. The dotted

lines represent the dissociation of compounds C1 and C2 (having pKA values of 3.62 and 4.92

respectively) and give the dissociated (α) and undissociated (1-α) fractions of the concentrations

of these compounds.
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containing electron-rich double bonds will react very fast with ozone and can be removed

selectively by ozone. When radical reactions occur, also other compounds will be

oxidised, leading to both a loss of selectivity and a loss of efficiency. For an optimal

oxidation in this case a neutral or low pH, and absence of UV illumination and hydrogen

peroxide are preferred. The presence of compounds acting as radical scavengers (e.g.

carbonate) does not impair  the efficiency.

In other cases, in which the selectivity of the direct oxidation is not suitable to achieve a

preferential oxidation of those compounds that must be removed during pre-treatment, a

radical process will be more suitable. In this case, all compounds will be removed at

comparable rates (Figure 9.3). For this scenario, a higher pH is chosen, UV illumination

might be applied, H2O2 may be dosed, and the presence of radical scavengers has to be

prevented.

The decision whether to choose the first or the second scenario can be made when

characteristics of the waste water are known, and when the reaction rate constants of the

organic pollutants with ozone and/or the hydroxyl radical are known or can be calculated.

Reaction rate constants for the reaction of numerous organic compounds with the hydroxyl

radical were shown to be hardly dependent on the type of compound. Hydroxyl radicals

react non-specifically with many organic compounds and the rate constants for these

reactions are usually around 109 M-1.s-1 (Figure 9.3).

The situation is more complicated for the reaction of organic compounds with ozone.

Usually, the reaction rate constants for the reaction of organic pollutants with ozone can

not be found in literature, unless for a limited number of well-known and rather simple

compounds. It is also clear that a wide variation in reaction rate constants can be observed.

Hence it becomes important to be able to predict the relevant reaction rate constants. In

order to do so, it was investigated whether linear structure-reactivity relationships would

apply. These relations were established, relating the reaction rate constants of aromatic

compounds to their substitution pattern. To this aim, the well-known Hammett relation was

used. The correlation found in the Hammett plots for the ozone oxidation of a number of

benzoic acids and phenols was quite good (Figure 9.6 and Figure 9.7).
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As expected from the ozone decomposition mechanism and the characteristics (mainly

pKA) of the compounds under study, it was possible to show that changing the reaction

conditions is indeed reflected in the selectivity of the ozone oxidation, represented by the

sensitivity-coefficient ρ (the slope of the line in the Hammett plot).

However, non-aromatic compounds can be important waste water constituents as well,

and thus Hammett relations can not always be used to correlate reaction rates and predict

the reactivity of compounds. To find a more generally and widely applicable parameter to

use in predicting oxidation rates a relation was identified between the half-wave oxidation

potentials of a number of compounds and the rates of the oxidation reaction. To this aim,

half-wave potentials were determined for the same group of compounds as used for the

previous study, by means of cyclic voltammetry.
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Figure 9.6 Correlation of relative rates of oxidation of 10 aromatic anions with Σσp. Oxidation

with O3 only at pH = 12 ([CO3
2-] = 60 mM). Reference is the 4-hydroxy benzoic acid anion.
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Figure 9.7 Correlation of the relative rates of ozonation of a group of substituted organic

compounds with Σσp
+ at pH = 2.2. Reference is 4-hydroxy benzoic acid.
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The results of these measurements are summarised in Table 5.1. Using the data from this

table it was shown that indeed a relation between E1/2 and the reaction rate constants of the

oxidation of organic compounds studied exists (Figure 9.8). This means that when no

reaction rate constant is listed for a specific compound, a value can be estimated using the

oxidation potential.

Apart from the effect of the pH, the effect of several other parameters on the oxidation

process was studied. The effect of the temperature depends strongly on the energy of

activation for the reaction of the organic compound with the oxidant. For the aromatic

compounds as used in these studies, for which the energy of activation is in the 20-

30 kJ.mol-1 range, the effect of the temperature on the reaction kinetics was shown to be

cancelled by the temperature effect on the ozone solubility.

UV illumination is shown to hardly have any effect, although theoretically UV illumination

can be used to convert ozone into (hydroxyl) radicals. The reason for this ineffectiveness is

the high absorption of UV light by the organic pollutants. Thus the ozone is effectively

shielded from this irradiation. An effect of UV radiation was seen though when an organic

compound present in the reaction mixture is sensitive to photolysis. In the case of the 4-

chlorophenolate anion around 20% of the degradation of this anion could be attributed to

direct photolysis.

Waste waters generally contain more than only organic pollutants. Often, large amounts of

salts (inorganic dissociating compounds) are present. Salts can interfere with the ozone

oxidation process by physical and chemical interactions.

Two important physical interactions are observed affecting the ozone mass transport into

the liquid. In the first place, salts reduce the solubility of ozone, in some cases by a factor

of two or more. On the other hand, when the concentration of a salt exceeds the so-called

C = -2.36

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

E1/2 (V)

lo
g
(k
/k

0
)

benzoic acids

phenols

Figure 9.8 Correlation of the relative rates of ozonation of a group of substituted organic

compounds with E1/2 (at pH = 2.2). Reference is 4-hydroxy benzoic acid.



9

108

transition concentration, bubble coalescence is inhibited and the average bubble size will

be significantly reduced, effectively increasing the rate of ozone mass transport into the

liquid.

Chemical interactions are observed when salts react with ozone, as was shown for the

chloride anion, or when salts interfere with the radical mechanism. Salt ions may for

instance act as radical initiators, chain carriers or radical scavengers. The presence of salts

may therefore affect the selectivity and the efficiency of the oxidation process as well.

Just like the effect of other process parameters, the effect of salts on the oxidation process

can be quantified using linear structure-reactivity relationships. It was shown that salts

hardly affect the selectivity of the oxidation. In acidic solution (pH = 2.4), nitrate and

sulphate were shown to reduce the oxidation selectivity. The selectivity, being represented

by the coefficient indicating the sensitivity of the reaction to substituent effects, ρ,

decreased from ρ = -0.65 for the blank to ρ = -0.38 in the presence of sulphate and

phosphate (Figure 9.9).

