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Summary 
 

The presence of a range of poorly degradable organic compounds in our wastewater imposes a 

problem to the water treatment industry. Such persistent compounds, often identified as 

pharmaceuticals and personal care products, enter the sewer system after domestic or medical use, 

and are inefficiently removed by traditional sewage treatment technologies. Referred to as ‘organic 

micropollutants’, because of their low concentrations, they are subsequently discharged into the 

aquatic environment. Several classes of pharmaceuticals have therefore been found, in descending 

concentrations, in sewage treatment plant effluents, surface waters, groundwater and even drinking 

water. Whereas to date, no adverse health effects on humans have been demonstrated, the 

ecological consequences of some of these micropollutants are severe. 

Prevalent conventional wastewater treatment methods, i.e. a primary settling and clarification step, 

a secondary biological treatment and possibly a tertiary ‘polishing’ for a further nutrient removal, are 

developed to reduce general organic and nutrient loads. However, with the increasing occurrence of 

micropollutants, there is a need for adequate specific tertiary treatment methods for preventing 

their spread in the aquatic environment. Techniques such as membrane filtration, activated carbon 

filtration, ozonation, chlorination, and advanced oxidation processes (AOPs) have proven their 

general effectiveness. However, certain disadvantages have thus far delayed their large-scale 

application, such as high operating costs and the formation of toxic by-products. Additionally, a new 

generation of micropollutant treatment methods is being developed, based on biologically produced 

metal catalysts and reagents. The use of bacterially produced metallic or mineral nanoparticles offers 

certain advantages over their chemically produced counterparts, because of physicochemical (a 

higher specific surface, a higher catalytic or chemical activity) as well as biological reasons 

(inexpensive production, stabilization of the particles onto the bacterial biomass, and a bacterial 

metabolism that can aid in chemical conversion processes). As such, biogenic palladium 

nanoparticles have been proven effective catalysts for the reductive degradation of halogenated 

organic compounds. Biogenic silver nanoparticles can be applied as disinfecting agents because of 

their long-lasting antimicrobial and antiviral activity. Iron species are capable of a reductive 

degradation of organic micropollutants and, in association with iron-reducing bacteria, can enter a 

sustained oxidation – reduction cycle. Aided by manganese-oxidizing bacteria, a cyclic oxidation – 

reduction of manganese can likewise result in a continuous oxidative removal of a range of 

pharmaceuticals. 

 

This research has focused on the application of biogenic manganese oxides (Bio-MnOx) for the 

removal of micropollutants. Whereas evidence exists in literature that manganese oxides can 

chemically degrade certain micropollutants, the removal of other compounds is highly influenced by 

the metabolic activity of the associated manganese-oxidizing bacteria. Therefore, the operation 

mechanism of micropollutant removal during manganese oxidation by Pseudomonas putida was 



   

 

 

examined in a series of experiments. Moreover, since literature reports an interactive effect between 

manganese and silver oxide catalysts in the oxidation of gaseous organic compounds at high 

temperatures, an exploratory study was conducted to determine if silver compounds exert a catalytic 

activity toward the degradation of micropollutants. To this extent, experiments were performed with 

biogenic silver nanoparticles (Bio-Ag0), ionic silver and silver oxide in conditions typical for water 

treatment (i.e. in aqueous solution at ambient temperatures) and interaction effects between 

manganese and silver species were explored. Diclofenac was used as a model compound to quantify 

degradation during the experimental setups. Specific tested hypotheses were: (1) diclofenac is 

removed by Bio-MnOx; (2) the active manganese-oxidizing metabolism of Pseudomonas putida 

enhances the removal of diclofenac; (3) diclofenac is removed by Bio-Ag0; (4) silver addition 

enhances the removal of diclofenac by Bio-MnOx; and (5) this enhancement can be explained as a 

cooperative interaction between manganese and silver oxides. 

 

From experimental batch tests, it was found that (1) preoxidized Bio-MnOx shows little to no 

degradative capacities for diclofenac, but (2) the active manganese-oxidizing metabolism of 

Pseudomonas putida enhances the degradation of diclofenac. Observed first-order rate constants 

were k = 0.0023 h-1 for preoxidized Bio-MnOx, and an almost 30-fold increase to k = 0.065 h-1 during 

ongoing manganese oxidation. This rate-enhancing effect of the bacterial metabolism was tentatively 

explained as the production of highly reactive ligand-bound Mn3+ intermediates by Pseudomonas 

during the oxidation of Mn2+ to Mn(IV)O2. Furthermore, it could be concluded that (3) silver species 

as such are not catalytically active toward the degradation of diclofenac, although diclofenac is 

removed by Ag+ and Bio-Ag0 in the presence of Pseudomonas biomass (k = 0.0033 and 0.006 h-1, 

respectively), which is supposedly due to the production of reactive oxygen species when silver 

reacts with the cell wall and intracellular enzymes of Pseudomonas putida. Finally, it was found that 

(4) the addition of ionic silver and Bio-Ag0 to Bio-MnOx enhances the degradation of diclofenac (k = 

0.017 and 0.016 h-1, respectively); although (5) this enhancement cannot be explained as a 

cooperative interaction between manganese and silver oxides. No reaction mechanism could be 

identified for the interactive effect between Bio-MnOx and silver species, although the applicability 

of these catalysts for water treatment purposes is promising. 

In a membrane bioreactor, the practical feasibility of applying Bio-MnOx and Bio-Ag0 for the 

continuous removal of micropollutants was assessed. The highest observed diclofenac removal 

percentage was 45.5%, corresponding with a removal rate of 0.72 mg diclofenac L-1 d-1, during the 

active manganese oxidation by Pseudomonas putida at a lowered oxygen supply. 

 

This master dissertation has provided a further understanding of the principles that determine the 

degradation of micropollutants by Bio-MnOx, and has identified the manganese-oxidizing 

metabolism of Pseudomonas putida as a major determinant of the reactivity of biogenic manganese 

oxides. Moreover, this research is innovative in its use of silver species as catalysts for the 

degradation of organic pollutants during water treatment, with the most successful results when 

applied in combination with biogenic manganese oxides. An economic analysis shows that the 



   

 

 

operating costs of these novel techniques need to decrease by a factor 20 to 100 in order to compete 

with large-scale ozonation or activated carbon filtration for polishing micropollutants from the 

effluent of water treatment plants. 

It is suggested that further research be undertaken to identify the range of different organic 

pollutants that can be treated with biogenic manganese and silver catalysts. Furthermore, the 

practical feasibility needs to be optimized by determining optimal removal conditions and reducing 

the operating costs, in order to take full advantage of these promising catalysts for the purpose of 

water treatment, in a world where clean water is becoming increasingly scarce. 

 

 

   



   

 

 

Samenvatting 
 

Het voorkomen van slecht afbreekbare organische verbindingen in ons afvalwater vormt een 

probleem voor de waterzuiveringsindustrie. Vaak betreft het geneesmiddelen en andere 

verzorgingsproducten. Wanneer deze persistente stoffen na medisch of persoonlijk gebruik in het 

rioolwater terechtkomen, worden ze niet of slechts gedeeltelijk verwijderd met de huidige 

technieken in de rioolwaterzuivering. Zodoende komen deze stoffen – ‘organische micropolluenten’ 

genoemd vanwege hun lage concentraties – in het aquatisch milieu terecht. Er zijn verscheidene 

klassen van geneesmiddelen teruggevonden, in dalende concentraties, in het effluent van 

waterzuiveringsbedrijven, in oppervlaktewater, in grondwater en zelfs in drinkwater. Tot op heden 

werden geen nadelige gezondheidseffecten waargenomen voor de mens, maar sommige 

micropolluenten veroorzaken ernstige ecologische schade. 

De huidige conventionele waterzuiveringstechnieken – een primaire bezinking en klaring, een 

secundaire biologische behandeling en eventueel een tertiaire zuivering voor het verwijderen van 

nutriënten – werden ontwikkeld om het algemeen gehalte aan organische verbindingen en 

nutriënten naar omlaag te brengen. Met het toenemende voorkomen van micropolluenten is er 

echter nood aan bijkomende specifieke tertiaire behandelingsmethodes om deze niet in het 

leefmilieu te doen terechtkomen. Technieken als membraanfiltratie, filtratie met actieve kool, 

ozonisatie, chlorering en geavanceerde oxidatieprocessen, hebben hun algemene toepasbaarheid 

aangetoond. Enkele nadelen verhinderen echter een grootschalig gebruik in de waterzuivering, zoals 

de hoge kostprijs en de vorming van toxische reactieproducten. Naast bovengenoemde technieken 

maakt een nieuwe generatie tertiaire behandelingen opgang, gebaseerd op het gebruik van 

biologisch geproduceerde metallische katalysatoren en reagentia. Metallische of minerale 

nanopartikels geproduceerd door bacteriën bieden een aantal voordelen ten opzichte van hun 

chemisch geproduceerde tegenhangers, zowel om fysico-chemische (hogere specifieke oppervlaktes, 

hogere katalytische of chemische activiteiten) als biologische redenen (goedkopere productie, 

stabilisatie van de partikels op de bacteriële biomassa, en de participatie van het bacterieel 

metabolisme in de chemische omzettingen). Zo zijn bijvoorbeeld biogene palladiumnanopartikels 

werkzame katalysatoren voor de reductieve verwijdering van gehalogeneerde organische 

verbindingen. Biogene zilvernanopartikels kunnen dan weer toegepast worden voor de desinfectie 

van water omwille van hun lang werkende antibacteriële en antivirale eigenschappen. 

