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 Abbreviations 

AC    Activated carbon 

BOD    Biological oxygen demand 

COD   Chemical oxygen demand 

CWAO   Catalytic wet air oxidation 

DCF   Diclophenac 

DMF   Dimethyl formamide  

EB   Electron beam 

GC   Gas chromatography 

HPLC   High-performance liquid chromatography 

IC   Inorganic carbon 

LA-ICPMS Laser ablation-inductively coupled plasma mass     

spectrometry 

LP-UV   Low pressure ultraviolet 

MP-UV   Medium pressure ultra violet 

MTBE   Methyl tertiary butyl ether  

NDIR    Non dispersive infrared 

PBR   Packed-bed reactor 

PCB   Polychlorobenzene 
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PGAA   Prompt gamma activation analysis 

PWW   process wastewater 

SEM   Scanning electron microscopy 

TBR   Trickle-bed reactor 

TC   Total carbon 

TKN   Total Kjeldhal nitrogen 

TOC   Total organic carbon 

TPR   Temperature programmed reduction 

UV   Ultraviolet 

VOC   Volatile organic compounds 

WAO   Wet air oxidation 

XPS   X-ray photoelectron spectroscopy 

XRD   X-ray diffraction 

XRF   X-ray fluorescence spectroscopy 
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1. Introduction 

Nowadays, many industries generate large quantities of aqueous wastes containing 

organic substances (process wastewaters = PWW’s). Before discharging these 

wastewaters into the environment like domestic wastewaters, industrial wastes must 

undergo various physical, biological, chemical or combined treatments to reduce 

their toxicity and to convert them to biodegradable materials.  

Within this large area of wastewater production, pharmaceutical industry is 

considered to be of great importance, due to its increasing volume which is 

accompanied by increase of by-products and wastes. Liquid wastes of high organic 

content which make up a high proportion of them have been classified as hazardous 

wastes and are mainly disposed of by incineration.  

Among typical treatment methods applied for these kinds of wastes, biological 

treatment is primary method for removal of organic pollutants, but often not suitable 

since they may contain toxic, non-biodegradable and hazardous pollutants. 

Moreover, microbes are vulnerable to (chemical) shocks, further limiting their use 

in the chemical industry. This is especially so in the fine chemistry sector since the 

units are relatively small and operated in batch mode, leading to large variations in 

effluent composition. Examples of toxic compounds are aromatic compounds, as 

well as a large variety of chlorine-containing organic compounds. For example, the 

maximum bio treatable concentration of phenol has been reported to lie in the range 

50–200 mg/dm3 and is typically exceeded in practice. Biodegradation processes are 

inherently slow and this results in large installations for biochemical treatment of 

wastewaters. They produce sludge that must be disposed of either by land filling or  

incineration, and the cost of these procedures should be accounted for. Moreover, 

sludge disposal may pose environmental problems. However these days, sludge is  

used in biogas production, which reduces the quantity of the material to be disposed 

and so decreases related problems. 

Some wastewater streams are too concentrated to be cleaned effectively by 

biological treatment. Instead they are diluted, incineration is typically used when 
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everything else fails and then the hazardous and polluting components are 

eliminated with high energy consumption, which bears high costs, meanwhile 

producing pollutants like dioxin, furans and sulfur dioxide. 

However few reports are on low cost biological treatment of mother liquors of 

pharmaceutical origin, which contain organic and inorganic toxic materials. A 

comprehensive chemical analysis of the waste of any pharmaceutical industry is 

complicated to be carried out due to large number of components and not being 

economically viable in industrial terms. So the determination of biodegradability by 

this method is not realizable. (1) 

On the other hand non-biodegradable wastes generated from industrial processes 

can be treated by chemical oxidation, wet oxidation or with advanced oxidation 

processes (AOP, s) or wet oxidation combined with radiation technology in order to 

eliminate their toxicity and enhance their biodegradability. 

In case of a WAO, the organic compounds undergo chain type oxidation in a reactor 

with high pressure and temperature (up to 300°C, 120 bar O2) occasionally in the 

presence of a catalyst. Disadvantages of this method are high pressure, high 

temperature and extremely corrosive reaction mixtures under these conditions, even 

at alkaline pH. 

The challenging conditions are a strong driving force for the investigation of 

catalysts, which will give advantages in lower pressure and temperature and shorter 

residence time.. It has been shown that dilute aqueous solutions of organic 

pollutants can be oxidized catalytically under relatively mild conditions (<3 MPa; 

<473 K) where the problems of corrosion are less critical. The capital and 

operational costs are also lower. CWAO can also improve conversion of compounds 

that are only slowly degraded in non-catalytic WAO.  
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1.1.Wastewater treatment technologies 

Depending on the contaminant which should be removed from the wastewater one 

or more of the below mentioned technologies should be chosen. This table also 

gives brief idea about the advantages and disadvantages of the mentioned 

technologies 

 

Table 1. Advantages and disadvantages of physical, biological and chemical 

treatments. (2) 

Treatment physical, 

physical-chemical 

biological Chemical 

Types of pollutants: 

 

Typically industrial 
wastewater. 

organics and some 
inorganics, metals 

Industrial and 
domestic wastewater. 

Low concentration 
organics, some 
inorganics. 

Typically industrial 
wastewater. 

organics, inorganics, 
metals 

Methods: 

 

Filtration, adsorption, 
air flotation, 

extraction, 
flocculation, 
sedimentation 

distillation stripping 

rectification 

Anaerobic 

Aerobic 

Activated sludge 

Thermal 
oxidation(combustion) 

Chemical oxidation, 

Ion exchange, chemical 
precipitation 

Advantages: 

 

Low capital costs, 

relatively safe 

easy to operate 

low maintenance, 
relatively safe, 
removal of dissolved 
contaminants, 

easy to operate 

High degree of 
treatment, no secondary 
waste, removal of 
dissolved contaminants. 

Drawbacks: 

 

Volatile emissions, 

High energy cost 

difficult maintenance 

volatile emissions,  

waste sludge disposal, 

susceptible to toxic 
materials 

High capital and 
operating costs, difficult 
to operate 
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1. 1.1. Classification of wastewater treatments 

The water pollution arising from different human activities is of a major concern of 

every national and international organization all over the world. Among these 

activities, industrial wastewaters mainly the ones coming from chemical and 

pharmaceutical industries are of great importance. These wastewaters are usually 

generated during the different stages of the industrial processes, from the production 

of raw materials, through the preparation of intermediate, to the packaging of the 

finished product.  

Highly concentrated PWW’s, mother liquors of chemical, pharmaceutical 

production contain high amount of organic and inorganic materials. These waters 

are rather complex mixtures containing several solvents, salts and all the organic 

molecules which were the starting materials, auxiliaries and intermediates of the 

synthesis from where these waters originated. The analysis of the individual 

polluting components is rather difficult and costly; however, a complete analysis 

often does not bring us closer to the solution of their disposal. These PWW’s often 

cannot be treated directly or even in diluted form with biological treatments because 

they might be toxic and/or non-biodegradable, they often prove to be biologically 

recalcitrant under the current qualification procedures, due to their high organic 

content, molecules with aromatic rings or chlorine substituent’s. Therefore, they 

cannot be discharged directly into the municipal sewer systems and have to be 

treated in situ at the industrial site, or a significant proportion of them are sent for 

incineration (3). Simple dilution of these wastes is also prohibited. 

Part of carbon-rich wastes which is currently sent for incineration, could be utilized 

as a carbon source for biological denitrification in domestic wastewater treatment 

plants, or for anaerobic biogas production. It would be possible to separate their 

volatile content and the solvents could be re-utilized. Residual toxic organic 

compounds could be decomposed by oxidation and sent for biological treatment 

afterwards. 
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Table2. Processes used for the removal of toxic compounds (4) 

Processes Removal application 

Activated carbon adsorption Natural and synthetic organic compounds 
including VOCs, pesticides, PCBs, heavy metals 

Activated sludge powdered activated carbon  Heavy metals, ammonia, selected refractory 
priority pollutants 

Air stripping Volatile organic compounds(VOCs) and 
ammonia 

chemical coagulation, sedimentation,  

and filtration 

Heavy metals and PCBs. 

Chemical oxidation Ammonia, refractory and toxic halogenated 
aliphatic and aromatic compounds 

Conventional biological treatment Municipal wastewaters 

After all it should be mentioned that the selection of a practicable process or a 

combination of methods is of great importance in deteriorating the pollutants and 

enhancing the treatment efficiency of the process. Although it seems a rather 

difficult task to choose a proper technique, according to wastewater characteristics 

like its concentration, flow rate and etc. 
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Fig. 1 Wastewater treatment map in function of organic matter content and flow rate 

(3) 

In the following sections I try to, briefly summarize main types of wastewater 

treatment technologies used nowadays, but I only focus more in detail on those 

techniques which I have dealt with, during my research work. 

1.1.1.1. Biological wastewater treatment 

Biological treatment with activated sludge is the most efficient and cost-effective 

way of cleaning domestic wastewater. However, biological elimination of 

concentrated, industrial liquid wastes is not commonly applied, because of the toxic 

characteristics of the organic pollutants present in high concentrations. Wastes with 

high carbon content originating from the chemical industry usually prove to be 

toxic/non-biodegradable according to the currently applied qualification methods, 

and are therefore disposed of by expensive and often polluting technologies, e.g. 

incineration. 
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Process wastewaters (PWW’s) and mother liquors produced by fine chemical and 

pharmaceutical industrial processes often contain bioactive organic compounds 

therefore they are classified as hazardous wastes. Treating these kinds of waters has 

become a technological, ecological, and economical problem. 

On the basis of preliminary experience done by other colleagues in the Department 

of Applied Biotechnology and Food Science we assume that well established 

biodegradability studies and appropriately designed and improved methods or 

processes may lead to the successful treatment of biodegradable pharmaceutical 

liquid wastes which are toxic in high concentration, by biotechnological utilization. 

The design and operation of biotechnological processes is mostly based on the 

kinetics established by Monod in 1949 (5) this assumes that a given organic 

substrate asymptotically supports the growth of the microorganisms with increasing 

concentration (see eq. 1. and Figure 1.). However, there also exists the kinetics of 

Andrews (6) (Figure 1, eq. 2), developed for the biodegradation of “biodegradable, 

toxic” organic compounds. 

 

 

Fig. 2 Andrews and Monod kinetics 
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The application of Andrews’ kinetics provides a new approach for the biological 

elimination and reuse of liquid wastes which have been regarded to date as “toxic”. 

This type of kinetics reveals that the biodegradation of organic pollutants is a highly 

concentration-dependent process. Therefore, liquid toxic wastes can be biodegraded 

at lower concentrations.  

Monod kinetics:      (1)  

Andrews kinetics:      (2) 

μ = specific growth rate of the biomass (d-1), μmax = maximum specific growth    

rate of the biomass  

(d-1), S = substrate (biodegradable pollutant) concentration (mg l-1), KS = half 

saturation coefficient (mg l-1), KI = inhibition coefficient (mg l-1) 

According to the Andrews model microorganisms can grow by consuming 

biodegradable, toxic substrates and that biodegradation is basically enhanced at low 

substrate concentrations. At high substrate concentrations, however, inhibition and 

toxicity effects are expressed. Obviously, the values of the coefficients and, as a 

result, the shapes of the curves differ considerably depending on the nature of the 

substrate to be biodegraded as well as the type of biomass carrying out the 

degradation process. 

As substrate concentration dependence is not taken into consideration in most of the 

common methods used for assessing biodegradability, liquid wastes which are 

readily biodegradable at low concentrations may be classified as toxic or non-

biodegradable.  

The non-volatile organic content of PWWs is very diverse, some effluents are easily 

biodegradable, and can be treated with activated sludge in a diluted solution. 

SK
S

S +
⋅= maxµµ

I
S K

SSK

S
2max

++
⋅= µµ
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However, the wastewaters of pharmaceutical industries often contain toxic 

compounds which may inhibit the functioning of biomass even in very small 

concentrations. The most frequently used chemical treatment method for such toxic 

wastes is wet oxidation, which reduces the COD which is present in high amounts. 

1.1.1.2. Physico-chemical treatment 

Main physico- chemical treatments can be divided into following categories. 

• Absorption 

• Adsorption: 

• Ion exchange 

• Extraction 

• Evaporation  

• Distillation  

• membrane processes 

A physico-chemical approach involves separation methods that are based on the 

different relative volatilities of the compounds. If the contamination is more volatile 

than the water or forms hetero-azeotropes with it, stripping, and various kinds of 

distillation can be successfully applied. These physical-chemical tools have the 

advantage that contaminating volatile organic compounds (VOC) can be recovered 

and reused (7-11) If non-volatile compounds are also present, the problem requires 

other tools e.g. membrane processes or wet oxidation (12,13). 

Distillation 

One of the mostly used technologies among other liquid waste treatment 

technologies is distillation. With distillation the recycling of material is feasible, the 

organic impurities can be extracted and the distilled material could be reused. The 

pollutants appear in concentrated form which can be disposed of. The difficulty 

arises when several solvents have similar boiling points specifically the simple 

distillation of azeotropic mixtures is not possible at all. 
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Distillation of volatile organic compounds significantly reduces the chemical 

oxygen demand of process wastewaters. Adsorbable organically bound halogens 

(AOX) could also be removed with this process. 

 

Membrane process 

Membrane process has 3 advantages: 

1. The high separation efficiency 

2. The flexibility 

3. The energy efficient process 

With this process high purity product could be produced in only one step. 

Membrane process can separate material that no other process could which is 

environmentally beneficial since we do not have further generation of waste. 

Membrane process can be applied in treatment of wastewaters containing heavy 

metals from process wastewaters. It can also be used in reducing process wastewater 

quantity by using hybrid separation technology. It can also reduce the COD value of 

the process wastewater. The great challenge is to find or prepare the suitable 

membrane which has long lifetime among these demanding conditions. 

 

1.2. Thermal wet Oxidation processes 

Thermal wet oxidation processes, use high temperature and high pressure air or 

oxygen as oxidant. 

1.2.1. Wet Air Oxidation 

Wet oxidation or also known as (WAO), refers to a process of oxidizing suspended 

or dissolved material in liquid phase with dissolved oxygen at elevated temperature. 

It is a method for treatment of waste streams which are too dilute to incinerate and 

too concentrated for biological treatment and of course a good option for treating 

the high organic content PWWs. The chemistry of wet air oxidation involves free 

radical formation of organic compounds. In this hydrothermal process the pollutants 

are converted into easily biodegradable substances or are completely mineralized.  
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A typical condition for wet air oxidation ranges from 180°C and pressure of 2 Mpa 

to 315°C and 15 Mpa pressure. 