At high pH the selectivity only decreased in the presence of nitrate. This indicates nitrate

can act as a chain carrier or initiator, increasing the relative share of radical reactions in the

oxidation process. Such is in agreement with earlier reports, where nitrate radicals where

found to play a role in the ozone-oxidation process.

The reaction mechanism may also have an effect on the result of the process: the reaction

products present in the effluent. Combinations of ozone and hydrogen peroxide were used

to oxidise two chlorophenols, and the effect of the oxidation process on the

biodegradability of the effluent was studied. It turns out that the improvement in

biodegradability for the artificial waste waters tested (mixtures of chlorophenols) mainly
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Figure 9.9 Effect of salts (0.5 M) on the oxidation selectivity of five benzoic acids with ozone at

pH = 2.5. Reference is benzoic acid.
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depends on the degree of oxidation, measured by the amount of oxidant consumed. Using

more hydrogen peroxide did not noticeably change either the kinetics of the oxidation

process, or the amount of oxidant needed to obtain a biodegradable effluent. It has to be

noted though that due to the nature of the artificial waste water used in this study (made up

of chlorophenols, i.e. very rapidly reacting compounds) mass transfer limitations have

obscured most effects of the addition of H2O2 on the reaction kinetics.

Finally, the implications of the results for reactor design are considered. The aim is to

minimise ozone losses by unnecessary side reactions and by ozone loss in the effluent.

Based on these considerations two traditional reactor designs, the Plug Flow Reactor (PFR)

and the Continuous Flow Stirred Tank Reactor (CFSTR), are compared using efficiency and

ozone losses as criteria. To minimise ozone losses in the effluent, a third design is

introduced: the Cascaded Tank Reactor (CTR). In this set-up the disadvantages of the

CFSTR are reduced and the advantage of the PFR -minimal ozone losses in the effluent- is

incorporated. It is shown that, although the PFR is still the most efficient design, the CTR

may be a viable alternative, especially as ozone addition can be realised much easier than

in the PFR design.

9.2. Conclusions

Conclusions can be drawn from the literature data and from the results of the experimental

work, as described in this thesis. From the literature, it is clear that oxidation of waste water

by ozone-based processes is technically feasible and can result in a complete degradation

of the majority of the pollutants that may be present. The oxidation process may have a

small preference to oxidise more toxic compounds, although this strongly depends on the

compounds being present.

To improve the economical feasibility of the ozone-based pre-treatment process, the

amount of ozone needed in the process has to be minimised. More fundamental

knowledge, as well as (empirical) relations between substance characteristics and chemical

reactivity were obtained that will be useful in the design of a more selective or more

efficient ozone pre-treatment process:

It was shown that the temperature and the presence of some inorganic salts hardly affect

the rate or selectivity of the oxidation. It was also shown that the oxidation rates of organic

compounds are related to pH, degree of ionisation (α) and substituent pattern, the last two

being incorporated in a compound's oxidation potential. Subsequently, it was shown that

the oxidation potential of a compound can be a good descriptor for its reactivity with

ozone. This means that for several classes of organic compounds the reaction rate can be
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predicted from literature values of E1/2 and less experimental work will be needed when an

oxidation facility has to be designed.

Further, although it proved to be difficult to identify oxidation products, it was clearly

shown that oxidation of poorly biodegradable compounds like chlorophenols leads to an

improvement of the biodegradability of the (model) waste water.

Based on the kinetics of the oxidation process and the ozone decomposition reactions, it

could be shown that the process design can be used to optimise the ozone consumption,

amongst others by reducing the amount of ozone discharged in the effluent and the

amount of ozone consumed in unnecessary competing oxidation reactions. A set-up

identified as the cascaded tank reactor (CTR) was shown to be near-optimal for the ozone-

oxidation process.

Unfortunately, it was not possible to quantify all phenomena observed in the oxidation

process. Modelling the conversion of ozone into the reactive secondary oxidants using

existing mechanistic models did not yield results considered accurate enough, making it

difficult to calculate within a reasonable margin of error the concentrations of the different

radicals present in the process under different conditions. This means more fundamental

research will have to be done to better understand and quantify those parts of the

complicated oxidation mechanism that are not yet adequately described.



10. SUMMARY

10.1. Introduction

Since passing the WVO (Wet Verontreiniging Oppervlaktewateren; Surface Waters

Pollution Act) in the Netherlands in 1970, municipal and industrial waste water treatment

plants have been installed in large numbers. Now, 32 years later, as a result of these efforts,

surface water quality has vastly improved. This helped assure a satisfactory quality of the

raw material for the production of potable water for the Dutch population.

Due to their low costs, installations for waste water treatment are in most cases using

aerobic and/or anaerobic biological processes, in which (an)aerobic bacteria are

responsible for the degradation of the polluting compounds. These can be converted to

products like carbon dioxide, methane, nitrate, nitrogen, sulphate and hydrogen sulphide,

depending on the type of process. Combined with a simple post-treatment system (usually

a sedimentation tank) the quality of the effluent is normally acceptable for discharge on the

surface waters.

However, not all types of waste water can be treated adequately in this way. Biological

waste water treatment plants are vulnerable to large peak discharges of toxic compounds.

As a result, treatment problems exist in the tank cleaning industry and in other branches of

industry, like the textile- and the pharmaceutical industry, as well. Together, these

industries produce significant amounts of waste water. To make these waste waters suitable

for biological degradation additional pre-treatment techniques have to be applied.

AOPs (Advanced Oxidation Processes) can be such pre-treatment techniques. Many

different AOPs exist, examples of which are ozone oxidation, electron beam irradiation,

TiO2/UV processes, UV catalysed oxidation by hydrogen peroxide, and sonolysis. Of these

processes, ozone oxidation is the one with the longest application history: the first water

treatment plant using ozone was installed in Nice (France) in 1906[123].

Ozone oxidation can be a suitable pre-treatment technique to use for the forementioned

waste water types, as it matches the demands of the waste water and is shown in general to

generate a more biodegradable effluent. A disadvantage of ozone however, much more

relevant in case of waste water treatment then in case of drinking water preparation, is the
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cost of the ozone. Ozone is expensive as it has to be produced on-site, and the production

of ozone requires large amounts of energy. To minimise the costs of ozone addition, it is

desired to create a process in which the ozone oxidises efficiently and selectively only

those compounds that can not be removed in a subsequent biological treatment step.

