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Introduction, aim of research work 
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.  

Biological treatment is primary method for removal of organic pollutants, but often 
not suitable for treating of mother liquors since they may be toxic, non-biodegradable 

and hazardous. 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 produce sludge that must be disposed of which 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. 

 

Fig.1 Wastewater treatment map in function of organic matter content and flow rate 

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. 
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. 

The non-biodegradable wastes generated from industrial processes can be treated by 

chemical oxidation, wet oxidation or with advanced oxidation processes (AOPs) in 

order to eliminate their toxicity. The intensification of WO can occur with catalysts, or 
with radiation combined wet oxidation in the form of γ-ray and electron beam induced 

radicals assisted oxidation. 

Disadvantages of WO are high pressure, high temperature and extremely corrosive 

reaction mixtures under usual 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 and so lower 

operating costs. Similarly the combination of wet oxidation and radiation is another 

option for intensification. 

 

Literature part 

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 temperatures. It is 

a method for treatment of waste streams which are too diluted 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. A 

typical condition for wet air oxidation ranges from 180oC and pressure of 2 Mpa to 

315oC and 15 Mpa pressure. 

Zimpro® Wet Air Oxidation 

 

The history of WAO started almost about 60 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 water(1). 

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 activated carbon 

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

an industrial waste treatment technology. In 1985 nearly 200 full-scale WAO plants 
were in operation for the treatment of a variety of effluent streams (2). 

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 bubble column 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. 

Catalytic wet air oxidation  
In the last decade significant need was revealed (3,4) toward treatment of highly 

concentrated wastewaters of chemical, pharmaceutical production, as well as residual 

sludge. Aside WAO, CWAO has been applied to many different model effluents, but 

relatively few works have been devoted to real and complex industrial wastes (5-10) 

In order to carry out WAO 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 (11-15). 

Advanced and combined oxidation processes. 
In the last two decades the emergence of advanced oxidation processes (AOPs) proved 

to be as 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. 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 electron. 

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. 

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. 
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Experimental 

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 supported 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). 



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, 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. 

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, dimethyl formamide, diclofenac containing) were prepared in our laboratory, 

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

determined. 

Heterogeneous 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 supported catalysts with different active phase, prepared in cooperating 

laboratories were the following: Ru oxide/Ti mesh (TM1), Pd oxide/Ti mesh (TM2), 

Ir-Ta oxide/Ti mesh (TM3), Ru-Ir oxide/Ti mesh (TM4), Ru-Ir oxide/Ti mesh (TM5). 

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. The mesh catalysts 

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

 

Results 

Catalyst characterization 

 

In oxidation of an acetic acid containing sample (12) it turned out that the powder 

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

titania catalysts were used in further reactions and characterized in detail. The XPS, 

ICP-MS and TPR results were in good agreement with respect the metal contents. 
 



Table 1 Oxidation results of sample 12, 13 and 14 at 4h at 50 bar total pressure and 

250°C with titania supported precious metal oxides 

 

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 

 

Among monolith catalysts the two oxides (Ru, Ir) containing ones were the most 

active. The reason could be the nearly the same concentration of Ru and Ir on the 
targeted site as they appeared at the same ablation time, which showed their similar 

concentration in depth of the surface layer (Fig.2). 

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 (Fig. 5). 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 (Fig.3) or continuous, depending on the preparation methods.  

XPS 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”.  



 
 

Fig. 2 LA-ICPMS spectrum of TM0/1, Distribution of surface concentration of the 

noble metal oxide components in depth  

 

 

 
 

Fig. 3 SEM picture of mesh TM0/1 
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Fig. 4 XPS spectrum of mesh 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 

 

 

Table 2. COD decrease with different mesh catalysts, oxidation of real wastewater 15 

(230oC, 50 bar) 

 

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  



 

Fig. 5 TOC vs. time (230oC, 50 bar) in wet oxidation of a real wastewater with catalyst 

TM0 (commercial) after increasing time on stream, characterizing ageing 

 

Wastewater characterization 

 

The metal content of PWWs was detected by X-ray fluorescence spectroscopy. It was 

found that there are different amounts of metal ions present in these PWWs, mostly Fe 

and Cu, which could act as homogeneous catalysts. 

 

Table 3 Oxidation rates for the three categories of PWW’s in COD decrease 
 

PWW 

category 

Sample 

no. 

Reaction 

temperature 

(
o
C) 

First period 

%/hour 

Second 

period 

%/hour 

Average rate for 

the whole 

reaction time 

%/hour 
1
rhom  

1
rhet  

2
rhom  

2
rhet  

av
rhom  

av
rhet  

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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Fig. 6 Sample 5, WO at 250 C with and without catalyst, TOC and COD decrease 

 

The WO experiments 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) 

(Fig. 6) (iii) no significant difference between non-catalytic and heterogeneous 

catalytic reaction, the rate of oxidation is in the medium range (1rhom,2rhom ~ 1rhet, 
2rhet). 

 

Irradiation experiments  

 

In WO of aqueous phenolate solution, where wet oxidation and irradiation were 

combined, COD decreased more or less linearly with the dose. A deviation from 

linearity was observed above 50% COD reduction. In pulsed electron beam irradiation 

the COD and TOC values decreased effectively also. (Fig. 7) 
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Fig. 7 TOC(A) and COD(B) measured in 1x10-2 and 2x10-3 mol dm-3 solutions. 

Square: irradiation in 1bar O2 atmosphere, red circle: N2O/O2 5/1 mixture, triangle: O2 

at 20 bar pressure. 

 

 



Summary of thesis 

 

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 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. 

 

 
Fig. 8 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. 

 

Practical application 
  

WO as a treatment or pre-treatment method or even combined method, can be applied 

for those industrial wastewaters and mother liquors originating from a chemical 

industry more specifically pharmaceutical industry, containing non-biodegradable, 

toxic organic compounds. Actually those kind of industrial wastewaters which are real 

industrial mixtures and its contaminants are more or less unknown. A pilot scale plant 

located at Pétfürdő, operating at total pressure of 70 bar and temperatures up to 250˚C 

is used for treatment of toxic wastewaters of industrial origin and actually was 

designed and assembled during Jedlik project and used during the Swiss-Hungarian 

cooperation project also, which were a joint work of Geosan Ltd., Budapest Sewage 

Work, BME and HAS CER. 

 

 
Fig. 9 Pilot scale oxidation reactor GEOSAN Ltd  Pétfürdő 
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