 

      Fig. 3 Typical flow diagram of wet air oxidation 

1.2.1.1. Industrial application of wet air oxidation 

Wet air oxidation technologies have been commercialized more than 50 years. 

Applying different temperatures we can mention 3 different oxidation categories: 

namely low temperature oxidation, medium temperature oxidation and high 

temperature oxidation. 

Commercial application of low temperature oxidation (100-200°C) include the low 

pressure thermal conditioning of sludge (LPO) and low strength sulfidic spent 

caustic treatment which represents today’s most successful WAO application with 

two distinct spent caustic: ethylene plant spent caustic and refinery spent caustic.  

The ethylene spent caustic WAO application is traditionally a low temperature 

treatment and is operated in the range of 120-220°C with the main purpose of 

destroying the odorous sulfide present in the spent caustic. The refinery spent 

caustic WAO application operates at 240-260°C which already fits to the medium 



19 

 

temperature category as well as WAO of some organic wastes. Other industrial 

wastes treated by low temperature oxidation include cyanide and phosphorous 

wastes as well as non-chlorinated pesticides. High temperature oxidation 260-320°C 

is used for refinery spent caustic, sludge destruction and most WAO treated 

industrial wastewaters. Most organic industrial wastes are oxidized in this 

temperature range including pharmaceutical wastes as well as pesticides, solvents 

and complete destruction of liquid wastes of pulp and paper production and other 

organic sludge 

In one of the recent studies the wet air oxidation of highly concentrated emulsified 

wastewater was conducted. As Wenwei Tang and his colleagues has also mentioned 

in their research paper, these kinds of wastewater usually contain all kinds of 

organic matters such as surfactants, additives and mineral oils. They are typical, 

highly concentrated hardly biodegradable organic wastewaters. This oxidation took 

place in a 2 L high pressure autoclave in batch mode. The initial COD concentration 

of the wastewater was 48000 mg/L. After 2 hours of oxidation at 220°C with supply 

of oxygen 1.25 times more than its theoretical value the COD was reduced by 

86.4%. The temperature seemed to be a key influential factor, especially between 

180 and 220° C the COD and TOC removal was evidently increased. They also 

recognized that with increasing the initial partial pressure of oxygen (pO2), the 

reaction rate significantly increased. (14) 

1.2.1.2 Zimpro® Wet Air Oxidation 

The history of WAO started almost about 50 years ago, when Zimmermann 

observed that he could dispose pulp mill liquors using air at high pressure leading to 

the oxidation of organic compounds dissolved or suspended in liquid water, at 

relatively low temperatures in the presence of oxygen. (15) 

They took spent pulping liquor from a local paper mill to produce artificial vanilla 

flavoring (vanillin) by partial oxidation of ligno-sulphonic acids. They perfected the 

wet air oxidation process (or the “Zimmermann Process” as it was known), and 

expanded it to other applications, including wastewater treatment. 
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Since then, this process (Zimpro) had been mainly used for sewage sludge 

treatment, but by the early 1970s, it was applied to regenerate spent powdered active 

carbon from wastewater treatment processes. During 1980s, WAO began to be more 

useful as an industrial waste treatment technology. Currently several hundred full-

scale WAO plants are in operation for the treatment of a variety of effluent streams. 

(16) 

The typical wet oxidation system is a continuous process using compressor to raise 

the feed stream and air (or oxygen) to the required operating pressure. Heat 

exchangers are routinely employed to recover energy from the reactor effluent and 

use it to preheat the feed/air mixture entering the reactor. Auxiliary energy, usually 

steam, is necessary for startup and can provide trim heat if required. The reactor 

vessel provides some hour’s residence time at a temperature which enables the 

oxidation reactions to proceed towards completion. Since the oxidation reactions are 

exothermic, sufficient energy may be released in the reactor to allow the wet 

oxidation system to operate without any additional heat input with COD above 

10000 mg/L. 
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Table 3. Zimpro’s Wet Air Oxidation Installations in 1985. (17) 

No. Plants  Type Wastes  
109  
29  
12  
7  
6  
6  
3  
2  
2  
2  
1  
1  
1  
1  
1  
1  
1  
1  

Municipal Sludge  
Night Soil  

Carbon Regeneration  
Acrylonitrile  

Metallurgical Coking  
Petrochemical  

Paper Filler  
Industrial Activated Sludge  

Pulping Liquor  
Hazardous Waste  
Paper Mill Sludge  

Explosives  
Monosodium Glutamate  

Polysulfide Rubber  
Textile Sludge  

Chrome Tannery Waste  
Petroleum Refining  

Misc. Industrial Sludges  
                                    Total: 186  

 

1.2.1.3. Kinetic mechanism of WAO 

WAO of organic pollutants is generally described by a free-radical chain reaction 

mechanism in which the induction period to generate a minimum radical 

concentration is of great significance (18-21). During the induction period of phenol 

WAO, practically no change was observed in phenol concentration. Once the 

critical concentration of free radical is reached, fast reaction takes place 

(propagation step), when almost all phenol is oxidized. Mishra and his colleagues 

(22) found that the induction period length depends on the catalyst concentration, 

oxygen concentration, temperature, and type of organic. Some other authors have 

the same idea (23 -26) on the other hand Sadana and Katzer (27) reported that pH 

also has  influence on  the induction period which actually is shorter for pH values 

of about 4, and is increasing with increase in pH.  
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Fig. 4 A simplified pathway for oxidation of phenol 

The steady state (propagation step) is then followed by the third step (termination 

step) characterized by a slow oxidation rate.  

These reaction steps taking place during WAO are generally described by the 

system of reaction equations illustrated below (29) 

The first step is the chain initiation, in which free radicals (R*, OH*, HO2*) are 

produced by the bimolecular reaction of dissolved oxygen with the organic 

compound which is found to be very slow at low temperatures. 

RH + O2 → R* + HO2*       (1) 

When the free radical R* is formed, it can readily react with molecular oxygen to 

give peroxoradical (ROO*)  

R* + O2 → ROO*               (2) 

The other reaction is the forming of hydrogenperoxide, which decomposes with 
metal catalysis to OH* radicals 

RH + HO2* → R* + H2O2    (3) 

H2O2 + M → 2 HO* + M  (4) 

Finally the peroxo radical gives with the parent compound a free radical and 
hydroperoxide 
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ROO* + RH → R* + ROOH   (5) 

The OH* radicals oxidize parent compound into a free radical again 

RH + OH*→ R* + H2O (6) 

In the mechanism, the organic parent compound (RH) can react thus with molecular 

oxygen (1), the organic peroxyl (ROO·) (5), hydroxyl (OH·) (6) and hydroperoxyl 

(HO2·) (3) radicals (28, 29). 

 

Intermediates formation is of great importance in WAO and has been reviewed by 

Devlin and Harris (30) for the oxidation of aqueous phenol with dissolved oxygen. 

The authors conclude that, at elevated temperatures, oxygen is capable of three 

different oxidation reactions with the organic: (i) it can substitute an oxygen atom 

into an aromatic ring to form a dihydric phenol or quinone; (ii) it is capable to attack 

carbon to carbon double bonds to form carbonyl compounds; and (iii) in oxidizing 

alcohols and carbonyl groups to form carboxylic acids. The authors found that the 

ring compounds (dihydric phenols and quinones) were formed under conditions 

near the stoichiometric ratio of phenol and oxygen, increasing in quantity when ratio 

phenol/oxygen increased. The unsaturated acids, namely maleic and acrylic and 

saturated ones, namely formic, acetic and oxalic appear independently of phenol to 

oxygen ratio used. Malonic, propionic and succinic acids were identified only in 

case of deficit of oxygen. Malonic acid undergoes decarboxylation to produce acetic 

acid and carbon dioxide.  

Another interesting research was done by H.S. Joglekar et al. (23), in that work the 

kinetics of oxidation of phenol and nine substituted phenols was investigated. The 

process was studied in a 1 liter stainless steel autoclave at temperatures in the range 

of 150-180°C and the initial phenol concentration was 200 mg/L. The oxidation 

reaction found to be the first order in oxygen and also first order with respect to 

phenolic substrates in both cases. The overall oxidation reaction rate was found to 

be kinetically controlled when the temperature was less than 195°C and the phenol 

concentration was less than 200 mg/L. At higher temperatures (>240°C) and higher 
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phenol concentration (>20000 mg/ L) the overall oxidation reaction rate became 

mass transfer controlled. 

 

 

Fig. 5 Proposed reaction pathway for phenol oxidation by molecular oxygen 
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1.2.2. Catalytic wet air oxidation  

In the 80’s significant need was revealed (30, 31) toward treatment of highly 

concentrated wastewaters of chemical, pharmaceutical production, as well as 

residual sludge. Aside WAO, CW(A)O has been applied to many different model 

effluents, but relatively few works have been devoted to real and complex industrial 

wastes (32-37) 

 

In order to carry out WO under milder conditions (at lower temperature and 

pressure) an alternative way would be catalytic wet (air) oxidation (CW [A] O). 

Soluble transition metal salts (such as copper and iron salts) have been found to give 

significant enhancement of the reaction rate, but a post treatment is needed to 

separate and recycle them. Heterogeneous catalysts have the advantage that they can 

be used without the problem of separation and for continuous operation. Mixtures of 

metal oxides of Cu, Zn, Co, Mn, and Bi are reported to exhibit good activity, but 

leaching of these catalysts was detected (38-42) 

The reaction mechanism of CWAO is thought to be similar to the mechanism of 

WAO, and the function of the catalyst is essential promoting the formation of free 

radicals. 

A kinetic study was carried out by Qiang Wu and his colleagues on the phenol 

oxidation by catalytic wet air oxidation (CWAO) using aqueous copper nitrate as 

homogeneous catalyst. They established a kinetic model based on the free radical 

mechanism where the electron transfer from copper to phenol was assumed to 

initiate the formation of free radicals and this led them to propose that the formation 

of free radicals (PhO• and PhOOO •) is primarily due to the electron transfer from 

metal to phenol. According to this model, the reaction orders was found to be 

approximately 1.0, 0.5 and 0.5 with respect to phenol, oxygen and copper 

concentrations, respectively. In order to verify the proposed kinetics, a series of 

CWAO experimental tests were done at various temperatures (313–333 K), oxygen 
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partial pressures (0.6–1.9 MPa), and copper concentrations (0–13 mg l−1). The 

experimental data were found to agree well with the model. (43) 

1.2.3. Industrial homogenous catalytic wet air oxidation processes 

In these processes homogeneous transition metal catalysts are used which need 

however to be separated and then recycled to the reactor or discarded. Several 

processes have been developed in the last decades which in between we can name 

the followings: 

The first is the Ciba-Geigy process which uses a copper salt as a catalyst and then 

separated as copper sulfide and recycled into the reactor. Three units which are 

installed in Germany and Switzerland have achieved high oxidation efficiencies 

(95%-99%) on chemical and pharmaceutical wastes at elevated temperatures. 

The other one is the LOPROX process which is a relatively low temperature and 

pressure wet oxidation, was developed by Bayer AG for treatment of organic 

substances which degrade too slow in normal biological plants or adversely affect 

the degradation of other substances. It takes place in presence of oxygen in acidic 

range in a multi stage bubble column reactor, made of enameled steel, under 

relatively mild operating conditions (temp: below 200°C, pressure: 0.5-2.0 MPa) the 

catalyst is the combination of Fe2+ ions and quinone-generating substances. The 

residence time is around 2 h. Several LOPROX plants are in operation at Bayer AG. 

 

1.2.4. Industrial heterogeneous catalytic wet air oxidation processes 

As it is also mentioned by F. Luck that there are two catalytic wet air oxidation 

technologies which have been developed in the late 80’s in Japan. Both processes 

use heterogeneous catalysts precious metals deposited on titania-zirconia carriers. 

They are able to oxidize two refractory compounds namely acetic acid and 

ammonia. 

 



27 

 

The NS-LC process uses a Pt-Pd/TiO2-ZrO2 honeycomb catalyst. Typical operating 

conditions are 220°C and 4 Mpa pressure with space velocity = 2 hour-1 which with 

these operating conditions the oxidation of compounds such as phenol, 

formaldehyde, acetic acid, glucose, etc. exceeds 99% conversion . In the absence of 

catalyst the removal efficiency would go down to 5-50 %.( 44) 

 

The other process which is called Osaka Gas is based on a mixture of precious and 

base metals on titania or titania-zirconia carriers in a form of honeycomb or sphere. 

This process has been applied in several industrial and urban wastes. A typical pilot 

plant, at British Gas’s London Research station works at 250°C and pressure of 9 

MPa.(45) 

 

One of the recent developments is the CALIPHOX process which is developing 

with the National Institute of Chemistry of Slovenia and CCE for treatment of 

industrial wastewaters with a metal oxide catalyst in the extruded form in a trickle-

bed reactor. It is operating in relatively mild conditions (180°C, 4 MPa). The 

catalyst is based on the work of Levec and Pintar who studied Cuo- Zno-Al2O3. (57) 

 

1.2.5. Types of CWAO catalysts 

In order to operate in milder conditions catalyst is used. The catalyst is usually a 

metal salt, a metal oxide or the metal itself. As we know heterogeneous catalysts 

based on precious metals deposited on stable supports are less sensitive to leaching 

(46-51). Different catalysts were applied and their effects were investigated on 

different catalytic wet oxidation processes in the past years. Pt and Ru on ceria and 

zirkonia-ceria supports (52) were tested in oxidation of acetic acid which was 

accompanied by the loss of activity. In a following paper (53) the same authors 

described the reason for deactivation of Pt catalyst, the accumulation of carbonate 

species on the surface.  
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Recently activity of Ru-oxide on different oxide supports in acetic acid oxidation 

was reported. The mixed Zr, Ce oxide supported catalyst proved to be the most 

active (54). 