IJzerverbindingen zijn werkzaam in de reductieve verwijdering van organische polluenten en kunnen 

zo, in associatie met ijzerreducerende bacteriën, een continue oxidatie – reductiecyclus ondergaan. 

Op vergelijkbare wijze kan mangaan, in associatie met mangaanoxiderende bacteriën, in een 

redoxcyclus de continue oxidatieve verwijdering van een reeks organische polluenten 

bewerkstelligen. 

 



   

 

 

In dit onderzoek werd nader ingegaan op het toepassen van biogene mangaanoxiden (Bio-MnOx) 

voor het verwijderen van micropolluenten. In de literatuur bestaan aanwijzingen dat mangaanoxiden 

bepaalde micropolluenten op chemische wijze kunnen afbreken, terwijl de verwijdering van andere 

componenten sterk beïnvloed blijkt te worden door het metabolisme van de geassocieerde 

mangaanoxiderende bacteriën. Daarom werd het werkingsmechanisme van de verwijdering van 

micropolluenten tijdens actieve mangaanoxidatie door Pseudomonas putida onderzocht in een serie 

experimenten. Bovendien bericht de literatuur over een interactie tussen mangaan- en zilveroxide als 

katalysatoren in de oxidatie van gasvormige organische verbindingen bij hoge temperaturen. Met dit 

in gedachten werd in een verkennend onderzoek nagegaan of zilververbindingen katalytisch 

werkzaam zijn voor de verwijdering van micropolluenten. Experimenten werden uitgevoerd met 

biogene zilvernanopartikels (Bio-Ag0), ionair zilver en zilveroxide, bij condities typisch gerelateerd aan 

de waterzuivering (i.e. in waterige oplossing en bij omgevingstemperaturen). Diclofenac werd 

gebruikt als modelcomponent om de verwijdering te kwantificeren tijdens deze experimenten. De 

specifiek geteste hypothesen waren: (1) diclofenac wordt verwijderd door Bio-MnOx; (2) het actief 

mangaanoxiderend metabolisme van Pseudomonas putida verhoogt de afbraaksnelheid van 

diclofenac; (3) diclofenac wordt verwijderd door Bio-Ag0; (4) toevoeging van zilver verhoogt de 

afbraaksnelheid van diclofenac door Bio-MnOx; en (5) deze verhoging kan worden verklaard als een 

coöperatieve interactie tussen mangaan- en zilveroxiden. 

 

Tijdens experimenten in batch werd gevonden dat (1) vooraf geoxideerd Bio-MnOx weinig of geen 

afbraak van diclofenac teweegbrengt, maar (2) het actief mangaanoxiderend metabolisme van 

Pseudomonas putida de verwijdering sterk verhoogt. De afbraakconstanten van eerste orde waren k 

= 0.0023 h-1 bij vooraf geoxideerd Bio-MnOx, en een bijna dertigvoudige stijging naar k = 0.065 h-1 

tijdens de actieve mangaanoxidatie. Deze verhoging van de afbraaksnelheid werd verklaard door de 

vermoedelijke productie van sterk reactieve ligandgebonden Mn3+-intermediairen door 

Pseudomonas tijdens de oxidatie van Mn2+ naar Mn(IV)O2. Verder kon worden geconcludeerd dat (3) 

zilververbindingen op zich niet katalytisch werkzaam zijn voor de verwijdering van diclofenac, maar 

dat er wel afbraak wordt waargenomen wanneer Ag+ of Bio-Ag0 worden toegevoegd aan 

Pseudomonas biomassa (k = 0.0033 en 0.006 h-1, resp.). Dit is vermoedelijk te wijten aan de vorming 

van reactieve zuurstofverbindingen wanneer het zilver reageert met celwandcomponenten en 

intracellulaire enzymen van Pseudomonas. Ten slotte werd waargenomen dat (4) de toevoeging van 

zowel ionair zilver als Bio-Ag0 aan Bio-MnOx de afbraak van diclofenac verhoogt (k = 0.017 en 0.016 

h-1, resp.), hoewel (5) deze verhoging niet te verklaren is als een coöperatieve interactie tussen 

mangaan- en zilveroxide. Hoewel er geen verklarend mechanisme geïdentificeerd kon worden voor 

de interactie tussen Bio-MnOx en zilververbindingen, is de toepasbaarheid van deze katalysatoren 

voor de waterzuivering veelbelovend. 

In een membraanreactor werd de praktische haalbaarheid nagegaan van het toepassen van Bio-

MnOx en Bio-Ag0 voor een continue verwijdering van micropolluenten. Het hoogste 

verwijderingspercentage voor diclofenac dat werd waargenomen was 45.5%, ofwel een verwijdering 



   

 

 

van 0.72 mg diclofenac L-1 d-1, tijdens de actieve oxidatie van mangaan door Pseudomonas putida 

onder verminderde toevoer van zuurstof. 

 

In deze masterproef wordt een beter begrip bekomen van de principes die de afbraak van 

micropolluenten door Bio-MnOx beïnvloeden, en wordt waargenomen dat het mangaanoxiderend 

metabolisme van Pseudomonas putida in belangrijke mate bepalend is voor de reactiviteit van 

biogene mangaanoxiden. Verder is dit onderzoek innovatief in de toepassing van zilververbindingen 

als katalysatoren voor de afbraak van organische polluenten in de waterzuivering, met de meest 

succesvolle resultaten wanneer zilver wordt toegepast in combinatie met biogene mangaanoxiden. 

Een kostprijsanalyse toont aan dat de werkingskosten van deze vernieuwende technieken moeten 

dalen met een factor 20 tot 100 om competitief te kunnen zijn met ozonisatie of filtratie met actieve 

kool voor een grootschalige verwijdering van micropolluenten uit het effluent van 

waterzuiveringsbedrijven. 

Suggesties voor volgend onderzoek zijn het identificeren van de verschillende mogelijke 

micropolluenten die met gebruik van biogene mangaan- en zilverkatalysatoren kunnen verwijderd 

worden, en het optimaliseren van de praktische toepasbaarheid door de werkingskosten te verlagen 

en de optimale omstandigheden te bepalen waarin polluenten verwijderd worden, zodat deze 

veelbelovende katalysatoren optimaal ingezet kunnen worden voor de waterzuivering, in een wereld 

waarin zuiver water steeds schaarser wordt. 
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I. Introduction 
 

 

1 Micropollutants: sources, fate in the environment and removal 

A multiplicity of pharmaceuticals and personal care products (PPCPs) starts a second life after being 

used. The discovery of the occurrence of recalcitrant PPCPs in the environment, mostly aquatic 

systems, has drawn the concern of scientists since several decades. Richardson and Bowron (1985) 

reported the presence of drugs in the aquatic environment at concentrations up to 1 µg L-1. Hignite 

and Azarnoff (1977) detected levels of salicylic acid with an average of 28.7 kg d-1 in the effluent of 

the STP of Kansas City (USA), and 2.1 kg d-1 clofibric acid. This corresponds to one-half of the 

clofibrate consumed in this area, discharged in the Missouri River as clofibric acid. In Germany, 

clofibric acid has been found in drinking water at concentrations of up to 165 ng L-1 (Stan & 

Linkerhäger, 1994). Ternes (1998) identified a range of PPCPs widely occurring in German STP 

effluents and surface waters. These included various medicinal classes, such as antiphlogistics, lipid 

regulators, psychiatric drugs, antiepileptic drugs, beta blockers and β2-sympathomimetics, as well as 

several metabolites. Heberer (2002b) showed the occurrence clofibric acid, diclofenac, ibuprofen, 

propyphenazone, primidone and carbamazepine in the influent and effluent of municipal sewage 

treatment plants (STPs), both at concentrations up to the µg L-1 level, as well as in groundwater 

aquifers near sources of contaminated water. To date, around 4000 pharmaceuticals are at risk of 

reaching every compartment of the environment (Mompelat et al., 2009). Generally, the term 

‘organic micropollutants’ is used to denote chemicals of man-made origin, that are not readily 

degraded during treatment and thus remain present in reclaimed water at low concentrations (ng L-1 

to µg L-1), and that are biologically active (Forrez, 2010). By extension, the term ‘emerging’ or ‘new’ 

contaminants denotes all chemicals whose emission is yet unregulated, but may cause 

environmental problems or have potential health effects. Because of their continuous introduction in 

the environment, such contaminants need not be chemically persistent to have a harmful effect on 

the aquatic environment (Petrovid et al., 2003). Although the discharge of contaminants in aquatic 

systems is a long-recognized problem, studies on this topic, with a focus on PPCPs, have especially 

increased in the last few years, reflecting both the rising use of PPCPs and the improving techniques 

of detecting them (Mompelat et al., 2009).  

PPCPs are either applied topically on the skin, inhaled, taken orally or injected. Upon passage 

through the human or animal body, these substances undergo a series of biochemical reactions. 

Most of modern pharmaceuticals are moderately soluble, but are designed to be transformed by the 

liver or kidneys after their desired effect has been achieved (Ikehata et al., 2006). Generally, a series 

of transformations renders them more polar and hydrophilic, with a first phase of transformation 

that includes oxidation, reduction, hydroxylation and hydrolysis, and a second phase of 

transformation (conjugation) that includes the attachment of polar groups such as glucuronic acid, 
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sulfate and amino acids, upon which the water-soluble metabolites can be excreted through urine or 

feces (Silverman, 1992). 

 

1.1 The sources of micropollutants 

 

Humans and animals treated with pharmaceuticals are the main source of micropollutants in the 

environment, although the points where these are released are diverse (Ikehata et al., 2006). 