The main research interest follows from this requirement: how to use the selectivity of the

process and how to optimise the oxidation efficiency in the ozone-oxidation of a specific

waste water. In the following paragraphs the most important results of the research

described in this thesis are discussed in this context.

10.2. Reaction systems involving ozone

Ozone is a strong oxidant, readily oxidising many different classes of organic compounds.

Most well-known is the oxidation of alkenes, as originally described by Criegee[133].

Analogue to this reaction, ozone rapidly oxidises -N=N- double bonds, as for instance

found in azo-dyes, as well.

Other mechanisms of direct ozone oxidation exist as well. Amines are oxidised by a fast

direct reaction[22], and aromatic compounds for instance are oxidised by a reaction

mechanism that was described by Decoret et al.[97]. As a result of this reaction, hydroxyl

groups are introduced on the aromatic ring that further increase the reactivity of the

aromatic compound. The reaction finally proceeds by ring-opening yielding easily

biodegradable short-chain aliphatic acids.

However, next to these oxidation reactions the capabilities of the ozone oxidation are

greatly extended because of the involvement of radical reactions. In the presence of the

hydroxyl- and the perhydroxyl- anions, initiation reactions take place yielding two radicals

that catalyse the conversion of ozone into oxygen (reactions 10.1 and 10.2 below):

O3 + OH- O2
• - + HO2

• k1 = 70 M-1 s-1 (10.1)

O3 + HOO- O3
• - + HO2

• k2 = 2.8 .106 M-1 s-1 (10.2)

The conversion of ozone into oxygen can be depicted in a simplified diagram like Figure

10.1, which is elaborated in Figure 10.2. The cycle in the middle represents a complicated

set of radical reactions. The total radical

concentration in the system depends on

the rate of initiation, the rate of scaven-

ging reactions, and on the rate with which

the radicals react with other compounds,

like organic solutes. For the rate of ozone

decomposition one can write equation

2 O3 3 O2

initiation reactions

termination reactions

radicals

Figure 10.1 Simplified scheme of the ozone

decomposition mechanism.



Summary

113

10.3, where kpropagation is the net rate by which the ozone conversion by the radicals takes

place:

( )]radical[k10]OH[k10k]O[
dt
]O[d

npropagatio

pKpH

222

pKpH

13
3 2O2H,Aw ++= −− (10.3)

A steady state approximation can be made for the concentration of the radicals in the

cycle, as done in equation 10.4, in which ktermination represents the net rate of termination

and scavenging reactions. From here it follows that the total radical concentration in the

system mainly depends on the pH of the solution, and on the concentrations of ozone and

hydrogen peroxide (equation 10.5).

( ) 0]radical[k10]OH[k10k]O[
dt
]radical[d 2pKpH

222

pKpH

13 ationminter

2O2H,Aw =−+= −− (10.4)
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2O2H,Aw

(10.5)

In these equations [radical] incorporates the

concentrations of the many reactive species in the

actual mechanism of ozone decomposition. This

mechanism is as shown in Figure 10.2. The

decomposition mechanism consists of a

complicated set of radical reactions and

protonation/deprotonation equilibria, and each

arrow actually represents a reaction. The

experimental work done to elucidate this complex

reaction scheme dates back to the 1980s. Most of

this work was performed in the group of Hoigné in

Switserland[139-141, 144].

The radicals that are intermediates in this

conversion, like the superoxide radical anion (O2
•-)

and the hydroxyl radical (HO•), are highly reactive, and capable of oxidising almost any

organic compound.

The reaction of the hydroxyl radical with organic solutes is generally faster than the

reaction of ozone with these solutes, but much less selective. As a result of this,

optimisation of the selectivity of the oxidation and optimisation of the efficiency of the

reaction might be possible by influencing the concentration of ozone derived radicals.

In chapter six a mechanistic model, based on amongst others the reactions as shown in

Figure 10.2, was developed and implications of changing process conditions were

O3 + OH
-

O2

.-

HO2
.

O
3

.- HO
4

.

HO
.

HO3

.

H2O

O3+

O3

O2

O2

O2

O3

H2O2

HO2

-

Figure 10.2 Ozone decomposition

scheme, incorporating both the OH-

and the HOO- initiated decomposition

routes of ozone[22, 139, 141, 144].
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discussed. Although the model turned out not to be accurate enough for quantitative

simulations of a complete ozone-oxidation system, it allows for qualitative conclusions to

be drawn. It was shown that for instance the pH can have a large impact on the observed

selectivity of the ozone oxidation process (Figure 10.3).

When regarding this model, a few options are available to control the selectivity of an

ozone-based oxidation process: stimulating the initiation reactions, or preventing them,

and stimulating radical scavenging reactions or preventing them. Of these options, the

option of stimulating the radical scavenging reactions together with stimulating ozone

dissociation would clearly be counterproductive: it mainly leads to non-productive ozone

decomposition. Different methods to realise the other options have been studied in this

research project.

10.3. Degradation of aromatic compounds and the effect on

biodegradability

In chapter 3, using simple model systems containing only one organic compound (a

chlorophenol or hydroxybenzoic acid), it was investigated which parameters can (pH, UV

irradiation, radical scavengers) and which parameters hardly can (temperature) be used for

changing ozone oxidation kinetics. The energy of activation of the ozone-oxidation of 4-

chlorophenol, one of the model compounds, is determined, and from here it is shown why

the temperature will hardly be a factor of importance in the ozone-oxidation of aromatic

compounds, and in the ozone-oxidation of many other compounds as well: for reactions

having an energy of activation around 15-30 kJ.mol-1 the rate increasing effect of higher

temperatures is cancelled by the reduced ozone solubility at higher temperatures.
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Figure 10.3 Selectivity in the oxidation of two organic acids as a result of reaction pH. The dotted

lines shows the dissociation of compounds C1 and C2, having pKA values of 3.62 and 4.92

respectively. Values α and (1-α) represent the dissociated and undissociated fractions of the

compounds.
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The most significant factor in the ozone oxidation process is the pH of the reaction

mixture. The pH affects, in case of organic acids or bases, both the reactivity of the organic

compounds present, and the amount of radicals in the system (equation 10.5).