 

Table 4. CWAO of organic pollutants and industrial effluents. (55-66) 

Substrate  Reaction 
condition 

Oxidant Reactor 
type 

Removal Reference 

Phenol 
 
 
 

120-160°C 
6-12bar(O2) 

Air, Cu TBR <90%COD Fortuny et 
al. 
1999 

Phenol, acetic 
acid 
 
 

170-200°C 
20 bar O2 

O2, Ru, Pt, Rh Batch <97%COD Duprez et al. 
1996 

Phenol 150-210°C O2, CuO, Zn, 
Co oxides 

TBR >95%TOC Pintar & 
Levec 
1994 

Phenol 90-150°C CuO+Al2O3 
O2, CuO+ZnO 

Batch 100% X Akyurtlu et 
al.1998 

Phenol, 
chlorophenol,  
nitro phenol 
 

103°C,6 
bar(total) 

O2,CuO, Zn, 
Co oxides 

TBR Ns Pintar& 
Levec, 
1994b 

p-chlorophenol 
 
 

180°C 
26bar (total) 

O2,Pt, Pd,Ru Slurry <98% 
TOC 

Qin et al., 
2001 

Ammonia  
 
 

110°C-
130°C 

O2, pt/SDB TBR 100%x Hunag et al., 
2001 

 
Ethyl benzene 
 

310-390°C, 
0-1 bar (O2) 

O2, AC PBR  50% Pereira, et al, 
2000 

Aniline 
 
 

160-230°C 
20 bar O2 

O2, Ru/CeO2 Batch 100% X Oliviero et 
al., 2003b 

Paper industry 
Wastewater 
 

140-190°C 
5 bar O2 

O2, Cu/Mn, 
Cu/Pd, Mn/Pd 

Batch TOC>84%  Akolekar et 
al., 2002 

Carboxylic acid 
 
 
 

180°C 
1-11 
bar(total) 

Air, Pt/Al2O3 Batch 100% X Lee& Kim, 
2000 

Kraft bleach 
plant effluent  

190°C 
8 bar (O2) 

Air, Ru/TiO2 TBR TOC< 
90% 

Pintar et al., 
2001 

X: conversion of original compound 
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1.2.5.1. Supported noble metal catalyst 

Various noble metals (Ru, Pt, Rh, Ir, and Pd) and some metal oxides (Cu, Mn, Co, 

Cr, V, Ti, Bi, and Zn) have traditionally been used as heterogeneous catalysts in 

CWAO. Several studies have ranked catalysts according to their activity. Imamura 

and his colleagues ranked noble metal and metal oxides catalysts according to their 

total organic carbon conversion achieved in 1 h, during the oxidation of 

polyethylene glycol at 200°C and pH of 5.4 (96). They found the following order: 

Ru = Rh = Pt > Ir > Pd > MnO. 

 

1.2.5.2. Supported metal oxides 

Metal oxides can be classified according to their physical-chemical properties. One 

of these properties is the stability of metal oxide. Metals with unstable high 

oxidation state oxides, such as Pt, Pd, Ru, Au, and Ag do not perform stable bulk 

oxides at moderate temperatures. Most of the commonly used metal oxide catalyst 

(Ti, V, Cr, Mn, Zn and Al) have stable high oxidation state oxides. Fe, Co, Ni and 

Pb belong to group with intermediate stability of high oxidation state oxides 

(Pirkanniemi & Sillanpaa, 2002).(67) 

 

Mixtures of metal oxides frequently exhibit greater activity than the single oxide. 

Cobalt, copper or nickel oxide in combination with the following oxides of iron 

(III), platinum, palladium or ruthenium, are reported as effective oxidation catalysts 

above 100°C (Levec & Pintar).(68) In addition combining two or more metal 

catalysts may improve non-selective catalytic activity. 

 

Metal oxides are usually applied in form of powders and fine particles, with this 

form of a catalyst structure we can achieve maximum specific surface area, but the 

dispersion of the particles can create unsteady state. To keep the stable state of the 

catalyst, at the same time not losing the active phase some porous supports can be 

used. Commonly alumina and zeolites are used as support, but surface area of 

aluminum oxide is limited and the pore size of zeolites cannot be permeable for 

large size organic molecules. 
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1.2.5.3. Activated carbon catalysts for CWAO. 

Another promising catalyst could be activated carbon (AC) that shows good 

properties as adsorbent for both organic materials and oxygen, because of its porous 

structure and high surface area. (69-70) Activated carbon is stable in highly acidic 

and basic media and it is also easy to prepare, that is why it is used as a catalyst for 

different reactions (71) and also as a support for other oxidation catalysts (72-73). 

 

Activated carbon can also catalyze the polymerization reactions in the presence of 

oxygen via oxidative coupling. Tukac and Hanika and Tukac et al. (74, 75) have 

investigated phenol oxidation over activated carbon in trickle bed reactor. The 

authors found activated carbon less active than metal oxide catalyst but more stable 

and more environmentally accepted and of course cost effective (74-75). 

 

Fortuny et al. (76) compared phenol conversion using copper catalyst and activated 

carbon. In long run copper catalyst was found to lose its activity due to leaching of 

copper phase. On the other hand, activated carbon also exhibited a continuous drop 

in phenol conversion finally reaching about 48%. However the loss of activated 

carbon efficiency could be ascribed to its consumption during experiments, thus the 

absolute activity of activated carbon remained stable during long term run. 

 

One of the recent studies was about the catalytic wet air oxidation (CWAO) of 

paracetamol on activated carbon which was investigated by Quesada Penate and his 

colleagues. (77) The CWAO of paracetamol was investigated both as a water 

treatment technique and as a regenerative treatment of the carbon after adsorption in 

a sequential fixed bed process. They used three activated carbons (ACs) as catalysts: 

two microporous basic ACs and a meso- and micro-porous acidic one. During the 

first CWAO experiment they noticed that the adsorption capacity and catalytic 

performance of fresh basic activated carbon S23 and C1 were higher than those of 

fresh microporous acidic one (L27) despite its higher surface area and it seems that 

this situation changed after AC reuse, as finally L27 gave the best results after five 

CWAO cycles. Respirometric tests were also done with activated sludge and it was 
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mentioned that, in the studied conditions the use of CWAO enhanced the aerobic 

biodegradability of the effluent. In the ADOX process L27 also showed better 

oxidation performances and regeneration efficiency. The group also checked the 

different ageing through AC physico-chemical properties. 

 

1.2.6. Application of CWAO in fine chemical industry 

Catalytic W(A)O has been applied to many different model effluents, but relatively 

few studies have been devoted to real and complex industrial wastes (36, 78-84). 

Even in literature there are very limited number of works dealt with real complex 

wastewaters. Our focus here is the pharmaceutical industry which produces a 

mixture of wastewaters with different concentrations and different by-products. 

Treating these wastewaters needs special conditions.  

 

Yang and coworkers (83) investigated the catalytic wet oxidation of wastewater 

originating from apramycin production with supported Ru oxide catalysts. 

Heponiemi and coworkers (84) carried out Ru catalyzed oxidation of wastewaters 

originating from meat processing and vegetable processing industries. Three rather 

detailed reviews were published concerning wet oxidation and catalytic wet 

oxidation (85-87). They also mentioned the oxidation of miscellaneous organic 

compounds, but it did not contain any data specifically about the oxidation of 

pharmaceutical PWW’s. 

 

In another research Li Hua investigated the effect of CuO/Al2O3 -which was 

prepared by consecutive impregnation- on three different azo dyes (Methyl Orange, 

Direct Brown and Direct Green) which were treated by catalytic wet air oxidation 

(CWAO). The relationship of decolorization extent, chemical oxygen demand 

(COD) and total organic carbon (TOC) removal in dye solution were also 

investigated. The 99% of color and 70% of TOC removal in 2 h indicated that the 

CuO/Al2O3 catalyst had excellent catalytic activity in treating azo dyes. (88) 
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Table 5. Summary of reported heterogeneous catalytic WO research (89-106) 

Catalyst  Application  
Active 
Phase 

Carrier 
 

 reference 

Cu 
 
 

Cu 

Alumina 
 

 

Alumina,silica 

Phenol 
Phenol 
p-cresol 

 
chlorophenols 

Sandra et. al. 1974 
Kim et al. 1991 

Mishra et. al. 1993 
 

Sanger et. al. 1992 

Cu-Zn  phenol compounds Pintar et al. 1992 
Cu-Mg-La Zn aluminate acetic acid Box et.al. 1974, 

Levac et. al. 1976 
Mn Alumina 

Sr115 
phenol 

chlorophenols 
Sandra et. al. 1974 
Sanger et. al. 1992 

Mn-Ce None Polyethylene-glycol Imamura et al.1986 
Mn-Zn-Cr None industral wastes Moses et al. 1954 
Cu-Co-Ti-

Al 
Cement Phenol Schmidt et. al. 1990 

Co None alcohols, amines, 
etc. 

Ito et. al 1989 

Co-Bi None acetic acid Imamura et. al.1982 
Co-Ce None ammonia Imamura et. al. 

1985 
Fe Silica chlorophenols Sanger et. al. 1992 
Ru Cerium oxide alcohols, phenols, 

etc 
Imamura et. al. 

1988 
Ru-Rh Alumina wet oxidized sludge Takahasi et. al. 

1991 
Pt-Pd Titania-zirconia industrial wastes Ishi et. al. 1991 

Ru Titania-zirconia industrial wastes 
sludge 

Harada et. al. 1993 

 

1.3. Advanced and combined oxidation processes. 

In the last two decades the emergence of advanced oxidation processes (AOPs) 

proved to be a promising solution due to their high potential for ultimate destruction 

of many recalcitrant pollutants by complete mineralization or by converting them 

into less harmful compounds or lower molecular weight compounds which can be 

then treated biologically. 
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These processes involve the formation of highly reactive free radical species, more 

specifically chemical species with odd number of valence electrons in particular 

hydroxyl radicals OH*, far more powerful than the commonly used oxidants, like 

molecular oxygen and ozone because of their unpaired electrons. 

AOPs involve two stage of oxidation 1) the formation of strong oxidants (e.g., 

hydroxyl radicals) and 2) the reaction of these oxidants with organic contaminants 

in water. However, the term advanced oxidation processes refer specifically to 

processes in which oxidation of organic contaminants occurs primarily through 

reactions with hydroxyl radicals. Generally AOPs refer to a specific subset of 

processes that involve O3, H2O2 and/or UV light as well as irradiation, ultrasound 

and Fenton processes as well heterogeneous photo-catalysis which also fall in this 

category. The rate of oxidation depends on the concentration of radicals,, oxygen 

and that of the pollutant. 

Here is a brief description of established AOP Technologies. (107) 

H2O2/O3 

• When O3 and H2O2 are simultaneously applied to water, they react giving 

hydroxyl radicals. This OH* can oxidize most dissolved organic matter to 

form intermediates. 

Advantages 

1. Efficient in treating waters for example with high MTBE concentrations. 

2. Supplemental disinfectant. 

3. More effective than O3 or H2O2 alone. 

4. Established technology for remediation applications. 

Disadvantages 

1. Potential for bromate formation (controllable through adjustment of O3/H2O2 

ratio and pH). 
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2. May require treatment of left H2O2 due to potential hazard for microbial 

growth. 

3. May require ozone off-gas treatment and/or permitting. 

 

O3/UV 

• Hydroxyl radicals are generated when low pressure mercury lamp is applied 

to ozonated water. Destruction of organic components occurs by hydroxyl 

radical reactions, coupled with direct photolysis and oxidation by molecular 

ozone. 

Advantages 

1. Supplemental disinfectant  

2. More effective than O3 or UV alone. 

3. More efficient at generating OH* than H2O2/UV process for equal oxidant 

concentrations. 

Disadvantages 

1. Energy and cost intensive process 

2. Potential for bromate formation 

3. Turbidity can interfere with UV light penetration 

4. Ozone diffusion can result in mass transfer limitations. 

5. May require ozone off-gas treatment and/or permitting 

H2O2/UV 

As in the O3/UV process, several synergistic oxidation mechanisms result in the 

destruction of organics. The OH* radical route is the predominant removal 

mechanisms. For H2O2, a greater number of radicals are produced when MP-UV 

lamps are used compared to the LP-UV lamps. 

Advantages 
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1. No potential for bromate formation 

2. Can Oxidize >95% MTBE compared to >10% for UV or H2O2 alone. 

3. No off-gas treatment required 

4. Not limited by mass transfer relative to O3 processes. 

 

Disadvantages 

1. Turbidity can interfere with UV light penetration. 

2. Interfering components can absorb UV light. 

3. Less stoichiometrically efficient at generating OH* than O3/UV process. 

Fenton’s reaction  

Radicals, including OH* are produced when Fe (II) reacts with H2O2. Destruction of 

organic matter occurs by reaction with these radicals. Iron acts as a catalyst for this 

reaction. 

Advantages 

1. No potential for bromate formation 

2. Not an energy intensive process compared to AOP’s that utilize O3 or UV 

3. No off-gas treatment required. 

Disadvantages 

1. Requires iron extraction system 

2. Very low pH is required to keep the iron in solution 

3. pH adjustment will increase the operation and maintenance costs. 

 

Since these advanced methods cannot be applied individually with good economics 

and high degree of efficiency and also because sometimes the necessary knowledge 

for the large scale design and application is lacking, combination of two or more 

advanced oxidation processes like UV/ozone, ultrasound/ozone etc. is preferred. 
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Combination of these methods leads to an enhanced generation of hydroxyl radicals, 

which eventually results in higher oxidation rates. The efficiency of the process 

depends on the enhancement in the number of free radicals and also on the alteration 

of the reactor conditions which leads to a better contact of the generated free 

radicals with pollutant molecules and also better utilization of the oxidants and 

catalytic activity. 

It must also be mentioned that advanced oxidation processes may not be useful in 

degrading large volume of the effluent with economic efficiency, instead it is 

advisable to use these methods to reduce the pollutant toxicity to a certain level and 

complete the treatment with biological oxidation to reach a complete mineralization 

of the biodegradable products. (107) 

In this area there are a lot of research work, I highlight the followings: 

Chen et al. (108) have studied the combination technique for the degradation of 

chloroform in water in an ultrasonic tank where the optimum concentration of 

hydrogen peroxide was reported to be at 30 times the concentration of chloroform. 

The authors have mentioned that at increased concentration of hydrogen peroxide it 

may be said that the scavenging of free radicals by hydrogen peroxide becomes a 

dominant process. In another study (109) it has been reported that the initial rate of 

degradation of p-chlorophenol solution in a 140W, 850 kHz frequency reactor is 

increased by 100% with an increase in the hydrogen peroxide concentration. 

Prengle et al. (110) reported the beneficial effects of combination of UV photolysis 

with ozone. 

The effectiveness of the combined technique for the degradation of oxalic acid with 

the help of ozone and H2O2 was reported by Brunet et al (111) they mentioned that 

the oxidation rate was higher with this technique compared to ozonation alone. 