Hospitals and households are the main locations where PPCPs enter the environment, after having 

passed through water treatment plants (Ternes & Joss, 2007; Weissbrodt et al., 2009). Other sources 

of PPCPs in the environment include industrial discharge, septic tanks, which can directly 

contaminate groundwater (Carrara et al., 2008), and pharmaceuticals used as growth promoters and 

feed additives in agriculture and aquaculture (Halling-Sørensen et al., 1998). Land application of 

livestock manure may cause contamination by runoff into surface waters and leaching into the 

groundwater. Similarly, landfills may be a source of contamination, if they contain disposed drugs or 

sewage sludge with sorbed chemicals (Ikehata et al., 2006). The most important routes of 

contamination of pharmaceuticals into the environment are depicted in Figure I. 1. 

 

 

 

 

Figure I. 1. Origin and routes of PPCPs (after Mompelat et al., 2009; modified from Petrovid et al., 

2003). DWT: Drinking water treatments; WWTP: Wastewater treatment plant. 

 



 

 

3 

While households, hospitals and other facilities (e.g. schools, residential institutions) are the most 

significant points of release, water treatment plants are of critical importance in controlling the 

discharge of PPCPs into the environment and their occurrence in drinking water (Mompelat et al., 

2009). 

 

1.2 The fate of micropollutants in the environment 

 

Various PPCPs have been shown to persist in water bodies, with concentrations ranging from ng L-1 to 

µg L-1 (Mompelat et al., 2009). To a lesser extent, there are reports of PPCPs found in drinking water 

(Jones et al., 2005) and groundwater samples (Heberer, 2002a). 

Because of their low concentrations, micropollutants only represent a minor part of the total organic 

load in wastewater. Most STPs are not designed to remove such pollutants, and thus a large 

proportion can enter the aquatic environment. Moreover, during sewer overflows in case of heavy 

rain, raw wastewater may be directly discharged (Tamtam et al., 2008). Depending on the nature of 

the pollutant and the process design, the elimination efficiency of PPCPs during water treatment 

ranges between 0 and 100% (Radjenovid et al., 2007). While most pharmaceuticals are designed to 

resist microbial degradation and be chemically stable (Sammartino et al., 2008), sorption onto 

sewage sludge can play an important role in the removal of micropollutants in STPs, provided that 

the sludge is incinerated afterwards (Larsen et al., 2004).  

When a pharmaceutical compound is released into the aquatic environment, its fate depends on 

several factors: its dilution (e.g. STP effluent entering a river) (Mompelat et al., 2009), adsorption 

onto sediment particles, colloids and dissolved organic matter (Osenbrück et al., 2007) and real 

elimination processes. The latter are determined by the compound’s capability to undergo biotic (i.e. 

biodegradation) and abiotic (i.e. hydrolysis, photolysis, photo-oxidation) degradation. Since 

pharmaceuticals generally resist microbial degradation, photodegradation is considered the main 

process by which they can be removed from the environment (Sammartino et al., 2008). 

Photodegradation of pharmaceutical compounds depends on light availability (e.g. season, turbidity 

of the water, presence of dissolved minerals and organics) and can occur in a direct way (i.e. 

absorption of irradiation) or indirect (i.e. the creation of reactive intermediates, such as radicals, by 

other light-absorbing molecules) (Khetan & Collins, 2007). Finally, the hydrophobicity of a 

pharmaceutical compound, determining its sorption onto sediments and sludges, is an important 

factor that influences its susceptibility to either bio- or photodegradation processes (Mompelat et al., 

2009). 

 

1.3  Environmental and health concern 

 

Only in the past decade, environmental effects of PPCPs have gained attention. The concern about 

micropollutants in the environment and in drinking water is primarily about antibiotics and 

compounds with estrogenic activity, the former because of the risks of increasing the occurrence of 

resistant bacteria (Daughton & Ternes, 1999), the latter because of their potent biological activity 
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(Larsen et al., 2004). Considering the ignorance and uncertainty in science, and introducing ethical 

questions regarding the discharge of pollutants in the environment, the precautionary principle must 

be applied (Harremoës, 2003). 

PPCPs are specifically designed to have a biological effect. For individual substances, effects on 

aquatic biota can be determined by means of acute and chronic toxicity tests (EMEA, 2001). As such, 

the compound’s predicted no-effect concentration (PNEC) for a specific species can be calculated, 

and the predicted environmental concentration (PEC) or measured environmental concentration 

(MEC). From the PEC/PNEC or MEC/PNEC ratios, the aquatic environmental impact of the compound 

can be evaluated (TGD, 1996). From ratios greater than unity, an environmental risk can be 

suspected (Ferrari et al., 2003). For several PPCPs, such as diclofenac (Section 1.5 of the 

Introduction), current PEC/PNEC ratios suggests that aquatic systems are already at risk of suffering 

ecological damage (Hoeger et al., 2005). To date, no evidence has been found of adverse human 

health effects from PPCPs in the environment (U.S. Environmental Protection Agency, 2010). 

Very little is known about the effects of long-term exposure to subeffective concentrations or 

possible synergistic effects of micropollutants, both for aquatic biota as for humans (e.g. via drinking 

water) (Daughton & Ternes, 1999). Daughton and Ternes (1999) further emphasize the importance of 

subtle or imperceptible effects of micropollutants on aquatic species and communities, potentially 

leading to significant alterations during the succession of generations. 

Knowledge on the environmental effects of PPCPs is gradually increasing. Such effects are very 

specific for each component. As an example, the environmental impact of the drug diclofenac is 

treated in a separate case study (Section 1.5 of the Introduction).  

 

1.4 The removal of micropollutants during water treatment 

 

In a conventional wastewater treatment plant, micropollutants are inefficiently removed. Traditional 

primary (i.e. settling and clarification) and secondary wastewater treatment (i.e. biological 

treatment, such as activated sludge) are intended to remove chemical oxygen demand (COD, a 

measure of the general organic content) and nutrients such as nitrogen and phosphorus. Sometimes, 

tertiary treatment steps further purify the water, e.g. by nitrification – denitrification, filtration or 

disinfection. With the occurrence of persistent micropollutants, there is a need for adequate tertiary 

treatment methods for the removal of these compounds, during wastewater treatment as well as for 

the production of drinking water. Several of such techniques will be discussed below. 

A first way to limit the release of pollutants in the environment is to minimize the industrial and 

household production of waste chemicals. Additionally, several options are available to improve end-

of-pipe technologies, i.e. the treatment of waste streams that are already produced. These options 

include optimization of the treatment methods and introduction of new treatment steps (Larsen et 

al., 2004). To improve treatment efficiencies, a promising technique is ‘waste design’, where the 

composition of waste is controlled and optimized by means of a separated collection (source 

separation) (Henze, 1997). 
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1.4.1 Removal techniques 

Biological degradation is the only real process by which micropollutants can be substantially removed 

during conventional wastewater treatment (Larsen et al., 2004). One of the parameters influencing 

biological degradation is the sludge residence time, with higher sludge ages resulting in a higher 

removal efficiency, within certain limits that depend on the nature of the component (Siegrist et al., 

2003). Biological removal of specific compounds can be optimized by stimulating certain bacterial 

species or processes. For example, nitrifying communities are known to remove estrogens with high 

efficiency (De Gusseme et al., 2009; Forrez et al., 2009), as well as pharmaceuticals such as clofibric 

acid, diclofenac and carbamazepine (Tran et al., 2009). 

In addition to biological degradation, sorption onto activated sludge can add significantly to the 

removal of micropollutants from the water phase. However, sorption can only be considered a 

redistribution process until the waste sludge is incinerated (Larsen et al., 2004). Physicochemical 

ways of degradation, such as photodegradation, play a minor role in STPs, but a range of additional 

physicochemical techniques can be successfully applied in the treatment process, thus substantially 

enhancing the degradation of micropollutants. Such techniques are membrane filtration, activated 

carbon filtration, ozonation, chlorination, and advanced oxidation processes (AOPs) (Ikehata et al., 

2006). AOPs are based on the use of one or several oxidants, such as oxygen (O2), ozone (O3), 

hydrogen peroxide (H2O2), Fenton’s reagents (H2O2 and Fe2+ or Fe3+) and UV radiation (Vogelpohl & 

Kim, 2004). During such reactions, potent chemical oxidants are formed, such as hydroxyl radicals 

(·OH) that oxidize organic matter in a non-selective way (von Gunten, 2003). In the case of, for 

example, ozonation, the non-selective activity of ·OH is combined with the activity of ozone 

molecules themselves, which selectively oxidize certain functional groups (Huber et al., 2005). AOPs 

are a promising technique for removing micropollutants, since they allow a complete mineralization 

without creating secondary polluting compounds. To increase the removal efficiency, AOPs are 

recommended for waters with low suspended solids and COD concentrations (Vogelpohl & Kim, 

2004), i.e. for the production of drinking water or post-treatment of waste water.  

Finally, in the production of drinking water, there is evidence for an unintentional process of 

micropollutant removal, during transport in the distribution system. Free chlorine, present in the 

drinking water for disinfection purposes, can degrade some pharmaceutical compounds during 

transport to the end-user, which typically takes between 1 and 10 days (Gibs et al., 2007). 