Other ways to control the reaction mechanism, for instance application of UV irradiation or

radical scavengers, are far less effective. UV irradiation is already rendered ineffective at

more than minimal solution film thicknesses, although in case of the 4-chlorophenolate

anion direct photolysis of the compound was seen to contribute to the total degradation

rate.

In chapter 4 the effect of addition of H2O2 on the oxidation process was studied. Addition

of H2O2 should, just like UV irradiation, increase the contribution of the radical reactions.

The main interest is in the effect of the oxidation process on the biodegradability of the

reaction products. This is studied by determination of COD (Chemical Oxygen Demand)

and BOD5 (Biological Oxygen Demand) of the oxidised reaction mixtures. It is shown that

ozone oxidation in general has a positive effect on the biodegradability of the initially

poorly biodegradable mixtures, as illustrated in Figure 10.4.

Additionally, it is found that addition of hydrogen peroxide to the system can help reduce

the costs of oxidant addition, as addition of H2O2 reduces the amount of ozone necessary

to produce a solution which is readily biodegradable.

In these experiments no effect of H2O2 on the oxidation kinetics is observed. Most likely

this effect is obscured by mass transfer limitations playing a role in these experiments, as

the compounds used in this work (phenols) are organic compounds that react with ozone

at very high reaction rates.
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Figure 10.4 Effect of ozone-oxidation of 2-chlorophenol on BOD5, COD and BOD5/COD ratio of

the reaction mixture as a function of amount of oxidant added.
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10.4. Linear Structure-Reactivity Relationships

It is not realistic to study oxidation kinetics of large numbers of organic compounds that

might possibly be present in waste waters. A more systematic approach to describing

oxidation kinetics is required. For this, it was attempted to establish linear structure-

reactivity relationships for oxidation of a number of organic compounds by both ozone and

radical reactions. The relationship chosen for this purpose was the Hammett relation. In a

Hammett relation, a correlation is made between a parameter describing the electronic

effect of a substituent group (σ) and the reaction rate of a compound substituted with such

a group, relative to an unsubstituted reference compound. The sensitivity of the relative

reaction rate to the substituent for a specific reaction mechanism is denoted ρ.

It was shown that the rate of oxidation of eleven p-substituted phenols and benzoic acids in

water could be correlated with substituent parameters using such a Hammett-relation, as

shown in Figure 10.5 below. Changing the process conditions was shown to have a

measurable effect on the selectivity of the ozone-oxidation, as described by such a

relationship, as well.

The correlations with σ are mainly relevant for aromatic compounds. As not all

constituents in waste waters necessarily are aromatic compounds, a more general structure-

reactivity relationship was sought after. Therefore it was investigated if a correlation of

reaction rates with the half-wave oxidation potential (E1/2) would be valid. To do so, values

for E1/2 were obtained from literature, or measured where no data were readily available.

First it was shown that E1/2 values can be derived from σ-values, as a linear relation was

shown to exist between Hammett σp
+ values and E1/2 oxidation potentials. Subsequently it

was shown that the rates of oxidation of the compounds under study could be related to

E1/2 values as well (Figure 10.6).
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Figure 10.5 Correlation of relative rates of oxidation of 10 aromatic anions with Σσp. Oxidation

with O3 only at pH = 12 ([CO3
2-] = 60 mM). Reference is the 4-hydroxy benzoic acid anion.
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This is a valuable result as by using such relationships reaction rates of compounds and

mixtures of compounds can be estimated fairly accurately prior to experimental testing of

the process.

10.5. Aspects for practical application of ozone oxidation

Waste waters generally contain more than only organic pollutants. Often, large amounts of

inorganic salts are present. Salts can affect the ozone oxidation process in several ways. In

the first place, salts reduce the solubility of ozone, in some cases by more than a factor of

two. On the other hand, when the concentration of a salt exceeds the so-called “transition

concentration”, bubble coalescence is inhibited and the average bubble size will be

significantly reduced, effectively increasing the rate of ozone mass transport into the liquid.

Salts may also interfere with the ozone decomposition mechanism, by acting as radical

initiators, chain carriers or radical scavengers. Their presence might therefore affect the

selectivity of the oxidation process.

In chapter 8, the effect of salts on the oxidation process was studied using linear structure-

reactivity relationships, comparable to the ones described in section 10.4. It was shown

that salts hardly affect the selectivity of the oxidation. In acidic solution (pH = 2.4), only

nitrate and sulphate were shown to reduce the oxidation selectivity. The sensitivity of the

reaction rates to substituent effects decreased from ρ = -0.65 for the blank to ρ = -0.38 in

the presence of sulphate and phosphate (Figure 10.7). At high pH the selectivity only

decreased in the presence of nitrate. This indicates nitrate can act as a chain carrier or

initiator, increasing the relative share of radical reactions in the oxidation process. Such is

in agreement with earlier reports, where nitrate radicals where found to play a role in the

ozone-oxidation process.
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Figure 10.6 Correlation of the relative rates of ozonation of a group of substituted organic

compounds with E1/2 (at pH = 2.2). Reference is 4-hydroxy benzoic acid.
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Finally the implications of the results for reactor design are considered. The aim is to

minimise ozone losses by unnecessary side reactions and by ozone loss in the effluent.

Based on these considerations two traditional reactor designs: the Plug Flow Reactor (PFR)

and the Continuous Flow Stirred Tank Reactor (CFSTR) are compared using efficiency and

ozone losses as criteria. To minimise ozone losses in the effluent, a third design is

introduced: the Cascaded Tank Reactor (CTR). In this set-up the disadvantages of the

CFSTR are reduced and the advantage of the PFR -minimal ozone losses in the effluent- is

incorporated.

It is shown that, although the PFR is still the most efficient design, the CTR may be a viable

alternative, especially as ozone addition can be realised much easier than in the PFR

design.
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Figure 10.7 Effect of salts (0.5 M) on the oxidation selectivity of five benzoic acids with ozone at

pH = 2.5. Reference is benzoic acid.