The combination of hydrogen peroxide and UV radiation with Fe II and Fe III ion 

the so called photo-Fenton process produces more radicals in comparison to the 

Fenton itself. An industrial example is the advanced oxidation of complex real 
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wastewaters from textile industry in aqueous solutions with TiO2-mediated photo-

catalytic and photon induced and dark Fenton/Fenton-like reaction. The above 

wastewater contained various sizing agents, enzymes, detergents and etc. (112) 

1.3.1. Intensification of WAO with combined technologies. Effect of high 

energy radiation on wet oxidation at elevated temperature, (combination of the 

two methods) 

As it is indicated in the previous section one of the new areas in treating liquid 

wastes of high organic content, generated by the fine chemical mainly 

pharmaceutical industry is the combination of advanced oxidation processes (AOP) 

with wet air oxidation. This area of work is rather new and there are very few 

articles dealing with this area of research. 

 

 We already know that the organic compounds undergo chain type oxidation in a 

reactor at high temperature and high pressure, of course sometimes in the presence 

of a catalyst. The high temperature is needed for initiation of oxidation processes 

but at the same time this high temperature and pressure could cause serious 

corrosion even in alkaline pH, so it could be a good idea to decrease the temperature 

yet induce the chain initiation of oxidation by radiation. For this reason WO and 

irradiation could be combined. 

 

For radiation processing of polluted water, high energy electron beam, ɣ-rays or X-

rays can be principally used. For producing electron beam the electron accelerator 

devices are far the best radiation source with respect to their output power. 

 

Water radiolysis 

When there is interaction between ionizing radiation (electron, gamma rays) and 

water, electronically excited and ionized molecules are formed and the product of it 

will be primary species like OH* ,e-
aq, H* and molecular products like H2, H2O2. In 

the presence of oxygen in water the reducing species, H-atoms and the solvated 

electrons(e-
eq) are converted into oxidizing species, perhydroxy radicals (HO2*) and 
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perhydroxyde radical anions (HO2
-).the  last one together with the OH* radicals are 

responsible for the degradation of water pollutants. 

H2O  → OH* + eaq
−+ H* + H2O2 

 

 
Fig. 6 Radiolysis of water 

 

The radiation induced degradation of neutral phenol solution was studied in the past 

using end-product techniques (113-117). There are other few works on mechanistic 

studies on phenol and other aromatic molecules which were carried out by 

combining end products and transient detections and it was suggested that the 

transformations were initiated by hydroxyl radical attachment to the ring and 

reaction of O2 with the radicals produced (118-119) 

 

Actually this enlargement of our research topic originates from the large experience 

in our institution in using irradiation in degradation of pollutants of small 

concentrations. In the following section I briefly explain some of the work done by 

our colleagues in the Department of Radiochemistry in recent years. 

Pulse radiolysis of 2,6-dichloroaniline in dilute aqueous solution was investigated 

by R. Homlok and her colleagues. We already know that mono-and dichloroanilines 

are considered to be highly hazardous pollutants in wastewater. These compounds 

are important chemical intermediates of dye production and plant protection agents. 



39 

 

In this investigation the hydroxyl radical formed in water radiolysis was reacted 

with 2,6-dichloroanliline forming hydroxy-cyclohexadienyl derivative. The 

irradiation was carried out at room temperature by a 60Co γ-irradiation facility with 

1.5 kGy h-1 dose rate. The hydroxy-cyclohexadienyl radical in the absence of 

dissolved O2 partly transformed to anilino radical, when dissolved oxygen was 

present the radical transformed to peroxy radical. According to chemical oxygen 

demand measurements the reaction of one OH* radical induced the incorporation of 

0.6 O2 into the products (120). 

In another paper L.Wojnárowitcs and E. Takacs reviewed the irradiation-induced 

decolouration and degradation of aqueous solutions of azo dyes and their model 

compounds (anilines, phenols,triazines) in wastewater. Their practical applications 

and the experimental methods (pulse radiolysis, steady-state gamma, as well as end-

product analysis) used for these studies were also investigated. (121) 

The other interesting investigation was the radiation induced degradation of 

ketoprofen in dilute aqueous solution. The intermediates and final products of 

ketoprofen degradation were investigated in 0.4 mmol/dm3 solution by pulse 

radiolysis and gamma radiolysis. For observation of final products UV-Vis 

spectrophotometry and HPLC separation with diode array detection were used. 

(122) 

The successful degradation of small concentration wastewaters containing organic 

molecules, with high energy irradiation generating radicals at room temperature, 

prompted us to combine this method with wet oxidation. 
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Aim of research 

The aim of my dissertation can be formulated in the following: since process 

wastewaters cannot be discharged directly to sewer system due to their high organic 

content and their hazardous characteristics and also due to disposal restrictions 

which prohibits them to dilute these wastewaters, we tried to find a solution to 

eliminate their toxic effect or if necessary to use a combined method to separate 

their volatile content, the solvents and reutilize them or decompose the toxic 

organics and send the rest for biological treatment. The majority of these liquid 

wastes could be used in biological N-removal as carbon source for denitrification in 

domestic wastewater treatment, or for anaerobic biogas production. 

Intensification of WO is the use of catalysts in WO, moreover the combination of 

wet oxidation and radiation technology in the form of γ-ray and electron beam 

induced oxidation. 

In general two groups of wastewaters were examined, real PWW’s mainly of 

pharmaceutical origin and model wastewaters like solution of phenolate, dimethyl 

formamide and Diclofenac. 

Catalytic reactions were carried out at 200, 230 and 250°C and total pressure of 50 

bars with oxygen. Titania powder and titanium mesh monolith covered with 

different precious metal oxides were applied as catalysts and they were 

characterized with XPS, ICP-MS, SEM, XRD, and TPR. Their activities were also 

compared in oxidation of model and real wastewaters. The rate of oxidation was 

followed by the usual methods, samples were taken during each experiment, and 

were analyzed with respect to their total organic carbon (TOC) content, chemical 

oxygen demand (COD) and in some cases biological oxygen demand (BOD). 
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2. Experimental 

2.1. Apparatus 

Autoclave reactor for WAO and CWAO experiments 

For our tests stainless steel autoclaves were used, which were equipped with 

magnetic stirrer, a hot plate and heating tape. Their temperature was regulated. The 

thermometer was placed in a tube of sealed end, which attained the liquid phase 

within the autoclave. The autoclave could be purged with air or nitrogen and oxygen 

and filled with them to the desired pressure. A tube was installed till the bottom of 

the vessel with a ventile on its outer end, for withdrawing liquid samples from the 

reaction mixture. 

Technical data  

The apparatus test pressure     70 bars 

The apparatus maximum working pressure  50 bar 

The apparatus highest working temperature   250Co 

Nominal volume of the reactor vessels  70, 250 and 850 cm3 

2.2. Wastewaters and their characterization 

The process wastewater samples were collected by the Budapest Sewage Works 

from pharmaceutical companies located in Budapest, all of which are interested in 

the sustainable disposal of their liquid wastes. Each sample originates from a 

production technology of a given drug molecule or intermediate. They were treated 

as “black boxes”, without detailed chemical analysis; their volatile organic content, 

physical and chemical characteristics, COD, TOC and BOD values were measured, 

and their anaerobic digestion and oxidation properties determined. 

The model wastewaters (phenol, DMF, DCF containing) were prepared in our 

laboratory, their TOC and COD were also measured and their oxidation properties 

were determined. 
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2.3. Analytical procedures 

2.3.1. Chemical characterization, COD and TOC measurements 

COD was determined by the standard dichromate method. The wastewaters to be 

measured had to be diluted with distilled water so that the diluted solution should 

have a COD value between 100 and 500 mg/L. The appropriate amount of sample 

was diluted to 100 ml in a calibrated flask and then 10 ml of the diluted sample was 

introduced into the container containing magnetic stirrer, stirring beads, 5 ml 

potassium dichromate solution and 10 ml sulfuric acid containing mercury sulfate 

catalyst. After cooling the mixture was incubated for 120 minutes at 155°C 

temperature. When the incubation time was finished the samples were diluted with 

45 ml distilled water and then cooled. Samples of distilled water and potassium 

phthalate solution were measured as the zero and calibration points respectively. 

Then the remaining dichromate was measured by titration using iron (II) ammonium 

sulfate in the presence of 3 drops of ferroin indicator solution. The average value of 

two separate readings was taken and then the COD concentrations were calculated 

from the following formula. 

COD= (((8000 * C * (V1- V2)) / V0) * (Dilution factor) 

c= Concentration of Fe II ammonium sulfate 

V1= Volume of Fe II ammonium sulfate solution consumed by the distilled water 

sample 

V2= Volume of Fe II ammonium sulfate solution consumed by the wastewater 

sample 

V0= the volume of the sample (10 ml) 

The degree of total mineralization, that of oxidation of organics to carbon dioxide 

that has occurred during WAO or CWAO was assessed by measuring the liquid 

phase total organic carbon content. The TOC was determined by a Shimadzu TOC 

analyzer whose operation was based on catalytic combustion and non-dispersive 
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infrared (NDIR) gas analysis. The samples had to be diluted to that extent that their 

TOC values should range between 50 and 500 mg/L. Total carbon (TC) was 

measured first, followed by inorganic carbon (IC) determination. The TOC was 

determined by subtracting IC from TC. The uncertainty in this assay, quoted as the 

relative standard deviation of three or five separate measurements was never larger 

than 1% for the range of TOC concentration measured. 

2.3.2. Biodegradation characterization, BOD 

The behavior of the PWWs was investigated by aerobic respirometric tests and 

anaerobic digestion tests, while toxicity was estimated on the basis of sludge 

respirometry and batch digestion experiments, measuring residual COD. The 

aerobic respirometric tests were carried out in a WTW OxiTop device, measuring 

the oxygen consumption over 10 days (BOD10). The dilution of the tested PWW 

was conducted until 800 mg/L oxygen consumption, estimated from COD values. 

For dilution two peptone solutions were used as the basis wastewaters in 

concentrations of 25 and 100 mg/L COD, which also contained NH4Cl, K2HPO4, 

KH2PO4, MgCl2 and CaCl2. Released water from the secondary clarifier of the 

South-Pest Wastewater Treatment Plant (WWTP) was used for seeding (seeding 

was provided by the residual suspended biomass). Oxygen consumption coupled 

with nitrification was eliminated by adding allyl thiourea. In the figures with 

respirometric curves the oxygen consumption is given in mg/L units calculated for 

the non-diluted PWW. 

BOD5 was measured according to DIN EN 1899-1, also with an OxiTop device. 

Denitrification was tested in anoxic conditions in a zero gas-space 2.5 L batch 

reactor. 1.2 g/L activated sludge was used as the seeding biomass, while the water 

of the final aerobic basin of the South-Pest WWTP was used as the diluting 

medium. The concentration of the investigated waste was 200 mg/L, the nitrate 

concentration 400 mg/L. Samples were withdrawn every 30 minutes over 9 hours 

and their nitrate, nitrite and COD values were measured. 

2.3.3. Determination of the volatile organic content 
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The volatile organic content of the process wastewaters was measured with a 

distillation probe and subsequent GC analysis, where the most common components 

(methanol, ethanol, ethyl acetate, acetone, etc.) could be identified and their 

concentration determined. In addition, initial batch rectification experiments were 

carried out for every PWW. The experiments were evaluated and the PWWs where 

the batch rectification resulted in significant COD reduction were further 

investigated. The PWWs of high VOC were also rectified in continuous mode in a 

pilot plant laboratory column with 14 theoretical plates. 

2.3.4. XRF determination of metal content of wastewaters 

The metal content of PWW’s was detected by X-Ray fluorescence spectroscopy 

using one-point calibration (device Canberra Si(Li) SSL 8013 detector, surface area 

80 mm2, thickness 5 mm, resolution 150 eV (at 5,9 keV energy, Fe-55 line). The 

measuring part was a DSA 1000 type signal processor, the excitation source was I-

125 between atomic numbers of 20 and 60, and Fe-55 between atomic numbers of 

10 and 25. It was found that there are different amounts of metal ions present in 

these PWW’s, mostly Fe and Cu, which could act as catalyst (Table 6 and 7). 

 

Table 6. Characteristic values of process wastewaters No 1-15 

Sample No. 

(Orig. co. 

No) 

pH TOC 

(mg/L) 

COD 

(mg/L) 

BOD/COD 

(%) 

Fe content Cu 

content 

ppm 

Solvent content 

1 (4693) 14 41200 117000 84 1.0% 100    

2 (4694 14 20090 68000 36  0.5% 400    

3 (4982) 9 23270 81715 2  0.05–0.1% 10    

4 (4983) 9 208000 751800 96 10 ppm – 57% ethanol 

5 (5227/1) 6 26860 81096 96 0.1% 50    

6 (E12) 14 23590 65755 46 0.01% 0,01%   

7 (5797/1) 1 53850 180085 21  100 ppm 30    

8 (600) 6 134700 525620 78 0.03% 50  32% methanol 

9 (QE12) 14 102900 271285 73       

10 (XII/1) 7 102300 361520 61     15% 

methanol + other 
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10res* 7 6075 10788         

11 (EXXIII) 7 41600 133000 83     6% ethanol 

11res* 7 7254 21000         

12 (373) 3 344000 1218000 -   acetic acid 

solution 

13 (FCSM2) 6 34000 113600 -    

14 (584) 7 - 53000 -   sludge 

15 (5797/2) 1 52850 178180 21    

* Values are for bottom products after evaporation of volatile organic content 

 

Table7. Metal content of process wastewaters 

Sample 

 

Fe 

ppm 

Ni 

ppm 

Cu 

ppm 

Mo 

ppm 

Cr 

ppm 

Ce 

ppm 

Zn 

Ppm 

4 10  - - 1-2 10 - - 

15 100 - 30 - - 500 - 

1 1.0% 100 100 - - - - 

14 1000 - 100 - - - 100 

 

Other parameters which were also measured (some of these only for selected 

PWWs) are: pH, total salt content, ammonia, TKN (total Kjeldahl nitrogen), dry 

organic material. 

2.4. Catalysts 

Titania supported precious metal oxides namely; Pt oxide/TiO2, Ru oxide/TiO2, Rh 

oxide/TiO2, Pd oxide/TiO2 were prepared in our laboratory. The materials for 

preparing these catalysts were purchased from Sigma Aldrich Company. 

AEROXIDE TiO2 P 25 (Evonik [Degussa]) is a highly dispersed titanium dioxide 

manufactured according to the AEROSIL–process. 

Ti- mesh catalysts with different coatings was the other group of catalysts which 

was used during our experiments. 