 

There are certain limits on the success of the above-mentioned physicochemical techniques for 

micropollutant removal. Techniques based on ·OH radicals are inefficient because of the low 

concentrations of micropollutants in the water (ng L-1 to μg L-1), so that most of the hydroxyl radicals 

react with the water matrix (von Gunten, 2003). Ozonation has a more moiety-specific activity, but 

may result in reaction products that are still biologically active (Dodd et al., 2006). Moreover, the 

products formed during ozonation and AOPs can even have a higher toxicity (Guzzella et al., 2002; 

Benner & Ternes, 2009; Stalter et al., 2010). The formation of toxic byproducts is especially a 

problem in chlorination, where a range of by-products with potential genotoxic and carcinogenic 

effects, such as organochlorides, even in drinking water (Bellar et al., 1974; Richardson et al., 2007). 
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Except for chlorination, all physicochemical treatment techniques (i.e. membrane filtration, activated 

carbon filtration, ozonation, AOPs) have a high specific cost, which is the reason why they are not 

generally applied in large-scale wastewater treatment (Johnson & Sumpter, 2001; Ternes et al., 

2003). While the traditional activated sludge wastewater treatment has an estimated cost of € 0.50 

to 2.50 per cubic meter of water (Carrard et al., 2003), the costs of an additional micropollutant 

removal step by ozonation are estimated between 0.05 and 0.20 € m-3. (Moser & Rosenstiel, 2007, in: 

Joss et al. 2008). With an estimated energy requirement of 0.035 kWh m-3, this continuous ozonation 

would constitute 12% of the total wastewater treatment costs in a typical medium-sized STP 

(Hollender et al., 2009). In a similar manner, the total costs of an additional activated carbon 

filtration step to remove micropollutants would increase the total wastewater treatment costs with 

0.08 to 0.20 € m-3 (Joss et al., 2008). 

 

1.4.2 Waste design 

The act of designing the structure or composition of a product as a means to optimize its treatment 

as (future) waste is called waste design. In this regard, urine is a noteworthy component of 

wastewater. Although it represents only one percent of the volume of wastewater, it adds the 

majority of the nutrients to it (Larsen & Gujer, 1996), as well as many micropollutants (e.g. hormones 

and pharmaceuticals). Consequently, the separated collection of urine would allow to control the 

amount of nutrients and micropollutants in the influent of a STP (Larsen et al., 2009). After its 

collection, the separated urine should ideally be subjected to (pre)treatment. This could be especially 

interesting for the highly contaminated urine of, for example, care centers and hospitals (Giger et al., 

2003). The separate treatment of urine is expected to result in a greater removal efficiency of 

micropollutants, due to (1) their increased concentrations (100 to 500 times higher than in 

wastewater), allowing a more efficient biological degradation, (2) the low concentration of 

‘background’ organic matter, allowing more efficient ozonation after biological treatment, and (3) 

the relatively low production rate of urine, thus requiring less energy for nanofiltration or reverse 

osmosis than when treating wastewater from mixed sources (Larsen et al., 2004).  

 

1.5 Case study: diclofenac 

 

Diclofenac, short for 2-(2,6-dichloranilino) phenylacetic acid, is one of the most frequently found 

micropollutants in the environment (Zhang et al., 2008b). It is a commonly used drug of the category 

non-steroidal anti-inflammatory drugs (NSAIDs), with anti-inflammatory, analgesic and antipyretic 

effects (Todd & Sorkin, 1988). It is used in the form of tablets, capsules, suppositories, intravenous 

solutions, and in ointments and gels for dermal application (Buser et al., 1998). In Europe, diclofenac 

is sold under commercial names such as Cataflam, Voltaren, Voltarol and Flector Patch. The chemical 

structure of diclofenac is shown in Figure I. 2. 
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Figure I. 2. Chemical structure of diclofenac. 

 

 

The worldwide production of diclofenac is estimated in the hundreds of tons annually. In 

Switzerland, diclofenac is 7th in rank of most used drugs, with an annual consumption of 4.5 tons in 

2004 (Fent et al., 2006). Conversely, in Germany, it ranks 14th, with an annual consumption of 85.80 

tons in 2001 (Huschek et al., 2004). 

In the human body, diclofenac is rather quickly metabolized, with a half-life in the terminal phase (i.e. 

the phase where the concentration of the drug decreases exponentially) of 1.1 to 1.8 hours (Todd & 

Sorkin, 1988). Diclofenac is primarily eliminated by the liver metabolism, forming mainly 4’-

hydroxydiclofenac, which has negligible pharmaceutical effects. The metabolites are subsequently 

conjugated to sulfate and glucuronic acid and excreted via the urine (65% of the original dose) and 

feces (Zhang et al., 2008b). According to Sawchuk et al. (1995), 6% of the drug is excreted 

unchanged. 

Tauxe-Wuersch et al. (2005) could demonstrate no removal of diclofenac in three Swiss STPs. In 

contrast, Heberer et al. (2002) found a removal of 17% in German STPs, while Ternes (1998) reported 

removal of diclofenac up to 69%, although no distinction was made between degradation of the 

pharmaceutical and sorption onto sludge. In an experimental setup, Zwiener and Frimmel (2000) 

demonstrated the elimination of diclofenac to about 3% of its initial concentration by ozonation and 

to 0.1% by AOPs at concentrations generally applied in drinking water treatment. 

Regardless of the removal efficiency, diclofenac was found in concentrations between 0.25 and 5.45 

µg L-1 in STP effluents in France, Greece, Germany, Switzerland and Italy (Andreozzi et al., 2003). 

Ternes (1998) found diclofenac in the effluent of 49 German STPs with a median concentration of 

0.81 µg L-1, which decreased to a concentration of 0.15 µg L-1 in 22 rivers and streams. The highest 

values in surface water were found to increase above the 1 µg L-1 range (Heberer et al., 1998; Ternes, 

1998). In UK streams, it was detected at a median concentration of 20 ng L-1 (Ashton et al., 2004), 

while Tixier et al. (2003) detected concentrations varying from non-detectable to 125 ng L-1 in two 

Swiss rivers. Diclofenac has even been found in tap water, at concentrations below 10 ng L-1 

(Heberer, 2002b). 

Diclofenac is a weak carboxylic acid, with a pKa value of 4.16, meaning that at neutral pH, it is mainly 

present in its anionic form. Yet, Scheytt et al. (2005) empirically determined the sorption coefficients 

of diclofenac for different types of sandy sediments, and proved that sorption (based on ionic 

interactions) is high enough to limit the mobility of diclofenac in groundwater dynamics.  
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Nevertheless, diclofenac has been recorded in groundwater in Germany at a maximum concentration 

of 590 ng L-1 (Sacher et al., 2001). Similarly, Heberer et al. (1997) found concentrations ranging from 

non-detectable to 0.3 µg L-1 in groundwater influenced by surface water contaminated with leaching 

sewage. 

 

Knowledge of the fate of diclofenac in the aquatic environment or its toxicity is rather limited. In the 

environment, it has been shown to be non-persistent, as seen by its rapid decline in river (Bendz et 

al., 2005) and lake systems (Buser et al., 1998). Thus, diclofenac should be considered as ‘pseudo-

persistent’, since it is only present in the environment due to its continuous release. The decline of 

diclofenac in the environment could be due to abiotic transformations, biotic transformations 

(consistent with the high transformation ratio in human metabolism) or physical sequestration 

(consistent with its relatively high predicted affinity for organic matter in sediments) (Bendz et al., 

2005). Buser et al. (1998) identified photodegradation as the predominant process by which 

diclofenac is removed in a lake ecosystem. Exposing water samples to sunlight, they found half-life 

times (t1/2) of less than one hour. Andreozzi et al. (2003) calculated the t1/2 of diclofenac under 

photodegradation in bi-distilled water dependent on the season and latitude, and found half-life 

times of generally less than one day. Approaching more realistic conditions, humic acids were found 

to prolong the t1/2, while nitrate shortened the t1/2. Since photodegradation is dependent on light 

availability, the depth of the water column in natural water bodies has a strong positive influence on 

t1/2, as clearly shown by Bartels and von Tümpling (2007). Photodegradation of diclofenac produces a 

range of reaction products, the main product being 8-chloro-9H-carbazole-1yl-acetic acid (Agüera et 

al., 2005). 

Apart from photodegradation, Gröning et al. (2007) showed that microbial metabolization of 

diclofenac may be significant, as demonstrated for biofilms on the sludge of creek Münzbach 

(Germany), downstream of a STP. Tested for concentrations between 0.9 and 10 mg L-1 (thus 

exceeding the environmental concentrations of typically 0.01 to 1 µg L-1), diclofenac was readily 

transformed into diclofenac-2,5-iminoquinone, of which the further fate depended on physical 

processes such as sorption onto the sludge. Furthermore, Paje et al. (2002) found indications that 

diclofenac conversion might primarily be restricted to bacteria belonging to the Cytophaga – 

Flavobacterium and the γ-Proteobacteria groups. 

To answer the question whether diclofenac poses an environmental risk, Ferrari et al. (2003) used 

standard methods to estimate its acute and chronic toxicity on bacteria, algae, microcrustaceans and 

fish, in order to calculate the PNEC (Section 1.3 of the Introduction). From the PEC/PNEC and 

MEC/PNEC ratios, which were found to be less than unity, the authors concluded that no risk should 

be suspected from the occurrence of diclofenac in STP effluents in France, Greece, Italy, Sweden and 

Germany. Comparable conclusions have been made for Switzerland (Tauxe-Wuersch et al., 2005). 

However, care must be taken when interpreting such results. Toxic effects of diclofenac have been 

investigated by Schmitt-Jansen et al. (2007), who found no adverse effects on the unicellular green 

alga Scenedesmus vacuolatus, but a strong inhibition of growth that correlated with the formation of 
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an unidentified photodegradation product of diclofenac. The degradation product was found to be 

five to six times as toxic as diclofenac. 