11. SAMENVATTING

11.1. Inleiding

Sinds in 1970 in Nederland de WVO (Wet Verontreiniging Oppervlaktewateren) werd

aangenomen, zijn op grote schaal communale en industriële waterzuiveringsinstallaties in

gebruik gesteld. Nu, 32 jaar later, is mede als gevolg van deze inspanningen de kwaliteit

van het oppervlaktewater drastisch verbeterd. Dit helpt onder andere de beschikbaarheid

van voldoende grondstof voor de productie van drinkwater voor de Nederlandse bevolking

te waarborgen.

Vanwege de relatief lage kosten vindt de water zuivering in de praktijk meestal plaats met

een aëroob dan wel anaëroob biologisch proces. Dit proces is dan verantwoordelijk voor

de verwijdering van het leeuwendeel van de aanwezige verontreinigingen. Dezen worden

daarbij omgezet in producten als kooldioxide, methaan, nitraat, stikstof, sulfaat en

waterstof sulfide, afhankelijk van welk type proces gebruikt werd. Gecombineerd met een

eenvoudig nabehandelingsysteem (meestal een nabezinktank) levert dit in de regel een

effluent met een voor lozing op oppervlaktewater acceptabele kwaliteit op.

Niet alle types afvalwater kunnen echter op deze manier behandeld worden. Biologische

waterzuiveringsinstallaties zijn vaak kwetsbaar voor grote piekbelastingen van toxische

componenten. Een gevolg hiervan is dat er nog steeds problemen zijn enkele afvalwater-

stromen goed gezuiverd te krijgen, met name in bedrijfstakken als de tanker cleaning, de

textiel- en de farmaceutische industrie. Samen produceren deze takken van industrie

wezenlijke hoeveelheden afvalwater. Om deze afvalwaters geschikt te maken voor

biologische zuivering moeten additionele voorbehandelingstechnieken worden ingezet.

Geavanceerde Oxidatie Technieken (AOPs: Advanced Oxidation Processes) kunnen hier

toepasbaar zijn. Vele verschillende AOPs bestaan inmiddels, zoals: ozonisatie, bestraling

met een electronenbundel, processen gebaseerd op inzet van TiO2/UV, toepassing van

waterstofperoxyde en UV licht, en sonolyse. Van deze technieken is ozonisatie de techniek

met de langste toepassingshistorie: de eerste waterzuiveringsinstallatie waar gebruik werd

gemaakt van ozon werd al in 1906 gebouwd in Nice (Frankrijk)[123].
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Ozonisatie kan een geschikte voorbehandelingstechniek voor de zuivering van de

bovengenoemde afvalwatertypes zijn omdat de techniek past bij de eisen die aan de

voorbehandelingstap worden gesteld en ozonisatie in het algemeen een beter

biodegradeerbaar effluent blijkt op te leveren. Een nadeel van ozonisatie, in geval van

afvalwaterzuivering van veel groter belang dan in de drinkwaterbereiding, is echter de

kostprijs van ozon. Ozonisatie is duur omdat ozon ter plekke moet worden geproduceerd,

en de productie van ozon grote hoeveelheden energie vergt. Om de kosten van ozonisatie

te verminderen is het dan ook gewenst een proces zo in te richten dat de ozon zo efficiënt

en selectief mogelijk wordt ingezet, voor de oxidatie van alleen die verbindingen die in

een navolgende biologische stap ook niet verwijderd zullen (kunnen) worden.

Het hoofddoel van het onderzoek beschreven in dit proefschrift volgt uit deze eis: in kaart

brengen hoe de selectiviteit van het proces in te zetten en hoe de efficiëntie van de

ozonisatie van een gegeven afvalwater te optimaliseren. In de volgende paragrafen worden

de belangrijkste resultaten van het onderwerp wat in de afgelopen periode is uitgevoerd

beschreven en in de gegeven context beschouwd.

11.2. Reactiesystemen met ozon

Ozon is een sterke oxidant, die betrekkelijk eenvoudig vele verschillende groepen van

verbindingen zal oxideren. Het bekendst is de oxidatie van alkenen, zoals oorspronkelijk

beschreven door Criegee[133]. Analoog aan deze reactie oxideert ozon ook snel dubbele

-N=N- bindingen, zoals die bijvoorbeeld in azo-kleurstoffen worden aangetroffen.

Er bestaan echter ook andere mechanismen voor directe oxidatie door ozon. Amines

worden geoxideerd door een snelle directe reactie[22], en aromatische verbindingen kunnen

worden geoxideerd door een mechanisme zoals beschreven door Decoret et al.[97]. Als

eindresultaat van deze reactie worden hydroxylgroepen geïntroduceerd op de aromatische

ring, waarmee de reactiviteit van de verbinding toeneemt. Uiteindelijk leidt de reactie tot

ringopening, waarbij goed biodegradeerbare kleine vetzuren worden gevormd.

Echter, behalve de boven genoemde reacties is een nog veel groter scala aan oxidatie-

routes beschikbaar door de betrokkenheid van radicaalreacties. In aanwezigheid van

hydroxyl- en perhydroxyl- anionen kunnen initiatiereacties plaatsvinden die twee radicalen

opleveren die het verval van ozon naar zuurstof katalyseren (reacties 11.1 en 11.2):

O3 + OH- O2
• - + HO2

• k1 = 70 M-1 s-1 (11.1)

O3 + HOO- O3
• - + HO2

• k2 = 2.8 .106 M-1 s-1 (11.2)

Het verval van ozon naar zuurstof kan worden geschetst in een vereenvoudigd schema

zoals Figure 11.1 (meer uitgebreid weergegeven in Figure 11.2). De cyclus in het midden
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vertegenwoordigd een gecompliceerd

schema van radicaalreacties. De totale

hoeveelheid radicalen in het systeem

hangt af van de snelheden van de initiatie-

en de terminatiereacties, en van de

snelheid waarmee de radicalen reageren

met andere verbindingen, zoals aanwezi-

ge organische componenten. De snelheid

van ozondecompositie kan worden weergegeven als in vergelijking 11.3, waar kpropagation de

netto vervalsnelheid van ozon onder invloed van de radicalen is:

( )]radical[k10]OH[k10k]O[
dt
]O[d

npropagatio

pKpH

222

pKpH

13
3 2O2H,Aw ++= −− (11.3)

Vervolgens kan een steady-state benadering gemaakt worden voor de concentratie van

radicalen in de cyclus, zoals gedaan in vergelijking 11.4. Hierin vertegenwoordigt ktermination

de netto snelheid van terminatie en scavengingsreacties. Uit deze vergelijking volgt dat de

totale radicaalconcentratie in het systeem hoofdzakelijk afhangt van de pH van de

oplossing, en van de concentraties ozon en waterstofperoxyde (vergelijking 11.5).