Ru oxide/Ti mesh (TM1) 
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Pd oxide/Ti mesh (TM2) 

Ir-Ta oxide/Ti mesh (TM3) 

Ru-Ir oxide/Ti mesh (TM4) 

Ru-Ir oxide/Ti mesh (TM5) 

Commercial Ti-Mesh (TM0):  

The catalyst TM0 was a titanium mesh (0.5 × 100 × 500 mm in size) with a 

ruthenium–iridium mixed metal oxide coating from Magneto BV (The 

Netherlands), offered for production of hypochlorite and seawater electrolysis. It 

was rolled and placed into the autoclave (standing against the inner wall). 

 

2.5. Catalyst preparation  

2.5.1. Preparation method of supported precious metal oxides  

Ti oxide supported precious metal oxides were prepared in our laboratory in the 

following way:  

2 g TiO2 support P-25, surface area: 50m2g-1, was suspended in 30 ml distilled water 

and 120 mg H2PtCl4 dissolved in 2 ml water was added and mixed with the support. 

The pH of the mixture was then \adjusted to 10 by introducing proper amount of 

saturated Na2CO3 solution. After filtration the filtrate was washed with distilled 

water, dried and finally it was calcined at 800oC. 

The other catalysts were prepared similarly. For preparing RuO2/TiO2,. 2 g TiO2, 

100mg RuCl3 and 50ml distilled water were mixed, pH was adjusted by introducing 

Na2CO3 solution. After filtration the filtrate was washed with distilled water and 

finally was calcined at 800°C. 

In preparing PdO/TiO2, 10 g TiO2 was suspended in 150 ml distilled water and 450 

mg PdCl2 dissolved in 3 ml cc. HCl was added to this mixture then the pH was 

adjusted to 10-11 by introducing Na2CO3 solution. After filtration and washing the 

filtrate was washed with distilled water. Finally it was calcined at 800°C. 
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2.5.2. Preparation method of Ti mesh catalyst 

The monolith catalysts were prepared by Prof. Sándor Szabó from the Chemical 

Research Center and Prof. János Kristóf  from the Pannon University ( Veszprém ) 

The commercial mesh catalyst (Ru–Ir oxide coating, from Magneto Bv,(TM0) The 

Netherlands) was used as received, its size was 500 mm × 100 mm, mass 73 g. The 

other catalyst types (TM1-TM5) were prepared in the above mentioned laboratories 

from a Ti mesh delivered by Baoji Titanium Industry Company, Shaanxi, China, 

also 500 mm × 100 mm, its mass was 170 g. The specific mass difference was 

originated from the different thickness and gap-metal ratio of the two meshes. The 

surface ratio of them was calculated supposing square cross section of their 

elements, the ratio was Baoji/Magneto  ̴1.5 

The first step of the preparation methods was (A) chemical purification or (B) 

mechanical purification. Preparation (A, samples 4–7): the first step was a 

degreasing with acetone solvent and water washing. This was followed by etching 

with a mixture of strong acid (HCl) and H2O2. Finally the oxide coating was 

developed by wetting the pretreated mesh with 1% isopropanolic solution of the 

precious metal salt (that of Pd, Ru and/or Ir), followed by drying and calcinations at 

the first layer at 600 ◦C (in order to ensure the intensive interaction between titania 

layer and precious metal oxides) at the second and third at 450 ◦C. The mechanical 

purification (B, samples TM5 and TM3) was sand-blasting, which was followed by 

wetting the pure mesh with 1% aqueous solution of Ru and/or Ir chloride (Ta), 

drying and calcining in air at 450˚C, repeating the above described procedure for 5 

times. As the comparison of activity of supported precious metal oxides was aimed, 

no reduction of the catalysts occurred. 

 

2.6. Catalyst characterization 

 

2.6.1. Powder catalyst 

In oxidation of Sample 12 (an acetic acid containing sample) it turned out that our 

Pt and Rh containing catalysts have small activity, therefore Pd and Ru oxide-titania 

catalysts were used in further reactions and characterized in detail. 
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The colour of the Ru containing catalyst was gray, its Ru content 0.62% according 

to ICP-MS. This is in good agreement with the TPR results (Figures 7 and 8), 

because the metal content calculated from the 79 micromole consumed hydrogen /g 

catalyst, supposing RuIII, is 0.6%. Similarly, the Pd content of the Pd oxide/TiO2 

(colour light brown), from ICP-MS was 1.7%, from TPR 1.6%. The significant Ru 

loss (~1.4%) can be attributed to the volatility of Ru oxide at the calcination 

temperature of 800oC. The arbitrary units on Fig 7 and 8 are the signal values of the 

thermal conductivity detector, the different baselines are the consequence of the 

complete or incomplete stability of the conductivity cell temperature, calibration 

occurred in both cases. 

The particle size of the catalysts was in the 10-50 µm range, the crystallite size in 

0.1 µm order of magnitude according to SEM images (Figures 9 and10). 

 

 

 

Fig. 7 TPR Curve of Ru oxide/TiO2, consumed hydrogen: 79 micromole/g with 310 

and 520°C peak maxima. 
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Fig. 8 TPR Curve of Pd oxide/TiO2, consumed hydrogen; 151 micromole/g with 

83°C peak maximum. 

The recorded XRD spectra are presented in Figure 11. Most of the peaks can be 

identified as TiO2, either rutile or anatase peaks. Further peaks, denoted by arrows, 

can be found in the spectrum of the Pd oxide/TiO2 sample, they can be identified as 

the peaks of the tetragonal palladinite (PdO, JCPDS Card No 41-1107). No other 

peaks except TiO2 ones are present in the spectrum of the Ru oxide/TiO2 sample, 

which is in accordance with the low Ru content.  
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Fig. 9 SEM pictures of Ru oxide/titania catalyst (magnification 500x, 10000x) 
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Fig. 10 SEM pictures of Pd oxide/titania catalyst (magnification 500x, 10000 x) 

Table 8: XPS results of the Pd oxide/TiO2 and Ru oxide/TiO2 catalysts 

Catalyst O/Ti  

atomic ratio 

C/Ti 

atomic ratio 

Pd or Ru  

peak position 

(eV) 

Pd/Ti or Ru/Ti 

atomic ratio*100 

Pd oxide/TiO2 calcined 2.8 0.4 336.6 1.4 

Ru oxide/TiO2 calcined 2.7 0.89 282* 0.55* 

Ru/TiO2 reduced in situ 2.2 0.069 279.6 0.3 

*uncertain due to the large C1s peak 
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The XPS results are summarized in Table 8. Both catalysts were fully oxidized in 

the form as prepared. The overlap in the Ru oxide and C peaks and the high amount 

of carbon in the as prepared catalyst resulted in an uncertainty in the calculation of 

the surface concentration of Ru (Figure 12/a). To overcome this difficulty the 

sample was reduced in situ resulting a shift of the Ru3d5/2 peak to a lower binding 

energy and a separation from the C1s peak (Figure 12/b). Simultaneously most of 

the carbon was removed by hydrogen and this also improved the reliability of the 

fitting. The XPS results are also in good agreement with the metal contents, 

determined by ICP-MS and TPR. 

 
Fig. 11 XRD spectra of samples PdO/TiO2 (P) and RuO2/TiO2 (R). Peak positions 

of anatase (solid lines) and rutile (dashed lines) are given at the bottom of the figure. 

Peaks of the Pd oxide/TiO2 spectrum other than TiO2 ones are denoted by arrows. 

For comparison, peak positions of PdO (solid lines) and RuO2 (dashed lines) are 

presented in the upper part of the figure. 
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Fig. 12 XPS curves of Ru containing catalysts, a/ as prepared state, b/after reduction 

in hydrogen at 500°C. 

2.6.2. Monolith catalyst 

The Ru, Ir, Pd (Ta), other metal and carbon content of the mesh catalysts are shown 

in Table 9, as determined by PGAA. The geometric surface area of the Baoji Ti 

mesh is 1.5× higher, but the amount of Ru (0.1–0.15 g) and Ir (0.26–0.29 g) in the 

commercial mesh (TM0/1 and TM0/2) are not far from the amounts found in the 

samples of own preparation (Ru 0.19 g, Ir 0.17 g in 4, Ru 0.19 g in 6, Ru 0.17 g, and 

Ir 0.09 g in 8) calculated from the percentage metal content and the mass of the 

meshes. So the catalytic activities of both meshes can be compared. The metal 

content differences between the two samples of the same mesh can originate from 

the non-uniform thickness of the precious metal oxide layer. SEM showed the 

different structures of the active layer of the coated meshes. On the chemically 

purified Ti mesh the Ru, Ir metal oxide layer is continuous, (Figure 13), on the 

mechanically purified Ti mesh it is fragmented, similarly to the commercial mesh 

(Figure 14) 
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Fig. 13 SEM picture of mesh 4. 

 

 

 
Fig. 14 SEM picture of mesh 1. 
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Fig. 15 Surface composition of TM0 determined by SEM, energy (keV) vs. 

intensity (arbitrary units.) 

 

 The surface analysis indicates the presence of both Ru and Ir besides Ti (Figure 

15). The SEM pictures and surface analysis of TM0 and TM0/used (Figures 16 and 

17) indicate that after longer use the surface is covered with precipitates, mainly 

iron and silicon, supposedly in their oxides. These meshes were used in WO of 

different real wastewaters, which contained Fe ions (detected by XRF) and some of 

which contained silicates as well, coming from clarifying applied in the synthesis 

where they originated from. The PdO layer of TM2 deposited on the chemically 

purified Ti mesh is fragmented contrary to Ru and/or Ir oxide, our experience was 

that this catalyst easily lost the precious metal oxide layer even on weak mechanical 

effect. The commercial catalyst is more resistant against leaching, more stable than 

our own one. XPS data (surface atomic ratio values of Ru/Ir/Ti in Table 2) can serve 

an explanation, both Ru/Ti and Ir/Ti surface ratio for the commercial catalyst are 

much smaller than for catalysts prepared in our laboratory, in spite of the similar 

overall mass % of this metals determined by PGAA. This is possible if the surface 

TiO2 layer on the Magneto Ti mesh is artificially thickened. After depositing the Ru 
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and Ir oxides on it, the resulting titania supported precious metal oxide catalyst layer 

resembles more a supported titania catalysts with smaller active phase content. 

 

 

Fig. 16 SEM picture of mesh 1(3) 

 

Fig. 17 Surface composition of mesh 1(3) determined by SEM, energy (keV) vs. 

intensity (arbitrary units) 
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 Table 9. Composition of monolith catalyst samples 

Sample 
No. 

Added 
components 

Ru 
mass%* 

 

Ir 
mass%* 

Pd 
mass%* 

Cd 
ppm 

V 
ppm 

Cr 
ppm 

Ta 
ppm 

TM0/1 Ru, Ir 0.14 0.35  3    

TM0/2 Ru, Ir 0.21 0.40      

TM0/ 
used 
** 

Ru, Ir 0.20 0.23  1    

TM1 Ru 0.11    210   

TM2 Pd   0.12  230   

TM3 Ir, Ta  330 
ppm 

  200  19 

TM4 Ru, Ir  0.11 0.1      

TM4 
/used 
*** 

Ru, Ir  360 
ppm 

 0.5    

TM5 Ru, Ir 0.1 0.052  0.1 340 430  

* calculated on Ti mass, ** after 170 hours operation, ***after 100 hours operation 

On the other hand the catalysts of our own preparation are based on the purified and 

self-oxidized Ti, which has a relatively thin oxide layer on its surface. The 

multiplied impregnation with the Ru and Ir salt solutions and the calcination 

resulted in a thicker precious metal oxide layer, with less surface titania content and 

less resistance against corrosion and abrasion. In order to increase stability of the 

latter, further experimentation is needed. The carbon content of the fresh and the 

used catalysts does not show any valuable tendency, we suppose that the carbon in 

the catalysts is in carbonates, formed during preparation and usage in the basic 

medium. LA–ICPMS (Laser ablation–inductively coupled plasma mass 

spectrometry) gave the in depth distribution of surface concentration of the noble 

metal oxide components for TM0/1 (Figure 18).  
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Fig. 18 LA_ICPMS spectrum of TM0/1. Ru and Ir signal intensities in function of 
the time of ablation 
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Fig. 19.XPS spectrum of TM0/1, lower curve: as received with Al Kα, middle 

curve: after reduction in hydrogen with Mg Kα, upper curve: after reduction in 

hydrogen with Al Kα 
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The two oxides (Ru, Ir) are in nearly the same concentration on the targeted site and 

they appear at the same ablation time, which shows their similar concentration in 

depth of the surface layer. 

 

 XPS (Figure 19) also gave information about the chemical valencies of the 

catalytically active substances, they are definitely oxides of Ru and Ir on the 

oxidized Ti. The catalyst was fully oxidized in the form “as prepared”. The overlap 

in the Ru oxide and C peaks and the high amount of surface carbon in the “as 

received” catalyst resulted in an uncertainty in the calculation of the surface 

concentration of Ru. To overcome this difficulty, similarly to the powder form 

catalyst, the sample was reduced in situ, resulting a shift of the Ru 3d5/2 peak to a 

lower binding energy and a separation from the C 1s peak. Simultaneously most of 

the carbon was removed by hydrogen and this also improved the reliability of the 

fitting. 

 

Table 10. Surface ratio of components determined from XPS 

Catalyst Ir/Ru Ir/Ti Ru/Ti Remarks 

TM0/1 5.0 0.11 0.022 usual Ti peaks 

TM0/used - - - several unknown peaks 

TM4 1.6 0.73 0.44 unusual Ti peak 

TM5 1.5 0.67 0.46 unusual Ti peak 

 

2.7. Catalytic and thermal oxidation of real industrial wastewaters and model 

solutions  

In these series of experiments the CWAO and WO of different industrial 

wastewaters of pharmaceutical production were carried out. The catalysts were 

powder form titania supported precious metal (Pt, Pd, Ru, Rh) oxides, copper 
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sulfate and Ti mesh monolith (TM) catalysts. I have to mention that the general 

procedure of oxidation was the same for different experiments. 

 

2.7.1. Oxidation procedure 

The wastewater samples and model solutions were oxidized in a 250 and in a 850 

ml stainless steel high pressure autoclave equipped with a magnetic stirrer (rpm 

700), in a range of 180- 250°C temperature and at 50 bar total pressure. Prior to 

oxidation experiments COD, TOC and pH (in some cases BOD5) of the wastewater 

samples were measured (Table 12). Dilution experiments were carried out in order 

to observe precipitation upon adding water or NaOH solution for neutralization, 

basification, and on the basis of these results the wastewaters were treated in 

different ways. 

 

Usually during oxidation the pH decreases, therefore the non-basic (pH<8) 

wastewaters were basificated to basic values, above 8-9 with solution of 20% NaOH 

before the oxidation. The adding of NaOH solution before starting the reactions was 

a necessity in order to avoid corrosion of the autoclave material, which was a highly 

corrosion resistant stainless steel (equivalent to 316L). Even at basic pH moderate 

corrosion was experienced, which was highly accelerated with decreasing pH.  