The log octanol-water partitioning coefficient (log KOW), which can be interpreted as a measure for 

the tendency of a chemical to partition itself between an organic phase and an aqueous phase, 

equals 4.51 for diclofenac. This means that bioaccumulation and biomagnification might be an issue 

(Ferrari et al., 2003). 

Schwaiger et al. (2004) studied the effect of different diclofenac concentrations on rainbow trout 

(Oncorhynchus mykiss) and found bioaccumulation factors of 12-2732 in the liver and 5-971 in the 

kidneys. The lowest observed effect concentration (LOEC), at which renal, hepatic and gill lesions 

occurred, was found to be between 1 and 5 µg L-1 (Schwaiger et al., 2004; Triebskorn et al., 2004), i.e. 

in the range of wastewater concentrations. Comparable results were observed for the brown trout 

(Salmo trutta f. fario), leading to an alternative calculation of the PEC/PNEC ratio that greatly exceeds 

unity, thus calling for a reassessment of the ecological risk of diclofenac in the environment (Hoeger 

et al., 2005). Furthermore, Cleuvers (2004) demonstrated the synergistic toxicity of mixtures of 

diclofenac, ibuprofen, naproxen, and acetylsalicylic acid, which are all commonly encountered 

micropollutants. 

Environmental effects from diclofenac are not only caused by residues in the aquatic environment. 

Oaks et al. (2004) linked the catastrophic decline of vulture populations in the Indian subcontinent to 

the veterinary use of diclofenac. Residues of the drug were found to cause mortality amongst 

vultures that fed on carcasses left on the land. Populations of the Oriental white-backed vulture 

(Gyps bengalensis) suffered declines of over 99% from the 1990s onwards, and the species is listed as 

critically endangered since 2000 (IUCN, 2010). The substantial loss of vultures from the ecosystem 

has resulted in greater risks to public health in large areas in South Asia, associated with the increase 

in putrefying carcasses, that attract rats and feral dogs (Prakash et al., 2003) and increases the risks 

of diseases such as brucellosis, tuberculosis and rabies, the latter responsible for an estimated 

increase in health costs of US$ 1.5 billion per year (Markandya et al., 2008; Naidoo et al., 2009). The 

veterinary use of diclofenac has officially been banned in India (Government of India, 2006), but at 

least three Indian vulture species are still under threat (Muralidharan & Dhananjayan, 2010), as well 

as several African species (Naidoo et al., 2009). Diclofenac is now regarded as one of the worst 

environmental contaminants of the recent past (Naidoo et al., 2009). 

 

1.6 Case study: diatrizoate 

 

Diatrizoic acid, short for 3,5-diacetamido-2,4,6-triiodobenzoic acid, or its anionic form diatrizoate, is 

used as a radiocontrast agent to enhance the visibility of soft body tissues in X-ray imaging. It belongs 

to the iodinated X-ray contrast media (ICM), a class of pharmaceutical compounds with a very high 

annual usage; the worldwide consumption of ICM has been estimated at 3460 tons in 1993 (Engels-

Matena, 1996). The chemical structure of diatrizoate is shown in Figure I. 3. 
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Figure I. 3. Chemical structure of diatrizoate. 

 

 

Upon administration, ICM rapidly pass through the human body. Within 24 hours, 80% is usually 

excreted via the urine (Hartwig et al., 1989). ICM are designed to be metabolically stable, e.g. by 

steric hindrance by the iodine atoms; and hence they are resistant to transformation in STPs and 

aquatic environments. In STP effluents, diatrizoate has been detected in concentrations up to 8.7 µg 

L-1, but concentrations in STP effluents and surface waters generally remain below 1 µg L-1 (Ternes & 

Hirsch, 2000). Although ICM have little or no biological effect and pose a low risk of toxicity or 

bioaccumulation (Steger-Hartmann et al., 1998), their recalcitrance still calls for precaution. Potential 

chronic effects and synergistic effects with other drug residues might be underestimated (Daughton 

& Ternes, 1999), which makes it necessary to continuously search for improved ways of removing 

these compounds from our wastewater. 

 

 

2 Advanced microbial techniques for the degradation of 

micropollutants 

As discussed above, certain micropollutants can be removed from wastewater by biological 

processes. For example, nitrifying bacteria are known to remove 17α-ethynylestradiol (EE2), an 

estrogenic compound, with high efficiency (De Gusseme et al., 2009; Forrez et al., 2009), while the 

metabolization of diclofenac has been linked with the activity bacteria belonging to the Cytophaga-

Flavobacterium and the γ-Proteobacteria groups (Paje et al., 2002). Bacterial processes can be 

engineered in order to optimize the removal efficiency of selected compounds during water 

treatment. 

 

2.1 Catalysis with biogenic zero-valent metal nanoparticles 

 

Many transformations of organic compounds are known to occur with the aid of metal catalysts. 

Furthermore, metals that are in the form of nanoparticles – i.e. particles with dimensions in the 

nanometer range (10-7 to 10-9 m) – have different chemical and physical properties, depending on the 

size of the particles (Tavakoli et al., 2007). Due to their small size, nanoparticles have a high specific 

surface/volume ratio. Thus, metals in nanoparticle form have higher sorption capabilities and are 
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more chemically active than in bulk metal form (Tavakoli et al., 2007). One of the many applications 

of nanoparticular metals is their use as catalysts and reagents for water treatment and the removal 

of micropollutants (Buzea et al., 2007; Theron et al., 2008). For example, palladized iron particles (Fe-

Pd) are known to efficiently degrade chlorinated hydrocarbons such as trichloroethylene (TCE) and 

polychlorinated biphenyls (PCBs) by reducing the chlorine moieties (Zhang, 2003; He & Zhao, 2005). 

Metal nanoparticles can be biologically produced by a number of bacteria. Particularly interesting are 

sulfate- and iron-reducing bacteria, which are able to reduce a variety of other metals in the absence 

of sulfate or iron(III), respectively (Hennebel et al., 2009a). Other bacteria are known to reduce 

metals as a detoxification mechanism (Lovely, 1993). When the reduction of dissolved metal salts 

yields the zero-valent metal, it can be deposited in the periplasm and on the cell wall as 

nanoparticles. These can be of direct application in catalytic reactions. For example, De Windt et al. 

(2005) described the deposition of zero-valent palladium nanoparticles on the metal-reducing 

bacterium Shewanella oneidensis, which could then be used for the dehalogenation of PCBs. 

The biological production of nanoparticles has some advantages over traditional physical and 

chemical methods, as described by Hennebel et al. (2009a): (1) there is no requirement of expensive 

chemicals such as stabilizers and capping agents, (2) specific biological reactions allow the single-step 

recovery of a (precious) metal from a (waste) source with a mixed composition, (3) the nanoparticles 

are produced in very homogeneous sizes, (4) the required metal conversion processes can occur at 

neutral pH and room temperature, (5) the attachment to the biomass stabilizes the nanoparticles, by 

preventing sedimentation and aggregation, and enhances contact with the reagents, and (6) the 

attachment to a biological carrier matrix can be advantageous in medical applications. 

 

2.1.1 Bio-Ag0 

Silver, both in ionic and metallic form, is highly valued for its broad antimicrobial properties, and has 

received attention from the medical world from antiquity to today (Klasen, 2000). Still, a variety of 

bacteria and fungi are known to reduce ionic silver to its metallic form, producing nanoparticles that 

are either stored intra- or extracellularly (Sintubin et al., 2009). At least for certain bacteria, the 

production of such nanoparticles is a resistance strategy, allowing them to grow in silver 

contaminated sites (Pooley, 1982; Klaus et al., 1999). 

Research on the use of silver nanoparticles primarily focuses on their use as antimicrobial and 

antiviral agents in medicine (Klasen, 2000; Sun et al., 2005), air purification (Yoon et al., 2008) and 

water disinfection (Jain & Pradeep, 2005; De Gusseme et al., 2011). Other applications for silver 

nanoparticles make use of their optical (Kamat, 2002) and electrical characteristics (Momose et al., 

1997), as well as their catalytic properties in redox reactions (Chimentão et al., 2005; Jiang et al., 

2005). Given their use as catalysts, silver nanoparticles might be of value in the degradation of 

micropollutants during water purification. 

The above-mentioned research is generally based on chemically produced nanoparticles. However, 

several studies report the use of bacteria for the production of silver nanoparticles (Klaus et al., 

1999; Nair & Pradeep, 2002). The term Bio-Ag0 denotes biogenic silver nanoparticles, associated with 

the producing bacterial biomass. For practical applications in water treatment, Bio-Ag0 could be 
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expected to have certain advantages over chemically produced nanoparticles, as described in the 

previous section. However, a major disadvantage of using bacteria and fungi for the production of 

nanoparticles is the slow rate of the reduction reactions, requiring between 24 and 120 h for the 

complete reduction of the metal ions, and causing chemical methods to outcompete biological 

production (Shankar et al., 2004). Solutions to this problem have since been proposed. For example, 

Fu et al. (2006) reported a shortening of reaction times to a couple of hours for the production of 

Bio-Ag0 by Aeromonas when an amount of OHˉ was added. Other rapid methods include the 

reduction of Ag+ by culture supernatant of several species from the Enterobacteriaceae (Shahverdi et 

al., 2007) and the non-enzymatic reduction of Ag+ by functional groups on the cell wall of 

Lactobacillus (Sintubin et al., 2009). 

 

2.2 Reactions with other biogenic nanoscale minerals 

 

Micropollutants can be degraded by several processes involving biogenic metal salts with crystal sizes 

in the nanometer range. As is the case for zero-valent metals, biologically precipitated minerals have 

certain advantages over chemically produced minerals. These are described by Hennebel et al. 