( ) 0]radical[k10]OH[k10k]O[
dt
]radical[d 2pKpH

222

pKpH

13 ationminter

2O2H,Aw =−+= −− (11.4)
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In deze vergelijkingen vertegenwoordigt [radical]

de concentraties van de vele reactieve deeltjes in

het werkelijke mechanisme van ozonomzetting.

Dit mechanisme is weergegeven in Figure 11.2.

Het omzettingsmechanisme bestaat uit een ge-

compliceerd stelsel van radicaalreacties en proto-

nerings/deprotonerings evenwichten, en elke pijl

vertegenwoordigd een reactie. Het experimentele

werk uitgevoerd om dit schema op te helderen

dateert uit de jaren 80, en het meeste van dit

werk was uitgevoerd door de groep van Hoigné

in Zwitserland[139-141, 144].

De radicalen die als intermediairen optreden in

de omzetting van ozon, zoals het superoxide

radicaal anion (O2
•-) en het hydroxyl radicaal (HO•), zijn bijzonder reactief, en in staat

2 O3 3 O2

initiation reactions

termination reactions

radicals

Figure 11.1 Vereenvoudigd schema van het ozon

verval mechanisme.
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Figure 11.2 Ozon vervalschema, waarin

zowel de OH- als de HOO- geïnitieerde

vervalroutes zijn opgenomen[22, 139, 141, 144].
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vrijwel elke organische verbinding te oxideren. De reactie van het hydroxyl radicaal met

opgeloste organische componenten is in het algemeen sneller dan de reactie van ozon met

deze componenten, maar veel minder selectief. Als gevolg hiervan kan het mogelijk zijn

de selectiviteit en de efficiëntie van de oxidatie te optimaliseren door de concentratie van

de van ozon afgeleide radicalen te beïnvloeden.

In hoofdstuk 6 wordt een mechanistisch model, gebaseerd op onder andere de reacties

getoond in Figure 11.2, ontwikkeld en de implicaties van het veranderen van diverse

procescondities wordt bediscussieerd. Hoewel het model niet nauwkeurig genoeg bleek

voor kwantitatieve simulaties van het complete ozonisatie systeem, kan het wel gebruikt

worden om kwalitatieve conclusies te trekken. Het wordt gedemonstreerd dat bijvoorbeeld

de pH een groot effect kan hebben op de waargenomen selectiviteit van het

ozonisatieproces (Figure 11.3).

Wanneer we dit model beschouwen, blijkt een aantal opties beschikbaar om de

selectiviteit van het ozonisatieproces in de hand te houden: stimuleren van de initiatie

reacties, of juist voorkomen daarvan, en stimuleren van radicaal scavenging reacties of juist

voorkomen daarvan. Van deze opties is natuurlijk de optie de radicaal scavenging reacties

te stimuleren tegelijk met het stimuleren van de ozondissociatie duidelijk contra-

productief: dit leidt voornamelijk tot niet-productief verval van ozon. De verschillende

methoden om de andere opties te realiseren zijn bestudeerd in de loop van dit onderzoek.

11.3. Afbraak van aromatische verbindingen en het effect op

de biodegradeerbaarheid

In paragraaf 3 wordt in eenvoudige modelsystemen met slechts één aanwezige component

(een chloorfenol of hydroxy benzoëzuur) onderzocht welke parameters goed (pH, UV
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Figure 11.3 Selectiviteit van de oxidatie van twee organische zuren afhankelijk van de pH van het

systeem. De waardes α en (1-α) (stippellijnen) vertegenwoordigen de gedissocieerde en ongedis-

socieerde fracties van de verbindingen C1 en C2,, zuren met pKA waardes van resp. 3.62 en 4.92.
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bestraling, radicaal scavengers) en welke parameters nauwelijks (temperatuur) gebruikt

kunnen worden om de kinetiek van de ozonisatie te beïnvloeden. De activeringsenergie

van de ozon oxidatie van 4-chlorophenol, een van de model verbindingen, is bepaald en

hier van uitgaande wordt getoond waarom de temperatuur nauwelijks van betekenis zal

zijn bij de ozon oxidatie van aromatische verbindingen, en ook niet bij de ozon oxidatie

van vele andere verbindingen: bij reacties waarvan de activeringsenergie rond

15-30 kJ.mol-1 ligt, wordt het versnellende effect van de hogere temperatuur teniet gedaan

door de lagere oplosbaarheid van ozon bij die verhoogde temperaturen.

De belangrijkste factor in het ozon oxidatie proces is de pH van het reactiemengsel. De pH

beïnvloedt, in het geval van organische zuren of basen, zowel de reactiviteit van de

aanwezige organische componenten als de hoeveelheid radicalen in het systeem (zie

vergelijking 11.5).

Andere manieren om het reactiemechanisme te sturen, zoals bijvoorbeeld de toepassing

van UV bestraling of dosering van radicaalscavengers, zijn veel minder effectief. UV licht is

alleen zinvol bij minimale filmdiktes, hoewel in het geval van het 4-chloor-fenolaat anion

een bijdrage van directe fotolyse aan de totale verwijderingsnelheid viel waar te nemen.

In paragraaf 4 werd het effect van de dosering van H2O2 op het oxidatieproces bestudeerd.

De dosering van H2O2 zou, net als bestraling met UV licht, de radicaalconcentratie moeten

doen toenemen. Het voornaamste onderzoeksdoel was echter het effect van het

oxidatieproces op de biodegradeerbaarheid van de reactieproducten vast te stellen onder

verschillende condities. De biodegradeerbaarheid werd hiertoe beschreven als de

verhouding van CZV (Chemisch Zuurstof Verbruik) en BZV5 (Biologisch Zuurstof Verbruik)

van het geoxideerde reactiemengsel. Uit de experimenten blijkt dat de ozon oxidatie in het

algemeen een positief effect heeft op de biodegradeerbaarheid van de initieel bijzonder

slecht biodegradeerbare reactiemengsels, zoals ook geïllustreerd in Figure 11.4.
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Daarbij wordt ook gevonden dat dosering van waterstofperoxyde aan het systeem kan hel-

pen de kosten van oxidant dosering te verminderen, omdat H2O2 dosering de voor het ver-

krijgen van een biodegradeerbaar reactiemengsel te doseren hoeveelheid ozon vermindert.