 

Before each experiment and before loading the reactor the samples of high COD 

value (>100,000 mg/L) were diluted (10×, 5×) with distilled water then wastewater 

(and sludge) samples were loaded to the autoclave and they were pressurized with 

oxygen and heated up to the desired temperature. For determining the conversion-

time relationship, liquid samples of approximately 3 mL were periodically 

withdrawn from the reactor through a tube reaching its bottom. The outer section of 

the tube was water-cooled in a jacket for lowering the sample temperature. Before 

taking each sample, the dead volume of the tube (about 7 mL) was disposed of, that 

is why it was necessary to work with >300 mL reaction mixture. The samples were 

analyzed with respect to COD and TOC after dilution.  
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The degree of dilution of concentrated wastewaters had to be estimated in order to 

be able to measure TOC and COD. This means that the predicted concentration had 

to result in samples with COD values of 30–500 mg/L and TOC values of 20–

250 mg/L. The smallest volume of the diluted sample taken from 3 mL reaction 

mixture became <100 mL, the COD determination required 2 × 10 mL, the TOC 

measurement ~25 mL, the 3 mL sample from the reaction mixture was sufficient. 

For some samples BOD was measured only for the final reaction mixture. 

 

It should also be considered that since the applied oxidation procedure is a batch-

wise reaction in an autoclave under high pressure, the majority of volatile 

compounds and the formed CO2 are dissolved in the aqueous phase, the latter as 

carbonate at the basic pH. 

 

In case of CWO experiments catalyst was added to the solution before feeding it 

into the reactor. In case of Ti mesh catalyst(TM), the mesh was folded and then 

placed inside the autoclave. 

 

Beside the oxidation of real wastewaters, in order to verify the activity of our 

catalysts and to compare the non-catalytic and catalytic experiments, oxidation of 

model wastewaters, water solution of acetic acid and phenol in the form of their Na 

salts was carried out. Acetic acid is one of the most and phenol is a least resistant 

compound towards wet oxidation. Our other model compounds were DMF, DCF. 

  

2.8. Irradiation combined with wet air oxidation experiments 

This part of experiments was carried out with the help of our colleagues at the 

Department of Radiation Chemistry. Wet oxidation and radiation technology were 

combined in gamma-ray and electron beam induced oxidation of 4×10 -4 - 1×10 -2 

mol dm3 Na- phenolate solution in a wide O2 concentration and absorbed dose (0-50 

kGy) range. 
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 Irradiations were made either by 60Co-γ rays or pulsed electron beams (EB, 4 MeV 

electrons with 0.8 ms duration and 50 Hz repetition). In the panorama γ-irradiator 

the samples were placed in a position with dose rate between 2 and 6 kGy h-1. 

 

In EB irradiation the dose/pulse value was around 40 Gy. Some of the γ-irradiations 

were made in glass containers and appropriate gases were bubbled through the 

liquid. The absorbed dose was determined using alcoholic chlorobenzene dosimetry. 

Most of γ- and all electron irradiations were made in closed stainless steel 

autoclaves of 0.5 or 0.85 dm3 volumes. The autoclaves are equipped with pressure 

and temperature meter and the latter on its top has 0.5 mm thick titanium window 

for electron irradiation. Typically 400 ml solution was placed in the vessel, the gas 

phase above the solution was rinsed with oxygen, and then the autoclave was 

pressurized with O2 (20 bar), and irradiated. During irradiation magnetic stirrer was 

applied. After a certain irradiation time the pressure was reduced to atmospheric and 

sample was taken for analysis. The irradiation was continued after repeated 

pressurizing. For measuring the dose in the container L-alanin solution was used. 

The dose measurement was based on the conductivity change. COD was measured 

according to ISO Standard no. 6060:1989 by a Behrotest TRS 200 COD system; in 

the TOC investigations Shimadzu TOC-VCSN equipment was used. Samples were 

evaluated also by a JASCO 550 UV–Vis spectrophotometer. 

 

3. Results and discussion 

3.1 Classification of real process wastewaters according to their volatile 

content, biodegradability and oxidation properties 

In the following tables 11, 12, 13 are the measured parameters and biodegradation 

characteristics of the real process wastewaters. 

Table 11. Atmospheric rectification (in a column with 14 theoretical plates) results 

of PWWs  

Sample No. 4 (4983)* 8 (600) * 
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Feed  composition  v% 

amount   L/hour 
57 ethanol, 43 water,  

0.45 

32 methanol, 1 acetone, 67 water  

0.37  

Reflux ratio 5 3 

Location of feed middle of column middle of column 

Dist.  composition  v% 

amount   L/hour 

90 ethanol, 10 water 

0.28 

96 organic 

0.13 

Bottom am. L/hour 

volatile content  v% 

COD  mg/L 

BOD/COD % 

0.17 

210 ppm ethanol 

2500 

95 

0.24 

1460 ppm methanol 

4400 

85 

Remarks  crystalline precipitation in 
the boiler 

brown colored bottom product, 
solution with crystals, sedimentation is 
possible 

* Original company numbering in brackets 
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 Table 12. Data of tested PWWs 

Sample no. (Orig. co. 

No.), dilution 

COD 

mg/L 

TOC 

mg/L 

BOD10 

mg/L 

Adapt.time 

days 

Volatile 

content 

V% 

pH TKN 

mg/L 

COD 

%  * 

TOC 

%  * 

1 (4693) 117000 41200 98 418 5,5 2.8 14  30 33 

2 (4694) 68000 20090 24 738 3,5 0.28 14  40 27 

3 (4982) 81715 23270 1 838 5,0 0.12 8.4 5874 49 25 

4 d10x (4983) 751800 208000 721 780 0,5 57* 9 309 15 7 

8 d5x (600) 525620 134700 289 565 4,0 32.4 5  8 2.5 

15 d10x (5797/2) 178180 52850 37000 3,5  1 15.2 36 20 

16 (5226) 39750 11600 36 458 0,5 2.6 11  49 34 

17 d3x (5227/2) 80236 26580 77 358 0,5 4.4 6 67 41 7 

18 (602) 1096 437 2 027 2,0  7  60 55 

19 (5691) 16005 8267 17 203 1,0  8  58 54 

20 (5692) 63079 24690 7 377 0,0  14  40 33 

21 (5693) 65471 19370 3 437 3,5  7  32 28 

22 d10x (6367) 235220 89380 12 673 2,0 1.4 10  25 5 

23 (4695) 80000 25070 49 298 1,5 0.9 14  38 27 

24 (601) 173,15 89 284 4,5  7  37 12 

*COD or TOC decrease during 5 hour oxidation at 250
o

C and 50 bar 
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Table 13. Biodegradation characteristics of PWW 

Sample No. 
original 

BOD/COD % 

after oxidation with basis wastewater 
after oxid.with basis 

wastewater 
1 84 65 91 80 
2 36 65 66 86 
3 2 23 0 34 

4 94 98 94 100 

8 
78 100 95 100 

15 
21 98 28 100 

16 92 65 94 93 
17 96 89 - - 

20 46 75 91 100 

21 62 80 94 100 

22 60 74 90 83 

23 62 81 75 94 

*added in > 5vol% it is toxic, ** added in < 10 vol% it is digestible 
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Based on the above results the following observations were made: 

PWWs No. 4 and 8 have high COD contents (751800 mg/L and 525620 mg/L, 

respectively), deriving basically from their high volatile (ethanol and methanol) 

content, which can be recovered with rectification and reused (see Table 11).This 

operation may be necessary as the high ethanol and methanol content decreases the 

rate of oxidation and can be toxic at higher concentrations for anaerobic digestion as 

well. The organic content of the bottom product of the rectification (which needs 

further treatment), is very low (COD of No. 4: 2500 mg/L and No. 8: 4400 mg/L) 

compared to the COD content of the original wastes. However continuous pilot 

scale denitrification experiment proved that the PWW with high ethanol content 

(No. 4) can be mixed with domestic wastewater and utilized biologically as an 

external carbon source for denitrification without pre-treatment. Economic 

considerations will determine which means of treatment is more convenient. Based 

on respirometric measurements it can be suggested that PWW No. 3 without pre-

treatment is toxic for biodegradation even with the dilution of domestic wastewater 

Dilution of this PWW was made with domestic wastewater mimicking model 

wastewater solution in 2 different concentrations (200mg/L,100mg/L of COD) 

(Figure 20). Basic wastewater solution contained: peptone and NH4Cl, K2HPO4, 

KH2PO4, MgCl2 and CaCl2. 

The injected biomass was the effluent of secondary sedimentation tank of activated 

sludge originating from domestic wastewater treatment plant receiving industrial 

wastewater also but in small fraction. 
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Fig. 20 Oxygen consumption of PWW 3 (4982) diluted with domestic 

wastewater 

As biodegradation without pre-treatment can’t be an option, this wastewater (3) 

could instead be oxidized, as its toxicity decreases upon oxidation, although it is 

very corrosive under oxidation conditions because of its high ammonium chloride 

content. In this case perhaps incineration remains the optimal solution for its 

disposal. 

The majority of PWWs are biodegradable (Figure 21), which means that the organic 

content of these wastes can be used as a carbon source for denitrification in 

appropriate conditions.  
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Fig. 21 Oxygen consumption of PWW 23 (4695) as sole carbon source 

 

 

Fig. 22 Oxygen consumption of PWW 15 (5787/2) diluted with domestic 

wastewater 
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The BOD/COD ratio of sample No. 23 without pretreatment is 62%. With the wet 

oxidation pre-treatment this ratio can be raised to 81% (see Table 13), effectively 

decreasing the amount of the non-biodegradable residue. Having pre-treated the 

PWW, however, part of the originally biodegradable organics are also oxidized, thus 

the total biodegraded amount decreased, resulting in ~40000 mg/l oxygen 

consumption instead of the original 50000 mg/L. 

The original sample No. 15 proved to be poorly biodegradable (Figure 22, the 

BOD/COD ratio was 21%), however, upon pre-treating the sample with wet 

oxidation biodegradability was greatly improved (the BOD/COD ratio increased to 

98%).  As it is seen in Figure 22 it should also be mentioned that the nitrification 

inhibitor allyl-thio urea (ATU) could also be biodegradable in some special cases 

and if we suppose that it was biodegradable with this special biomass during this 

time then we could suppose that some nitrification occurred during this experiment. 

 

 

Fig. 23 Biodegradability of PWW 15 diluted with domestic wastewater in 

different ratio 

Y: BOD (diluted BOD * dilution) / (orig. COD) in %. Showing that 

biodegradability increased with dilution. 
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Fig. 24 Biodegradability of PWW 4 diluted with domestic wastewater    in 

different ratio 

Y: BOD (diluted BOD * dilution) / (orig. COD) in %.Showing that 

biodegradability increased with dilution. 

Biodegradation of samples No. 15 and No. 4 showed strong concentration-

dependence (Figures 23 and 24), suggesting that although these wastes are not 

biodegradable in high concentration, with appropriate dilution they can be utilized 

as external carbon sources for denitrification. 

The wet oxidation efficiency (based on oxidation experiments conducted for 5 hours 

at 250oC, 50 bar total pressure, ~10 bar oxygen partial pressure, in a batch reaction) 

is diverse, with the percentage COD decrease values varying between 8 and 60 (see 

Table 12). The two lowest conversions were obtained by the oxidation of the two 

PWWs with the highest COD values, due to their high volatile organic solvent 

content. It was suggested in point 1 that distillation is needed before using any other 

treatment method. 

Detailed respirometric investigation clearly verified our assumption that most 

PWWs are biodegradable at least after dilution with domestic wastewater at various 
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ratios (Figure 5). The exception is PWW No. 3 (Figure 20), which is not degradable 

in its original state, but becomes degradable after oxidation. 

On the basis of these results a combined treatment method of the different PWWs 

has been developed, resulting in Scheme 1. The scheme summarizes the possible 

means of treatment and gives guidelines for choosing the appropriate treatment 

method for different PWWs. Two examples demonstrate how its guidance can be 

used: sample No. 4 can be treated in two ways: it can be used in denitrification or its 

volatile content can be distilled and the distillation residue can subsequently be 

mixed with domestic wastewater and be treated with activated sludge. No. 3 has no 

volatile content and is not biodegradable, so it has to be oxidized first, thereafter it 

can be biodegraded. The other PWWs are biodegradable in their original form or at 

least when diluted with domestic wastewater. 

The PWWs tested represent a large variety of liquid wastes of the pharmaceutical 

industry, thus their organic and inorganic content were rather diverse (COD range of 

the investigated samples: 1096-751800 mg/L). The biodegradability of the samples 

also proved to be highly variable (the BOD/COD ratios of the samples were 

between 2-96%). Thus, it is reasonable to assume that these PWWs require different 

treatment methods, e.g., mixing of the well biodegradable waste No. 17 with waste 

No. 3 , which proved to be toxic at all dilutions must be avoided, as it can hinder the 

biodegradation of the whole mixture. The treatment has to be preceded by the 

determination of the properties of the given PWW, in order to provide sufficient 

information for the producing company to be able to properly decide about its fate. 
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Scheme 1 Treatment alternatives of PWWs of pharmaceutical origin 

 

The starting points (Biodegradability ,COD, TOC and etc.), of the next investigation 

were already discussed in the previous section(page) In oxidation of this group of 

wastewaters the highest COD values belong to PWW’s containing high amounts of 

volatile organic solvents, ethanol, methanol (No 4, 8, 10, 11). Removal of these 

solvents by distillation resulted in bottom products of much lower COD values 

(Table 12, 10res, 11res). They could be oxidized more easily, but precipitation 

occurred during the evaporation, hereafter inhomogeneous materials had to be 

http://link.springer.com/article/10.1007%2Fs11144-011-0315-2/fulltext.html#Tab1
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treated. The distillates were ethanol and methanol with low water content (<10 v%), 

they could be used as solvents in non-pharmaceutical technologies, like in 

production of paints or as carbon source in denitrification with activated sludge. The 

majority of the PWW’s were biodegradable (BOD/COD values > 50%), especially 

in diluted form with domestic wastewater. This means that they could be added into 

activated sludge treatment without oxidation and could be used as a carbon source 

for denitrification. However, there was a toxic one (No 3) and others were (No 2, 7) 

found to be hardly biodegradable (Table 12). They needed pretreatment prior to 

activated sludge treatment. 