(2009a): (1) biologically produced minerals have a higher specific surface area, binding energy and 

activity than their chemically produced counterparts, (2) no expensive chemicals are required to 

mediate the production, (3) the specific biological reactions allow a single-step recovery of a metal 

salt from a (waste) solution with a mixed composition, (4) the precipitation processes can occur at 

neutral pH and room temperature, (5) the attachment to the biomass stabilizes the precipitates, by 

preventing sedimentation and aggregation, and enhances contact with the reagents, and (6) a 

constant regeneration is possible when the metal salt is consumed during its reaction with 

micropollutants. 

Iron and manganese species have proven to be useful in the removal of pollutants, such as 

arsenic(III), by means of adsorption (Katsoyiannis et al., 2002). It is well known that several iron 

species are capable of the reductive degradation of organic micropollutants (Glass, 1972; Macalady 

et al., 1986; Vogel et al., 1987). For example, magnetite (Fe3O4), produced by Geobacter 

metallireducens, can be used for the dechlorination of carbon tetrachloride, a solvent that is 

frequently encountered as a contaminant (McCormick et al., 2002). The reductive transformation of 

micropollutants involves redox cycling of iron in a reducing environment, but little is known about 

the relative contribution of biotic (bacterial) and abiotic processes in these cycles, since both can 

occur (McCormick et al., 2002). 

The use of biologically produced manganese oxides for the removal of micropollutants is discussed in 

the following section. 

 

2.2.1 Bio-MnOx 

Besides oxygen, manganese oxides are some of the strongest naturally occurring oxidizing agents in 

the environment (Tebo et al., 2005). The MnO2/Mn2+ redox couple has a standard electrode potential 

of E0 = 1.23 V, comparable to oxygen gas (E0 of O2/H2O = 1.229 V). At pH = 7, the electrode potential 
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of manganese dioxide is E0’ = 0.798 V, while for oxygen it is E0’ = 0.82 V (Thauer et al., 1977). 

Consequently, manganese dioxide should be able to oxidize a variety of compounds, even in an 

anoxic environment. In organic synthesis, chemically produced manganese dioxide is used for the 

selective oxidation of various organic compounds (Fatiadi, 1976). In water treatment applications, 

MnO2 has been shown to degrade EE2, a synthetic pharmaceutical with estrogenic activity (de 

Rudder et al., 2004), while it can also be applied for the removal of several antibacterial agents such 

as phenols, fluoroquinolones, aromatic N-oxides and tetracyclines (Zhang et al., 2008a). 

A variety of organisms are known to oxidize the soluble Mn2+ to insoluble MnIII, IV oxides (Tebo et al., 

1997). These include bacteria as well as archaea and fungi. Research focuses primarily on three 

bacterial model species: Leptothrix discophora, Pseudomonas putida en Bacillus sp. (Tebo et al., 

2005). However, little is known about why manganese is oxidized (De Schamphelaire et al., 2007). 

The term Bio-MnOx denotes biologically produced manganese(III,IV) oxides, associated with the 

producing bacterial biomass. Bio-MnOx produced by Pseudomonas putida MnB1 consist of an 

amorphous layered structure, where edge-sharing Mn(IV)O6 octahedra form hexagonal crystalline 

sheets that are randomly stacked to form a particle (Villalobos et al., 2003). Individual crystallites are 

of nanometer dimensions (Villalobos et al., 2006). The Bio-MnOx layers are negatively charged due to 

vacancy sites where MnIV cations are lacking (Saratovsky et al., 2006). Although some chemically 

produced forms of manganese oxides have Mn(III)O6 octahedra incorporated in their crystalline 

structure, contributing to the negative charge, this was not observed in Bio-MnOx produced by 

Pseudomonas putida MnB1 (Villalobos et al., 2006). Therefore, the predominant part of MnIII cations 

is present in the interlayers, above or below the vacancy sites (Saratovsky et al., 2006). The structure 

of a crystalline layer of Bio-MnOx is shown in Figure I. 4. 

 

 

Figure I. 4. Structure of poorly-crystalline hexagonal birnessite, to which Bio-MnOx is comparable. 

The Mn octahedra are structured in hexagonal symmetry. Vacant sites (marked “V”) create a 

negative charge. The layered construction of Bio-MnOx and the charge-compensating cations are not 

shown. Figure after Villalobos et al. (2003). 

 

 

The negative charges of the Bio-MnOx layers are compensated by the incorporation of hydrated 

cations such as Na2+, K+, Mg2+, Ca2+, Cu2+, Ni2+, Ba2+, Pb2+, Mn2+ and protons, depending on the pH 
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(Forrez, 2010). There are differences in the structure of Bio-MnOx produced by different species 

(Saratovsky et al., 2006), but little is known about how this influences the reactivity of the respective 

manganese oxides. 

Concerning their use in water treatment applications, Bio-MnOx could be expected to have certain 

advantages over chemically produced MnO2, as discussed in the previous section. The high specific 

surface area of 89 m² g-1 (Villalobos et al., 2003) compared with chemical MnO2 (e.g. powdered 

pyrolusite, 4.7 m² g-1) gives it considerably higher sorption capacities for heavy metals such as Pb2+, 

Zn2+, Co2+ and Ni2+. For example, the Pb2+ adsorption capacity for Bio-MnOx produced by Leptothrix 

discophora was found to be five times higher than for freshly made abiotic manganese (hydr)oxide 

and between 500 and 5000 times higher than for pyrolusite (Nelson et al., 2002). 

The oxidative capacities of Bio-MnOx can be exploited for the transformation of toxic heavy metal 

species, such as arsenic(III) to the less harmful arsenic(V) (Tani et al., 2004). Furthermore, 

micropollutants can be degraded by Bio-MnOx, as demonstrated by Forrez et al. (2011): in a 

continuous membrane bioreactor, pharmaceuticals were removed with efficiencies of >90% 

(ibuprofen, naproxen, diuron, codeine and N-acetyl-sulfamethoxazole), >75% (chlorophene, 

diclofenac, mecoprop, triclosan and clarithromycin) and >50% (iohexol, iopromide, iomeprol and 

sulfamethoxazole). The presence of the live biomass of the manganese-oxidizing bacteria enhances 

micropollutant degradation because of their biological removal capacities (Forrez et al., 2011). More 

importantly, the dissolved Mn2+ that is formed during the reduction of Bio-MnOx can be reoxidized 

by the same bacteria, resulting in a regenerative cycling of manganese in the system (Figure I. 5). 

 

 

 

Figure I. 5. Schematic representation of the degradation of organic micropollutants by Bio-MnOx. 

MnO2 oxidizes the micropollutant, forming residual oxidation products and dissolved Mn2+. The latter 

is then reoxidized by the manganese-oxidizing bacteria. Figure after Hennebel et al. (2009a). 
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Whereas Bio-MnOx is a known oxidant of many organic compounds, the degradation of certain 

micropollutants has been shown to be strongly influenced by the metabolic activity of the associated 

manganese-oxidizing bacteria, as is the case for diclofenac (Forrez et al., 2010). The oxidation of Mn2+ 

by Pseudomonas putida is believed to be mediated by a multicopper enzyme (Tebo et al., 2004) that 

produces a ligand-bound Mn3+ intermediate (Webb et al., 2005), which is presumably stabilized by 

binding to a siderophore-type chelator (Parker et al., 2004). Subsequently, the oxidation of Mn3+ to 

MnIV oxide is likely catalyzed by putative enzymes in the exopolysaccharide layer on the cell surface 

(De Vrind et al., 2003). Mn3+ is thermodynamically unstable and is subject to disproportionation, 

forming MnII and MnIV if it not stabilized by complexation (Tebo et al., 2004). It is also a strong 

oxidant (E0 = 1.51 V, Skoog & West, 1982) and Mn3+ produced by bacteria is postulated to be an 

important and powerful oxidant in aquatic environments (Kostka et al., 1995). Evidence exists that 

the Mn3+ intermediates produced by manganese-oxidizing bacteria are important contributors to the 

oxidative properties of Bio-MnOx. This is demonstrated by Murray and Tebo (2006), who used Bio-

MnOx for the oxidation of CrIII to CrV. Chromium oxidation rates were several times faster when Mn2+ 

was still being oxidized by Bacillus sp. strain SG-1, compared with preoxidized Bio-MnOx, despite the 

greater initial amount of Bio-MnOx in the latter case. Moreover, only small amounts of manganese 

were required, due to the regenerative cycling of Bio-MnOx. In the application of Bio-MnOx for the 

removal of micropollutants, it is therefore postulated that the activity of manganese-oxidizing 

bacteria can be a major determinant of the degradation rates of certain compounds. 