In deze experimenten wordt geen effect van H2O2 op de oxidatiekinetiek waargenomen.

Dit effect wordt waarschijnlijk aan de waarneming onttrokken doordat in deze

experimenten massaoverdrachtslimitaties een rol blijken te spelen. Deze effecten treden op

doordat de in deze studies gebruikte organische componenten (fenolen) in het algemeen

bijzonder snel reageren met ozon.

11.4. Lineaire Structuur-Reactiviteits relaties

Het is ondoenlijk de oxidatie kinetiek van alle mogelijke organische componenten die men

in afvalwater aantreft afzonderlijk te onderzoeken. Een meer systematische aanpak is

vereist. Hiertoe werd getracht lineaire structuur-reactiviteits relaties voor de oxidatie van

een aantal organische componenten met zowel ozon als radicalen op te stellen. De voor

dit doel gekozen relatie was de Hammett relatie. In een Hammett relatie wordt een

correlatie onderzocht tussen een parameter die het electronische effect van een substituent

groep beschrijft (σ) en de reactiesnelheid van een component, gesubstitueerd met zo’n

groep, relatief ten opzichte van een ongesubstitueerde referentie verbinding. De

gevoeligheid van de relatieve reactie snelheid voor de substituent voor een specifiek

reactiemechanisme wordt aangeduid met ρ.

Door middel van zo’n Hammett-relatie stelden we vast dat de reactiesnelheid van elf p-

gesubstitueerde fenolen en benzoëzuren met ozon in water een correlatie vertoonde met

dergelijke substituent parameters, zoals getoond in Figure 11.5. Ook werd getoond dat

veranderen van de proces condities een waarneembaar effect op de selectiviteit van de

ozonisatie, zoals beschreven door zo’n relatie, heeft.
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De correlaties met σ zijn vooral relevant voor aromatische verbindingen. Aangezien niet

alle verbindingen in afvalwaters noodzakelijkerwijs aromatische verbindingen zijn, werd

naar een meer algemeen toepasbare relatie gezocht. In dit kader werd ook onderzocht of

een correlatie van de reactiesnelheden met de half-wave oxidatie potentiaal (E1/2)

aangetoond zou kunnen worden. Hiervoor werden waardes voor E1/2 verkregen uit de

literatuur, of, indien geen data bij de hand waren, verkregen uit metingen. Om te beginnen

werd aangetoond dat E1/2 waardes afgeleid kunnen worden uit σ-waardes, aangezien een

lineair verband werd aangetoond tussen de Hammett σp
+ waarden en de E1/2 oxidatie

potentialen. Vervolgens werd aangetoond dat de ozonisatiesnelheden van de bestudeerde

verbindingen inderdaad ook aan hun E1/2 waardes gerelateerd konden worden (Figure

11.6).

Dit is een bijzonder bruikbaar resultaat aangezien het gebruikt kan worden om dergelijke

relaties te gebruiken voor het met redelijke nauwkeurigheid inschatten van de reactiviteit

van verbindingen in een mengsel, voordat een experiment verricht wordt.

11.5. Aspecten m.b.t. de practische toepassing van ozon

oxidatie

In de regel bevat afvalwater meer dan alleen organische verontreinigingen. Vaak zijn ook

grote hoeveelheden anorganische zouten aanwezig. Zouten kunnen op verschillende

manieren invloed uitoefenen op het oxidatieproces. In de eerste plaats reduceren zouten

de oplosbaarheid van ozon, in sommige gevallen zelfs met meer dan een factor twee. Aan

de andere kant wordt, wanneer de concentratie van een zout de zogenaamde ‘overgangs-

concentratie’ overschrijdt, de coalescentie van gasbellen gehinderd wat resulteert in een
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Figure 11.6 Correlatie van de relatieve ozonisatie-snelheden van een groep van gesubstitueerde

organische verbindingen met E1/2 (bij pH = 2.2). Referentie is 4-hydroxy benzoëzuur.



11

126

significant lagere gemiddelde bellengrootte. Dit stimuleert de massaoverdracht van ozon

van de gas- naar de vloeistoffase.

Zouten kunnen tenslotte ook nog interfereren met het ontledingsmechanisme van ozon,

door als radicaal initiatoren of scavengers op te treden, of door deel te nemen aan de

radicaalcyclus. De aanwezigheid van zouten kan daardoor eventueel ook de selectiviteit

van de ozonisatie beïnvloeden.

In hoofdstuk 8 wordt het effect van zouten op het oxidatieproces bestudeerd door middel

van lineaire structuur-reactiviteits relaties, vergelijkbaar met de relaties welke beschreven

zijn in paragraaf 11.4. Er wordt aangetoond dat zouten nauwelijks enig effect hebben op

de selectiviteit van de ozonisatie. In zuur milieu (pH = 2.4), blijken alleen nitraat en

sulfaat de ozonisatieselectiviteit te verminderen. The gevoeligheid van de reactiesnelheid

voor substituent effecten verminderde van ρ = -0.65 voor de blanco tot ρ = -0.38 in de

aanwezigheid van sulfaat en fosfaat (Figure 11.7). In basisch milieu nam de selectiviteit

alleen af in de aanwezigheid van nitraat. Dit geeft aan dat nitraat zou kunnen optreden als

chain carrier of als initiator, daarmee het relatieve aandeel van de radicaalreacties in het

oxidatieproces vergrotend. Dit is ook in overeenstemming met literatuur, waarin

geconstateerd werd dat nitraat-radicalen  een rol speelden in het ozonisatieproces.