 

The oxidation properties were found to be as well differing as the organic content 

and biodegradability (Table 13). A general observation was that conversion 

occurred during heating up, therefore the zero point sample was taken when the 

desired temperature was reached. The next sample was taken for characterization 30 

or 60 min after the first faster period (see TOC and COD curves as a function of 

time, Figs.  20, 21, 22, 23, 24), in the later phase of the oxidation the reaction rates 

were smaller. Another universal phenomenon was that COD decreased faster than 

TOC (exception was No 5, Fig. 21), this could be due to the formation of small 

carbon atom number carboxylic acids. These are intermediates of the oxidation of 

the complex organic molecules and the alcoholic or ketonic solvents, but they could 

be oxidized further with much smaller reaction rate. The volatile solvents in high 

concentration decrease the rate of oxidation even after dilution (No 4, 8), therefore, 

their removal before oxidation is beneficial. As an example we can mention sample 

8 which contained 32v% methanol, 1v% acetone, its starting COD was 525620 

mg/l. After distillation 96.3 m% of the organic material was removed and the COD 

was reduced to 4000 mg/L. The PWW’s were classified according to their oxidation 

properties in three groups on the basis of the reaction rates among homogeneous and 

heterogeneous catalytic conditions. COD decreases/time values were used for this 

purpose. 

 

http://link.springer.com/article/10.1007%2Fs11144-011-0315-2/fulltext.html#Tab1
http://link.springer.com/article/10.1007%2Fs11144-011-0315-2/fulltext.html#Tab2
http://link.springer.com/article/10.1007%2Fs11144-011-0315-2/fulltext.html#Fig2
http://link.springer.com/article/10.1007%2Fs11144-011-0315-2/fulltext.html#Fig3
http://link.springer.com/article/10.1007%2Fs11144-011-0315-2/fulltext.html#Fig4
http://link.springer.com/article/10.1007%2Fs11144-011-0315-2/fulltext.html#Fig5
http://link.springer.com/article/10.1007%2Fs11144-011-0315-2/fulltext.html#Fig3
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Table 14. Comparative results of wet oxidation of process wastewaters 
Sample no. Oxidation parameters TOC decrease 

(%) 
COD decrease 
(%) 

pH after 
oxidation 

BOD/COD % 
after oxidation Hour Temp 

(oC) 
Cat Dilution Added 

base* 
1 4 250       39 40 8 65 
  4 230       40 43   – 
  5 250 +     39 45     
  3 230 +     36 41     
2 7 250       66 67 9 65 
  5.5 230       38 38     
  5 230 +     32 38     
3 6 250       32 54 9 23 
  5.5 250       44 62 9 35 
4 4.5 250   10× 1 6 16 6 98 
  14.5 250   10× 1 39 54     
  4.5 250 + 10× 1 53 72     
5 (5227/1) 5 250   5× 1 37 42 9 89 
  5 250 + 5× 1 70 72     
6 (E12) 6 250       27 41 8 71 
  5 250 +     30 40     
7 (5797/1) 8 250   5× 22 43 52 8 62 
  8 250 + 5× 22 >99 >97 8   
  8 230 + 5× 22 >98 >98     
8  6 250   10× 0.5 5 18 5–6 100 
  4 250 + 10× 0.5 11 25     
11res 5 230   2.7 5 34 52 8 (25) 
  5 230 + 3× 7 33 48 8 (24) 

* Added 20% NaOH solution in % of reaction mixture 
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No 2, 9 and 10res have the highest oxidation reaction rate (Tables 14, 15 and Figure 

26), they can be classified as easy to oxidize. The use of catalyst in their oxidation 

doesn’t increase the rate further (Tables 14, 15 and Fig. 26). The explanation can be 

that the PWW’S contain metal ions (Fe, Cu, Table 6) having catalytic activity; 

therefore, they can act as homogeneous catalysts in the oxidation of some organic 

compounds. 

 

In contrast with the aforementioned, PWW’s No 4, 8 have the lowest, 5 and 7 medium 

oxidation rate, but with the Ti mesh catalyst they are oxidized with high conversion 

during reasonable reaction time (5 h). Even complete mineralization was possible in 

case of number 7 and 8 (Figures. 28 and 29). For the third group of PWW’s (No 1, 6) it 

is characteristic that the difference between the relatively low rates of heterogeneously 

catalyzed and non-catalyzed reaction is small. This can be explained again with the 

catalytically active ion content of the effluents. They can be not only homogeneous 

catalysts but can be adsorbed on the surface of the precious metal oxides supported on 

Ti mesh and poison their active sites (SEM Figure 16 for used Ti mesh). Sample 3 is 

not included in Table 15. However, it was oxidized with medium reaction rate. 

For further information about the oxidative properties of liquid wastes 13 and 14 were 

tested. The oxidation results of 13, which was an industrial wastewater and sample 14, 

which was sewage treatment plant sludge, (20% solid matter) are presented in Table 16 

at the characterization of powder catalysts. For determining the TOC value, the sludge 

had to be filtered before introducing it to the TOC analyzer, so the non-soluble part of 

the organic matter content was filtered out and the remaining liquid was analyzed.  

 

Sample 13, 50 g was basificated with NaOH solution to pH=10 and oxidized at 250oC, 

50 bar total pressure, for 4 hours with heterogeneous and homogeneous catalysts. Data 

in Table 16 indicate that the reaction rate is somewhat higher with Ru and Pd catalysts. 

Sample 14, a sludge, 50 g was oxidized at 250oC and 50 bar pressure for 4 hours with 

Pd oxide-titania and Cu sulfate catalyst (Table 16). The COD decrease was much 

higher than the TOC decrease (its values uncertain), which can be due to the formation 
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of carboxylic acids, acetic acid concentration measured by gas-chromatography after 

oxidation was 1213 ppm. Catalytic WO has no excess effect, which can be due to the 

significant original Fe ion content of the sample (1000 ppm). 

 

 
Fig. 25 Sample 1, oxidation at 230 °C with and without catalyst, TOC and COD 

decrease 

 
Fig. 26 Sample 2, oxidation at 230 °C with and without catalyst, TOC and COD 

decrease 
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Fig. 27 Sample 5, oxidation at 250 C with and without catalyst, TOC and COD 

decrease 

 

 
 

Fig. 28 Sample 7, oxidation at 250 C with and without catalyst, TOC and COD 

decrease 
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Fig. 29 Sample 8, oxidation at 250°C with and without catalyst, TOC and COD 

decrease 

 

 

Table 15. Oxidation rates for the three categories of PWW’s in COD decrease 

PWW 

category 

Sample 

no. 

Reaction 

temperature 

(oC) 

First period 

%/hour 

Second period 

%/hour 

Average rate for the 

whole reaction time 

%/hour 
1rhom  1rhet  2rhom  2rhet  avrhom  avrhet  

I 2 230 40 30 4 8 7 7 

  9 230         15 16 

  10res 230         16   

  11res 230         16   

II 4 250         3 16 

  5 250 15 20 3 9 7 14 

  7 250 32 33 2 9 6 12 

  8 250 5 6 2 4 3 4.5 

III 1 230 35 10 1.5 2 5 5 

  6 250         7 8 
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The toxic (No 3), non-biodegradable or hardly biodegradable (No 7) PWW’s 

became more easily to degrade after oxidation, besides there was no such effluent 

which became toxic during oxidation. 

 

 
Scheme 2 Rates and steps of wet oxidation in the two periods of the reaction 

 

The oxidation reactions have two periods; the first period (1rhom, 1rhet > 2rhom, 2rhet) 

which is fast and the second which is slower (Scheme 2). The latter represents the 

moderate oxidation of the accumulated intermediates, primarily carboxylic acids. 

3.2. Catalytic wet oxidation

3.2.1. Use of powder catalysts  

 The general aim of my research work was not the complete oxidation but to 

attain a certain level of conversion, where the toxicity ceased, but reaction 

mixture still contained simple organic compounds, for example sufficient 

amount of carboxylic acids, like acetic acid, which then could be used as a 

carbon source for denitrification 

In this group of experiments real wastewaters of chemical production and sludge 

from treatment plant were oxidized, with powder formed titania supported 

precious metal oxide catalysts as comparison with copper sulfate and without 

catalysts. 

http://link.springer.com/article/10.1007%2Fs11144-011-0315-2/fulltext.html#Sch1
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Sample 12, a high COD value (>1 000 000) waste oxidized in diluted form was 

an acetic acid solution containing <5% water, diluted (23x) before loading it to 

the reactor. Reactions performed during 4h at 50 bar total pressure and 250°C 

were chosen as standard operating conditions for this sample. These experiments 

served for distinguishing between four noble metal oxides on titania, including 

Pt, Pd, Ru, Rh and FeIII and CuII catalysts. Liquid samples were then analyzed 

with respect to their TOC and COD content. (Table 16) 

 

Sample 12 contained different organic compounds which were at least partly 

precipitated when the sample was diluted and basificated. Comparing COD 

values at the end of each experiment, there was 62% decrease in COD, 23% in 

TOC with Ru oxide/TiO2 and it proved to be the most efficient in the CWO. The 

other effective catalysts are Pt and Pd oxides, with similar COD decrease, but Pd 

is superior in TOC reduction (37%). The added metal salts (Fe, Cu) didn’t 

increase the reaction rate. 

Another method of catalyst characterization was the wet oxidation of acetic acid 

and phenol at basic pH, without and with catalysts (Ru oxide and Pd oxide on 

titania, the most active ones according to oxidation of sample 12, Table 16). 

Data in Table 17 indicate that in spite of its lower metal content, Ru oxide-

titania catalyst is more active in both oxidations. Oxidizing phenol the catalysts 

seem to decrease the induction period, great differences are in the 2 hour results. 

Three samples no 1, 4 and 15 were tested at 250˚C and 230˚C temperature and 50 

bar pressure in presence or absence of catalyst. Sample 4 had extremely high 

COD concentration because of its ethanol content (751 800 mg/L). 4 and 15 were 

diluted, 10x, 5x respectively, before each experiment. Ru oxide/TiO2 was used as 

catalyst. Samples were analyzed with respect to their TOC, COD and BOD 

content (Table 18). 
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Table 16. Oxidation results of sample 12, 13 and 14 at 4h at 50 bar total 

pressure and 250°C 

Catalyst COD mg/L 
TOC 

mg/L 

TOC 
reduction (%) 

COD 
reduction 

(%) 

Sample12 (373) 1218000 344000 - - 

diluted for oxidation 53000 15000 - - 

- 28670 14600 2.7 46 

0.6 g Pt oxide/TiO2 22920 12970 13.5 57 

0.6 g Ru oxide /TiO2 20280 11565 23 62 

0.6 g Rh oxide /TiO2 38940 13485 10 26.5 

0.6 g Pd oxide /TiO2 23465 9430 37 56 

Sample 13 (FCSM2) 113600 34000 - - 

- 41 700 15 940 53 63 

0.3 g Pd oxide/TiO2 29 600 11 640 65 74 

0.3 g Ru oxide/TiO2 36 300 13 920 59 68 

0.3 g TiO2 36 100 14 940 56 68 

16 mg CuSO4 36 000 11 760 65 68 

Sample 14 (584) 53000    

- 4880 - - 91 

0.3 g Pd oxide/TiO2 6130 - - 88.4 

16 mg CuSO4 6430 - - 87.9 
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Table 17. Oxidation results of acetic acid and phenol. (Na acetate 3x H2O 

solution, 84g/L, phenol solution 9.4g + 4 g NaOH/L, total pressure 50 bar) 
Temp.(°C) Catalyst Reaction time 

hour 

TOC(mg/L) COD(mg/L) 

substrate solution acetic acid 15070 34600 

230 - 2 

5 

14740 

13440 

34263 

31200 

230 Pd oxide/TiO2  

0.5 g 

2 

5 

15000 

14580 

34190 

32400 

230 Ru oxide/TiO2  

0.5 g 

2 

5 

15000 

14860 

26350 

23440 

substrate solution phenol 7850 20830 

120 - 2 

5 

7290 

7110 

19430 

17630 

120 Pd oxide/TiO2 2 

5 

7360 

7140 

20050 

19790 

120 Ru oxide/TiO2 2 

5 

7140 

7160 

20060 

19790 

180 - 2 

5 

7090 

1150 

20200 

2050 

180 Pd  oxide/TiO2 2 

5 

1640 

1170 

6980 

3980 

180 Ru oxide/TiO2 2 

5 

1620 

1230 

3710 

2200 

 

Sample no 1, 4 and 15 were oxidized at two temperatures, with Ru oxide-

titania catalyst. Conversion rate increased for 4 and 15 with increasing 

temperature (230 to 250°C). It was surprising that the oxidation rate of 

sample 1 was higher at lower temperature (230°C), although this 20°C 

difference means 12 bar increment in oxygen partial pressure. (At total 

pressure of 50 bar and at 230°C the partial pressure of O2 is ~22 bar, water 
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vapor pressure ~28 bar, at 250°C 10 bar and 40 bar, respectively). The 

oxidation rate of sample no. 1 seems to be more sensitive to oxygen partial 

pressure than that of samples 4 and 15, but latter ones are more susceptible to 

reaction temperature. The heterogeneous catalytic effect was again small or 

negligible. According to TOC and COD profiles (Figures 31 and 34) in the 

first period of the reactions, during heating up and in the first ½ or 1 hour the 

conversion rate is higher, we think this is the accumulation phase of the 

carboxylic acid intermediates. The smaller TOC and the higher COD change 

indicate this. 
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Table 18. Oxidation results of samples 1, 4 and 15 

Sample 

Temp

. (°C) 

Cat. 

Ru ox/TiO2 

COD 

(mg/L) 

TOC 

(mg/L) 

BOD/COD 

% 

TOC 

decrease 

(%) 

COD 

decrease 

(%) 

4 - - 751000 208000 94 - - 

diluted 

10x 

  75100 20800 - - - 

 230 -   - 43 51 

 250    100 54 56 

 250 +   100 49 58 

15 - - 178180 52850 21 - - 

diluted 5x   35640 10570 - - - 

 230 -   - 30 38 

 250 -   62 46 52 

 250 +   82 47 59 

1 - - 117000 41 200 91 - - 

 230 - 54 270 21 200 - 49 54 

 230 + 54500 21500 90 48 53 

 

250 

250 
- 

+ 

62 270 25 690 90 

92 

38 

46 

47 

40 69 890 22 300 
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Fig. 31 Oxidation of sample 4, TOC and COD profiles at 230oC 

 

Fig. 32 Oxidation of sample 15, TOC and COD profiles at 230oC 
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Fig. 33 Oxidation of sample 1, TOC and COD profiles at 230oC 

 
Fig. 34 Catalytic oxidation of sample 4 with Ru ox../TiO2, TOC and COD 

profiles at 250oC 
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The titania supported precious metal oxide powder form catalysts didn’t 

show good activity specifically when compared to monolith Ti-mesh 

supported catalysts. 