 

2.3 Interaction effects between manganese and silver 

 

In order to alleviate the high demand for precious metals in catalytic chemistry, research is 

performed on composite base metal catalysts. Generally, the catalytic activity of base metals cannot 

rival that of a precious metal catalyst, but by combining two or several elements, the catalytic 

performance of base metals can be improved (Luo et al., 1998). Haruta and Sano (1983) described 

the chemical production of a Ag2O – MnO2 composite catalyst, which showed a remarkably enhanced 

activity toward the oxidation of carbon monoxide (CO) compared with either of the single-metal 

catalysts, if the Ag – Mn ratio increased to 1:1. Based on experiments with CO oxidation, Imamura et 

al. (1988) clarified the cooperation of silver and manganese in this catalytic material. They found that 

the lattice oxygen bonded to Ag is very active and readily removed during oxidation of CO, but 

instead of reducing the silver, this leads to a reduction of manganese, since lattice oxygen from Mn is 

transferred to Ag. The manganese thus acts as an oxygen reservoir to maintain the silver catalyst in 

an oxidized state. The mechanism can be summarized in the following equations (Luo et al., 1998):  

 

                           (1) 

                               (2) 

       
 

 
                   (3) 
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It is known that for the single components, incorporation of new oxygen by reduced silver is difficult, 

while in manganese catalysts, the rupture of the oxygen – manganese bond is rate determining and 

the reduced Mn is rapidly reoxidized (Morooka & Ozaki, 1966). Thus, the enhanced performance of 

the compound catalyst can be explained as a cooperative interaction between the two metals, where 

activation energy barriers of both individual catalysts are lowered. The enhanced activity of such 

silver – manganese composites was also shown for the oxidation of hydrogen gas and volatile organic 

compounds (Haruta & Sano, 1983; Luo et al., 1998). 

The impregnation of silver on manganese oxide enhances other properties of the material, such as 

electrical conductivity and proton diffusion, when used as cathode in batteries (Wang et al., 2009). 

Furthermore, the oxidation of carbon monoxide gas by an Ag – Mn catalyst is facilitated by the 

presence of moisture (Kunkalekar & Salker, 2010), although little is known about the performance of 

the catalyst in an aqueous solution. No studies have been performed on the use of Ag – Mn catalysts 

for the removal of recalcitrant organic micropollutants in an aqueous solution. However, when 

combining Bio-Ag0 and Bio-MnOx in an aqueous solution, it is considered possible that a Ag2O – 

MnO2 composite material is formed, since silver nanoparticles slowly release silver ions (Zodrow et 

al., 2009; De Gusseme et al., 2011) and ionic silver is known to precipitate as Ag2O in the presence of 

hydroxide ions. Moreover, Ag – Mn composite oxides are prepared by impregnating manganese 

oxide with a AgNO3 solution in the presence of hydroxide (Xu et al., 2006b). 

 

 

3 Aim of this study 

This master dissertation will explore innovative techniques for the oxidative and catalytic removal of 

micropollutants from water. The degradation capacities of biologically produced manganese oxides 

and the metabolism of manganese-oxidizing bacteria will be assessed toward persistent 

pharmaceutical compounds, as well as the effects of an enrichment of manganese oxides with silver 

species. The mechanisms by which micropollutants are removed will be investigated in an 

experimental approach. The practical use of these techniques as an additional micropollutant 

treatment step of sewage treatment plant effluents, before discharge in the aquatic environment, 

will be discussed. 

 

3.1 Objectives and rationale 

 

Throughout this study, diclofenac will be used as a model compound to assess the micropollutant 

removal capacities of manganese and silver species. Hypotheses that will be tested are: (1) diclofenac 

is removed by Bio-MnOx; (2) the active manganese-oxidizing metabolism of Pseudomonas putida 

enhances the removal of diclofenac; (3) diclofenac is removed by Bio-Ag0; (4) silver addition 

enhances the removal of diclofenac by Bio-MnOx; and (5) this enhancement can be explained as a 

cooperative interaction between manganese and silver oxides. 



 

 

17 

Batch experiments will be conducted to test these hypotheses, by comparing the diclofenac removal 

in treatment groups and control groups. Manganese oxides will be produced by Pseudomonas putida 

MnB6 (BCCM/LMG 2322). Silver nanoparticles will be produced by Lactobacillus fermentum G2/10. 

Chemically produced manganese and silver species (MnO2, Ag+, Ag2O and Mn – Ag composite oxides) 

will be used to distinguish chemical effects from biological effects. 

Transformation products will be identified to clarify the reaction mechanism of the diclofenac 

removal. Additionally, degradation experiments will be conducted with 2-anilinophenylacetic acid 

(APAA), the dechlorinated metabolite of diclofenac, and with diatrizoate and its deiodinated 

metabolite 3,5-diacetamidobenzoate (DAB). This will allow to evaluate the potential of manganese 

and silver species to treat other micropollutants, as well as their reaction products that are formed 

by other (reductive) micropollutant removal techniques. 

Finally, diclofenac removal experiments will be conducted in a lab-scale membrane bioreactor to 

assess the practical and economic feasibility of applying biogenic manganese and silver species for 

the continuous removal of micropollutants in water treatment. 
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II. Materials and Methods 
 

Unless otherwise indicated, all research was conducted at the Laboratory of Microbial Ecology and 

Technology (LabMET), Faculty of Bioscience Engineering, Ghent University, Coupure Links 653, 

B-9000 Gent, Belgium. 

 

 

1 Incubation of batch experiments 

All batch experiments were conducted in 100 mL or 250 mL Erlenmeyer flasks, leaving a headspace 

volume equal to or greater than the volume of the culture liquid, to ensure aerobic conditions. 

Depending on the specific test design, bacterial cultures, buffers and chemicals were added and the 

batches were stored on a platform shaker (111 rpm) at 28°C between sampling points. All batch 

experiments were performed in triplicate.  

 

 

2 Production of manganese oxides 

2.1 Bacterial growth conditions and biological Mn-oxidation 

 

Manganese oxides were produced by Pseudomonas putida MnB6 (BCCM/LMG 2322). Pure cultures 

were grown overnight on a platform shaker (111 rpm) at 28°C in the growth medium described by 

Boogerd and de Vrind (1987) (Table II. 1). Manganese chloride (MnCl2.4H2O) was added at the 

desired concentration from a stock solution of 500 mg MnCl2 L
-1 (218 mg Mn2+ L -1) that was 

previously filter sterilized (0.22 µm, Millipore) and stored at 4°C. For setups that required the 

ongoing oxidation of manganese by the bacterial metabolism, experiments were directly performed 

after addition of MnCl2. For the production of preoxidized Bio-MnOx, the cultures were stored on a 

platform shaker at 28°C during 24h for a complete oxidation of the Mn2+, after which the Bio-MnOx 

was centrifuged (10 min. at 7500g) and washed twice (10 min. at 10˙000 g) with phosphate buffer (10 

mM KH2PO4/K2HPO4, pH 7-8). The pellets were then resuspended at the desired concentration in a 

test solution containing 0.6 g NaCl L-1 and 10 mM phosphate buffer (pH 7). For inclusion of control 

groups in experiments, manganese-free Pseudomonas putida cultures were treated in the same way. 
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Table II. 1 Growth medium for manganese-oxidizing bacteria, after Boogerd and de Vrind (1987). The 

overall pH of the medium was set at 7.5. 

 

Ingredient Amount Sterilization 

Yeast extract (Oxoid) 500 mg L-1 Autoclaving 

D(+)-glucose 900 mg L-1 Autoclaving 

CaCl2.2H2O 141 mg L-1 Autoclaving 

MgSO4.7H2O 409 mg L-1 Autoclaving 

FeCl2.4H2O 2 mg L-1 Autoclaving 

HEPES buffer 2383 mg L-1 Filter sterilization 

Casamino acids (BD Bacto™) 500 mg L-1 Filter sterilization 

Trace element solution 1 mL L-1 Filter sterilization 

The trace element solution contains:  

CuSO4.5H2O 10 mg L-1  

ZnSO4.7H2O 44 mg L-1  

CoCl2.6H2O 20 mg L-1  

Na2MoO4.2H2O 13 mg L-1  

 

 

2.2 Determination of the biomass concentration 

 

The cell concentration at the start of the experiments was difficult to determine, since aggregation 

occurred in the stationary growth phase of the bacteria, which started after approximately 24 h of 

growth. However, after repeatedly drawing samples through a thin syringe, the aggregates were 

found to be homogenized enough to allow reproducible optical density measurements (610 nm, 

Biochrom WPA Lightwave II). By means of a calibration curve, the OD610 measurements were linearly 

correlated to the volatile suspended solids concentration (VSS), a measure for the biomass 

concentration. To this purpose, the VSS concentration was determined for a dilution series of 

bacterial culture with known optical densities, using a standard loss on ignition protocol.  

 

2.3 Chemical MnO2 

 

Manganese dioxide was chemically precipitated using the method described by Murray (1974): 

deionized water (328 mL) was flushed with argon, after which 32 mL NaOH solution (4 g L-1) and 16 

mL NaMnO4 solution (14.2 g L-1) were added, followed by a dropwise addition of 24 mL MnCl2 

solution (12.6 g L-1) under continuous stirring. The MnO2 precipitate was repeatedly washed with 

deionized water by means of centrifugation (5 min. at 4000 g) until a conductivity lower than 3 µS 

cm-1 (Consort K520) was reached in the supernatant. To determine the concentration of MnO2, the 

manganese was redissolved by adding a reducing agent (100 mg ascorbic acid) to a 5 mL sample, 
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after which the concentration of Mn2+ was measured with the formaldoxime method (Section 2.4 of 

the Materials and Methods). 

 

2.4 Measurement of the Mn2+ concentration 

 

Manganese(II) concentrations were measured by means of the formaldoxime colorimetric method. 

After syringe filtration (Phenex, 0.20 µm), samples were treated following the procedure of Bartley et 

al. (1957): a stock solution of formaldoxime hydrochloride (Sigma-Aldrich, 50 g L-1) in distilled water, 

kept at 4°C, was used for the fresh preparation of an alkaline solution of formaldoxime hydrochloride 

(5 g L-1 in 10 M NaOH). One mL of this alkaline solution was added to a sample of 3 mL and quickly 

mixed. After a reaction time of 10 min., the absorbance was measured at 455 nm (Biochrom WPA 

Lightwave II) against a blank that was treated in the same way. A Mn2+ dilution series (0 – 9 mg MnCl2 

L-1) was used to make a calibration curve.  