Tenslotte worden de consequenties van het bovenstaande voor het reactorontwerp

beschouwd. Het doel is ozonverliezen door ongewenste nevenreacties, en ozonverlies in

het effluent te voorkomen. Gebaseerd op deze overwegingen worden twee traditionele

reactorontwerpen: de propstroom reactor (Plug Flow Reactor; PFR) en de continu geroerde

tankreactor (Continuous Flow Stirred Tank Reactor; CFSTR) vergeleken, met efficiëntie en

ozon verlies als criteria. Om ozonverlies in het effluent te minimaliseren wordt een derde
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ontwerp geïntroduceerd: de geschakelde tank reactor (Cascaded Tank Reactor; CTR). In dit

ontwerp worden de nadelen van de CFSTR ten dele ondervangen en is ook het voordeel

van de PFR, een minimaal ozonverlies in het effluent, aanwezig.

Er wordt aangetoond dat, hoewel de PFR het meest efficiënte ontwerp blijft, CTR een goed

alternatief kan zijn, met name ook omdat de ozondosering hierin makkelijker kan worden

gerealiseerd als in de PFR.
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13. LIST OF TERMS AND ABBREVIATIONS

AOP Advanced Oxidation Process.

ArO- Aryloxy ( O
-

R

)

ArOH Arylhydroxy ( OH

R

)

BOD Biological Oxygen Demand (in mg O2.l-1): amount of oxygen needed to
convert solutes present by means of aerobic biological conversion.

BOD5 Biological Oxygen Demand (in mg O2.l-1) measured in a 5 day period.
Bu Butyl group ( CH3CH2CH2CH2 - ).
C concentration of any compound (in M).
Co initial concentration (concentration at time = 0) of any compound (in M).
Ct concentration of any compound at time t (in M).
CAS number Chemical Abstracts Services numbering. System of assigning every single

compound (chemical) a unique number for referencing purposes.
CFSTR Continuous Flow Stirred Tank Reactor. Reactor with homogeneous

composition of the reactor contents.
COD Chemical Oxygen Demand (in mg O2.l-1): amount of oxygen needed to

completely oxidise all solutes present.
CP chlorophenol
2-CP 2-chlorophenol
4-CP 4-chlorophenol
CTR Cascaded Tank Reactor.
electrophile reactant with a preference to react with a molecule or part of a molecule

having a high local electron density (opposite: nucleophile).
E potential (V)
Eox oxidation potential (V vs. indicated reference electrode potential).
Emax oxidation peak potential (V vs. indicated reference electrode potential).
EPA US Environmental Protection Agency.
Et Ethyl group ( CH3CH2 - ).
GC-MS combination of Gas Chromatography and Mass Spectroscopy, usually

used for identification of individual unknown volatile compounds present
in a mixture.

H Henry’s law constant for a gas as observed under the applied conditions
(in atm.M-1).

H0 Henry’s law constant for a gas under standard conditions (in demineralised
water of 25 oC) (in atm.M-1).

HOMO Highest Occupied Molecular Orbital. Highest-energy Molecular Orbital
that is still occupied by electrons. The first next (in terms of energy)
Molecular Orbital is called the LUMO (Lowest Unoccupied Molecular
Orbital).
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I electrical current (in A).
ion species with a positive or negative charge. May have an odd number of

electrons, in which case it is a radical-ion. (see radical, molecule)
IC50 concentration of a compound in a medium that is able to inhibit the

activity of a species (any organism) with 50%.
k reaction rate constant. Unit of this constant is derived from the reaction

rate equation.
ko reaction rate constant of a reference compound. Unit of this constant is

derived from the reaction rate equation.
kobserved observed reaction rate constant. Not a real reaction rate constant as it

appears in a simplified reaction rate equation incorporates a concentration
term or is composed of several actual reaction rate constants. Unit of this
constant is derived from the reaction rate equation.

KBio Bioconcentration factor.
KS Sechenov constant (M-1)
LC-MS combination of Liquid Chromatography (HPLC) and Mass Spectroscopy,

usually used for identification of individual unknown well water soluble
compounds present in a mixture.

LD50 concentration of a compound in a medium that is able to kill 50% of a
population of a species (organism) within a certain period of time.

MARPOL International Convention for the prevention of Maritime Pollution.
molecule species without charge (as opposed to an ion) and with an even number of

electrons (as opposed to a radical).
log Pow logarithm of the octanol-water partitioning coefficient; used as a measure

of the hydrophobicity of a compound
M moles per litre.
Me Methyl group (CH3 - ).
NHE Normal Hydrogen Electrode.
nucleophile reactant with a preference to react with a molecule or part of a molecule

having a locally decreased electron density (opposite: electrophile).
1O2 singlet oxygen (an oxygen molecule which is, as a result of irradiation, in a

state of increased reactivity)
PFR Plug Flow Reactor. A reactor with plug flow characteristics, i.e. all material

passing the reactor has the same residence time. The reactor contents are
not homogeneous.

pK negative logarithmic value of any dissociation constant.
pKA,HA negative logarithmic value of the dissociation constant of acid HA (acidity

constant).
pKW negative logarithm of the water dissociation equilibrium.

pKW = -log([H3O+][OH-]).
POTW Public Owned Treatment Work (waste water treatment plant for treatment

of domestic waste water or domestic and industrial waste water).
Pr Propyl group (CH3CH2CH2 - ).
radical uncharged species with an odd number of electrons and a therefore

usually high reactivity (see ion, molecule)
R a: any reaction rate (in moles l-1 s-1).

b: the ideal gas constant (8.314 J mol-1 K-1).
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c: any functional group (substituent) in a compound, used to denote a
series of structurally related compounds. Most typically, in this thesis R is
any of -NH2, -COOH, -Pr, -Et, -Me, -H, -Cl, -CF3, -NO2.

ρ slope of line in Hammett plot, indicating selectivity found for a specific
reaction mechanism.

σ substituent constant for use in Hammett plot, as found in reference tables.
Sub- and superscripts denote orientation of a substituent (ortho, meta,
para) and possible charge in the transition state.

σ- substituent constant for use in Hammett plot, as found in reference tables,
for the situation that a (local) negative charge exists in the relevant
transition state.

σ+ substituent constant for use in Hammett plot, as found in reference tables,
for the situation that a (local) positive charge exists in the relevant
transition state.

σp substituent constant for use in Hammett plot, as found in reference tables,
for aromatic compounds with the substituent oriented para to the reactive
site of the molecule.

Σσ sum of substituent constants for substituents found in a compound, as
found in reference tables, for use in Hammett relations.
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