 

3.2.2. Use of monolith catalysts (TM0-TM5) 

The commercial Ti-mesh coated with ruthenium–iridium mixed metal oxide 

(TM0/1) which is recommended as anode material in highly oxidizing 

environments served as basis for comparing the activity of Ti meshes coated 

with different metal oxides prepared in own laboratories. In wet oxidations 

there are two phases with respect to reaction rate, a first faster and a second 

slower one (in this period usually the carboxylic acids are oxidized), thus 

quantifying reaction rates would not have been correct. Therefore an activity 

and stability sequence was established. In order to avoid false conclusion 

about activity, which usually changes faster in the very first phase of usage, 

the meshes were tested in detail after 10–15 h operation in WO.  

 
Fig. 35 TOC vs. time (230°C, 50 bar) in wet oxidation of a real wastewater 

with different monolith catalyst. 
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According to Figures 35 and 36 the activity of meshes containing both Ru 

and Ir oxide (TM0/1, TM4 and TM5) was highest, the commercial catalyst 

being the most active, in spite of its geometric surface is smaller than that of 

the other catalysts, however the conversion values (TOC decrease, the carbon 

mineralization rate and COD decrease, the total oxidation rate) with catalysts 

TM0/1, TM4 and TM5 are near to each other. Ru alone (TM1), Ir with Ta 

(TM3) and Pd (TM2) (all oxides) were less active. (Tables 19, 20) 

 

 
Fig. 36 TOC vs. time (200°C,50 bar) in wet oxidation of phenolate solution 

with different monolith catalyst. 
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Table 19. COD decrease with different catalysts in the oxidation of phenolate 

solution (200oC, 50 bar) 

Reaction 

time min 

COD decrease % 

Without 
catalyst 

TM0/1 TM0/used TM1 TM2 TM3 TM4 TM5 

60  70 40 59 51 67 79 58 

120  90 70 67 72 74 90 82 

210 54 95 75 73 76 77 95 87 

 

Table 20. COD decrease with different catalysts in the oxidation of real 

wastewater 15 (230oC, 50 bar) 

  

Of the same reactions, gave similar image: the reactivity sequence of the 

different catalysts was the same. The experienced leaching and/or abrasion 

decreases the precious metal content (TM0/used, TM4/used) as well as 

catalytic activity. The commercial Ti-mesh TM0 was used approximately for 

170 h and its activity (Figure 37) decreased after this usage together with its 

Reaction 

time min 

  COD decrease % 

Without  

catalyst 

TM0/1 TM0/ 

used 

TM1 TM2 TM3 TM4 TM5 

60  55 29 48 43 32 59 62 

180  85 39 56 68 47 89 87 

300 38 95 41 62 80 48 97 95 
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Ir metal content (see Table 1, TM0/used). The catalysts prepared in our 

laboratory were less stable, TM4/used lost Ru content according to PGAA, as 

well as major part of its activity (Figure 38) after 100 h use. 

 

 
Fig. 37 TOC vs . time(230C, 50 bar  TM0 (commercial) in wet 

oxidation of real wastewater after increasing time on stream , 

characterizing aging  
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Fig. 38 TOC vs. time (230C, 50 bar ) in wet oxidation of a real wastewater 

with TM4 (own preparation) after increasing time on stream , characterizing 

ageing. 

 

The Ru/Ir oxide coated Ti monolith catalysts showed remarkable catalytic 

activity in wet oxidation both in the overall oxidation expressed by COD 

decrease and in the carbon mineralization expressed by TOC decrease. This 

was valid both for the real pharmaceutical wastewater and for phenolate 

solution too. Meshes containing Ru, Pd and Ir oxide alone were less active 

than the Ru/Ir oxide together on Ti. This observation is in accordance with 

the electrochemical properties of the commercial mesh, which is offered by 

its producer for industrial hypochlorite production. 

 

The commercial mesh (TM0) was the most active and stable among the 

condition of wet oxidation, however loss of its precious metal content was 

observed during longer usage. The Ru/Ir monolith catalysts prepared in our 
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laboratories had similar initial activities but they were less stable, the 

leaching and/or abrasion of the surface precious metal oxide layer was faster, 

independently of their structure being fragmented or continuous, depending 

on the preparation methods. The loss of activity during longer usage can be 

the result of deposition of iron and silicon oxides too, showed by SEM 

analysis. An important feature of the good catalytic activity of the 

commercial Ru/Ir oxide coated Ti mesh can be the uniform distribution of the 

two oxides, as showed by LA–ICPMS. According to XPS results the upper 

surface layer of the catalysts is covered by a mixture of Ru–Ir–Ti oxide of 

approximately 0.1:0.02:1 atomic ratio for commercial mesh. 

 
3.3 Irradiation experiments  

3.3.1. Gamma radiolytic experiments 

All solutions contained dissolved O2 and the irradiations were made in glass 

containers, except the reaction with 20 bar O2 pressure. This solution was 

irradiated in the stainless-steel autoklave.  

 

COD at the beginning decreases more-or-less linearly with the dose. At 

higher doses, however, the COD reduction rate is smaller. This deviation 

from linearity is observed above 50% COD reduction at 2x10-3 mol dm-3 

concentration. Similar initial slope values were found in solutions oflower 

and higher concentration. TOC decreases more slowly with dose as COD. 
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Fig. 39 (a-b) TOC (a) and COD (b) measured in 1*10 -2 and 2*10-3 mol dm-3 

solutions. Square: irradiation in 1 bar O2 atmosphere, red circle: N2/O2 5/l 

mixture, triangle: O2 at 20 bar pressure. 
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In both phenolate concentrations we carried out experiments with 1 bar O2 or 

N2O/O2 5:1 mixture saturated solutions. Similar efficiencies were found in 

both solutions. 

 

3.3.2. Pulsed electron beam irradiation 

The specially constructed stainless-steel autoklave was first tested in pulsed 

irradiation using 4 × 10-4 mol dm-3 phenolate solutions under 1 bar pressure 

air and under 20 bar O2 pressure by measuring the UV absorption spectra 

(Figure 39). In aerated solution the characteristic aromatic band between 250 

and 280 nm disappeared upon irradiation with 15 kGy dose, however, a wide 

unstructured band remained in the UV range. It is probably due to a number 

of organic products. At 20 bar O2 pressure the aromatic band disappeared 

faster and the remaining UV absorbance was weaker. Mineralization is more 

effective in pressurized autoclave. 
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     Fig. 40/b 

Fig. 40 (a-b) Absorption spectra in air saturated (a) and in 20 bar O2 

pressurized (b) 4 × 10-4 mol dm-3 phenolate solution before and after pulsed 

EB irradiation. 

Typical EB mineralization experiments with 1 × 10-3 and 5 × 10-3 mol dm-3 

solutions are shown in Figure 41. Due to the uncertainty in positioning the 

autoclave under the accelerator the uncertainty in absorbed dose values is 

higher in EB than in γ irradiation. The COD and TOC values reflect effective 

degradation. The extent of degradation upon absorption of unit dose is similar 

in low dose rate γ- and high dose rate electron irradiations. 
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Fig. 41/b 

Fig. 41 TOC- (a) and COD-values (b) measured during irradiation of 2 × 10-3 

and 5 × 10-3 mol dm-3 phenolate solution with pulsed EB in the autoclave at 

20 bar O2 pressure 
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4. Summary 

Industrial wastewaters and mother liquors which are originating from the 

chemical industry, specifically pharmaceutical industry contain organic 

compounds that can be toxic and non-biodegradable so treating these kind of 

wastewaters has become a major problem for many industries and 

organizations. For this reason I chose the topic of intensification of process 

wastewaters with Wet (Air) Oxidation in order to find a proper way to apply 

this technology individually and also in combination with other technologies. 

 

There were different real pharmaceutical wastewaters as well as sludge which 

were originating from a treatment plant, some model solutions of different 

molecules like Na-phenolate, DFC and DMF were tested. Our samples were 

oxidized in 250 and 850 cm3 stainless steel autoclaves at 50 bar total pressure 

with O2. During these experiments catalysts (supported noble metal oxides on 

TiO2, Ti-mesh with different noble metal oxide coatings) were also used 

resulting in different conversion rates. 

 

Here I have to mention again that we tried to find a solution in a way to 

eliminate the toxic effect of the wastewaters preserving their organic content 

for usage in denitrification. A combined method could be to separate their 

volatile content, the solvents and reutilize them or decompose with oxidation 

the toxic organics and send the rest for biological treatment.  

The diversity of wastewaters was confirmed after examining them with 

respect to their composition, TOC, COD, BOD values and oxidation 

properties. 

The optimum parameters of oxidation have to be determined on a case by 

case basis, including the use of catalysts.  
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After determination of metal content of wastewaters by XRF method it was 

figured out that most of these wastes contain catalytically active metal ions 

like iron and copper, which in some cases supersede the adding of 

heterogeneous catalyst. It seems that besides their beneficial homogeneous 

catalytic effect, iron and copper ions can deteriorate the activity of the 

heterogeneous catalysts as they can act as poisons, adsorbing on the surface 

of the precious metal oxides. 

 

It has also been shown that the biological and physico-chemical co-treatment 

of PWWs of the pharmaceutical industry can be effectively accomplished, 

and the majority of the PWWs tested proved to be biodegradable specifically 

when appropriately diluted with domestic wastewater and only a small 

fraction was hardly biodegradable. The exceptions are the PWWs with high 

volatile organic solvent content and the toxic ones, with the latter being lethal 

for the activated sludge even in high dilution. These PWWs may not be 

mixed with the others, but the high volatile content should be removed by 

rectification or stripping. After removing their volatile content the remaining 

materials of low COD are biodegradable and the solvents recovered can be 

utilized. The toxic waters require wet oxidation, which does not have to be 

carried out until complete mineralization, but only until the toxic components 

are degraded. The partly oxidized PWWs contain biodegradable compounds, 

usually small carbon atom number carboxylic acids such as acetic acid, 

which are excellent carbon sources for denitrification or for anaerobic biogas 

production. 

In catalytic wet oxidation experiments which were carried out with two 

different groups of catalyst it was figured out that the small or negligible 

reaction rate change upon adding of the powder form catalysts prepared in 
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our laboratory could be explained with various reasons. (i)The metal content, 

especially at the Ru containing catalyst was too low. (ii) The noble metals in 

oxide and powder form are not the optimal catalysts for WO. (iii) The real 

wastewaters are not so easy to oxidize as of model effluents, like phenol. 

Their metal ion content can poison the heterogeneous precious metal oxide 

catalysts. Another problem can be the leaching of the precious metal content 

of the catalysts.  

On the other hand experiments using different Ti-Mesh catalysts with 

different coatings showed that the Ru/Ir oxide coated Ti monolith catalyst 

exhibited remarkable catalytic activity in wet oxidation both in the overall 

oxidation expressed by COD decrease and in the carbon mineralization 

expressed by TOC decrease. This was also valid for the real pharmaceutical 

wastewaters and for phenolate solutions too. Mesh catalysts containing Ru. 

Pd and Ir oxide alone were less active than the Ru/Ir oxide together on Ti. 

The commercial mesh was the most active and stable among the conditions 

of wet oxidation, however loss of its precious metal content was observed 

during longer usage. The Ru/Ir monolith catalysts prepared in our laboratory 

had similar initial activities but they were less stable, the leaching or abrasion 

of the surface precious metal oxide layer was faster, independently of their 

structure being fragmented or continuous, depending on the preparation 

methods.  

The observations also revealed the differences of model effluents and of the 

real wastewaters. Generally the PWW’s can be divided into three categories: 

(i) easy to oxidize (1rhom, 2rhom > 7%/h) (ii) easier to oxidize with catalyst 

(1rhet, 2rhet > 1rhom, 2rhom) (iii) no significant difference between non-catalytic 
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and heterogeneous catalytic reaction in medium rate oxidation 

(1rhom,2rhom ~ 1rhet, 2rhet). 

 

In mineralization of aqueous phenolate solution, where wet oxidation and 

irradiation was combined, COD decreased more or less linearly with the dose 

but at higher rates the COD reduction rate was smaller. This deviation from 

linearity was observed above 50% COD reduction. In pulsed electron beam 

irradiation the COD and TOC values degraded effectively.  

 

Spectrophotometric and COD measurements also show that the number of O2 

molecules built in the products upon one OH* attack increases with dissolved 

O2 concentration. Higher O2 concentration is favorable for chain oxidation 

reactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Summary of thesis 
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1. Most of the tested process liquid wastes contain catalytically active metal 

ions like Fe and Cu, which in some cases supersede the adding of 

heterogeneous catalyst, used in our experiments. Besides their beneficial 

homogeneous catalytic effect, Fe and Cu ions can deteriorate the activity of 

the heterogeneous catalysts as they can act as poisons, adsorbing on the 

surface of the precious metal oxides. 

 

2. For the titania supported precious metal oxide heterogeneous catalysts, the 

following trend could be observed in their effectiveness in oxidation of a 

sample solution of high acetic acid content: 

 

Ru oxide/TiO2 > Pd oxide/TiO2> Pt oxide/TiO2 > Rh oxide/TiO2 

 

3. In order to determine a safe treatment method, the appropriate combination 

of physical, chemical and biological treatment techniques is needed. Prior to 

treatment a detailed characterization of the PWWs is necessary, including the 

quantification of their biodegradability when diluted with domestic 

wastewater at different ratios. Wet oxidation is needed only at toxic PWWs. 

 

4. The Ru/Ir oxide coated Ti monolith catalyst showed remarkable activity in 

wet oxidation of real pharmaceutical wastewater as well as in that of the 

model solutions. An important feature of its good catalytic activity can be the 

uniform distribution of the two oxides on the surface and in depth also.  

 

5. Toxic wastewaters require wet oxidation which does not have to be carried 

out to a complete mineralization. It is enough if the toxic components are 
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degraded, typically in the first period of WO. In the oxidized wastewaters 

significant amount of carboxylic acids were accumulated, specifically acetic 

acid, and this can act as carbon source for the de-nitrification process. 

 

 
Scheme 2 Rates and steps of wet oxidation in the two periods of the reaction 

 

6. In treatment of aqueous phenolate solution, where wet oxidation and 

irradiation was combined, COD decreased more or less linearly with the 

dose. The number of O2 molecules built in the products upon one OH* attack 

increases with dissolved O2 concentration. 
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