 

 

3 Biogenic silver 

3.1 Production of Bio-Ag0 

 

Bio-Ag0 was produced according to the protocol of Sintubin et al. (2009). In short, Lactobacillus 

fermentum strain G2/10 was grown in Man-Rogosa-Sharpe (MRS) broth (Oxoid) at 28°C on a platform 

shaker (111 rpm) for 48 h. The biomass was washed twice with Milli-Q water by means of 

centrifugation (5 min. at 10˙000 g). The cell dry weight (CDW) was calculated as the cell wet weight 

(CWW) x 0.23, after which the biomass was resuspended in Milli-Q water to a concentration of 4.6 g 

CDW L-1 and alkalified with 0.025 M NaOH. Silver (1 g L-1) was added in the diamine-complexed form, 

from a stock solution of silver nitrate that was dosed with ammonium hydroxide until all formed 

silver precipitates were redissolved. After 24h of incubation (28°C, 111 rpm), the biomass and the 

formed Bio-Ag0 were washed thrice (15 min., 10˙000 g) with Milli-Q water. The exact treatment was 

performed in parallel with a silver-free culture of Lactobacillus fermentum, for inclusion in negative 

control experiments. 

The concentration of silver, present on the biomass as Bio-Ag0, was determined by atomic absorption 

spectroscopy (AAS). In order to dissolve the metallic silver and destroy the organic material prior to 

analysis, 10 mL of the Bio-Ag0 solution was mixed with 2 mL of HNO3 solution (65%) and 2 mL of 

hydrogen peroxide solution (30%) and heated until the solution was clear. This was done in triplicate, 

in order to test the reproducibility of the AAS-measurement. The samples were filtered through a 

paper filter and diluted with Milli-Q water in a series (1/50, 1/100 and 1/200 of the original 

concentration), to ensure that measurements could be made within the linear area of the calibration 

curve (below 4 mg Ag+ L-1). All recipients were rinsed with Milli-Q water before use to prevent 

contamination with trace amounts of metals. Samples were immediately measured, together with a 

reference series, using a AA-6300 atomic absorption spectroscope (Shimadzu). The silver 
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concentration was expressed as mg Ag L-1, and could not distinguish metallic silver from silver ions 

that were released by the Bio-Ag0 after the washing steps. 

 

3.2 Measurement of the Ag+ concentration 

 

The concentration of free silver ions was measured with an ion-selective silver electrode (Prosense). 

In accordance with (Sintubin et al., 2011), the ionic strength of the samples was adjusted before 

measurement by adding a solution of 5 M NaNO3, in a ratio of 1 solution : 100 sample. 

 

 

4 Production of composite manganese-silver oxides 

For the production of a composite manganese oxide – silver oxide catalyst, a protocol based upon 

Haruta and Sano (1983) was used. A solution containing 7 mM MnSO4 and 3 mM AgNO3 (30 mol% 

silver) was prepared in Milli-Q water and alkalified with 3 M NaOH to a pH of 12. The formed 

precipitate was centrifuged and washed four times with Milli-Q water before drying at 100 °C. After 

calcining at 350°C for 3 h, the powder was crushed, weighed and diluted with Milli-Q water to a stock 

concentration of 7 mM MnO2 and 1.5 mM Ag2O, calculated from the theoretical molecular weight of 

the compound manganese – silver oxide. For control purposes, the treatment was repeated with 

pure solutions of 10 mM MnSO4 and 10 mM AgNO3, for the production of separate MnO2 and Ag2O 

catalysts, respectively. 

 

 

5 Continuous removal of micropollutants 

For the removal of diclofenac in a continuous system, experiments were performed in a single-

membrane bioreactor. The reactor had a total volume of 8 L and a total membrane surface of 0.12 

m2, which consisted of chlorinated polyethylene with a pore size of 0.4 µm. Both influent and 

effluent pumps were operated semi-continuous, to allow periods of relaxation of the membrane. 

Oxygen was supplied from at the bottom of the reactor with a diffuser. This ensured a good mixing of 

the reactor contents, while the cross-flow principle prevented rapid clogging of the membrane. The 

air pump was operated discontinuously, with a timer to control the aeration rate. A scheme of the 

reactor is given in Figure II. 1. 
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Figure II. 1. Schematic representation of the single-membrane reactor. Figure modified after De 

Gusseme et al. (2011). 

 

 

The influent consisted of the growth medium described by Boogerd and de Vrind (1987) (Section 2.1 

of the Materials and Methods) diluted with sterilized distilled water to 1:10 of the original 

concentration. Manganese chloride (3.28 mg Mn2+ L-1) and diclofenac (3 mg L-1), from cool stored 

stock solutions in distilled water, were added to the influent vessel, which was placed in the dark at 

4°C to limit bacterial growth. The membrane reactor was operated at room temperature. The initial 

inoculum was a pure culture of Pseudomonas putida. Samples for diclofenac and Mn2+ measurement 

were taken from the in- and effluent, while the reactor content was sampled for determining the 

biomass and Bio-MnOx concentrations. Throughout experiments, critical parameters were changed 

from their default values, which were: aeration time 100%, hydraulic retention time 48 h, and pH 

neutral. 

 

 

6 Analytical procedures 

6.1 Measurement of the diclofenac concentration and its metabolites 

 

6.1.1 HPLC 

Samples for diclofenac measurement were filtered with regenerated cellulose filters (RC, 0.20 µm, 

Phenex) or polyvinylidene fluoride filters (PVDF, 0.22 µm, Millipore). Both filter materials were tested 

negative for sorption of diclofenac and its metabolites (data not shown). Prior to analysis, the 

samples were stored in glass vials at 4°C. Diclofenac was measured using a Dionex P580 HPLC system 
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with a TCC-100 column oven and a diode array detector (UVD340U), and processing was done using 

Chromeleon 6.80 software. A Genesis C18 column (150 mm x 4.6 mm, 4 µm, Alltech) with a guard 

column was used for separation. The injection volume was 50 µL. The separation method was 

adapted from Forrez et al. (2010): at a temperature of 40°C and a flow rate of 1 mL min-1, the elution 

was isocratic with 80% HPLC grade methanol and 20% of a solution of 0.1% formic acid in Milli-Q 

water. Diclofenac was detected by absorbance at a wavelength of 203 nm, at a retention time of 4 

min. Standards ranging from 0 to 5 mg L-1 diclofenac were prepared for calibration. 

2-anilinophenylacetic acid (APAA), the dechlorinated form of diclofenac, was analyzed by HPLC in the 

same way as described for diclofenac. The absorbance was measured at a wavelength of 275 nm, and 

APAA appeared at a retention time of 3 min., as two partially merged peaks that were interpreted as 

the protonated and the deprotonated form of the carboxylic acid. The limit of detection (LOD), e.g. 

the lowest non-zero point in the calibration series, was 100 µg L-1. 

 

6.1.2 LC-MSn 

For the detection and identification of oxidation products of diclofenac, Liquid Chromatography 

coupled with multiple Mass Spectrometry (LC-MSn) was performed on a Thermo Finnigan Surveyor LC 

system with a quaternary pump and autosampler. A Nucleodur ISIS C18 column (250 x 4.0 mm, 5 µm, 

Macherey-Nagel) was used for separation. Elution was performed at a flow rate of 0.3 mL min-1, and 

started isocratic with 50% solvent A (0.01% formic acid in Milli-Q water) and 50% solvent B (HPLC 

grade methanol) for 2 min., followed by a linear gradient in 20 min. to 100% B, which was then held 

for 10 min. before re-equilibration of the column. The injection volume was 10 µL. An LTQ ion trap 

mass spectrometer (Thermo Finnigan) with Atmospheric Pressure Chemical Ionization (APCI) 

interface was used for mass analysis of the eluate, in the MS2 or MS3 positive ion mode. The MS 

parameters were as follows: a vaporizer temperature of 400°C, a capillary temperature of 270°C, a 

sheath gas flow of 40 units and an auxiliary gas flow of 5 units. The precursor isolation width was 2 

Da and the activation Q was 0.25. The collision energy was set to 25%. LC-MSn analyses were 

performed at the Laboratory of Chemical Analysis, Department Veterinary Public Health and Food 

Safety, Faculty of Veterinary Medicine, Ghent University, Salisburylaan 133, B-9820 Merelbeke, 

Belgium. 

 

6.2 Measurement of the diatrizoate concentration and its metabolites 

 

6.2.1 HPLC 

HPLC analysis was performed to determine the concentration of 3,5-diacetamido-2,4,6-

triiodobenzoate (diatrizoate) and its deiodinated metabolite 3,5-diacetamidobenzoate (DAB). 

Samples were filtered with regenerated cellulose filters (RC, 0.20 µm, Phenex) or polyvinylidene 

fluoride filters (PVDF, 0.22 µm, Millipore). Both filter materials were tested negative for sorption of 

diatrizoate and its metabolites (data not shown). The samples were stored in glass vials at 4°C. HPLC 

analysis was performed on a Zorbax SB C18 column (150 x 4.6 mm, 5 µm, Agilent) with a guard 

column, and the injection volume was 50 µL. The elution method was adapted from De Gusseme et 
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al. (in press-b): at a temperature of 50°C and a flow rate of 1 mL min-1, elution started isocratic with 

95% solvent A (0.1% formic acid in Milli-Q water) and 5% solvent B (HPLC grade acetonitrile) for 8 

min., followed by a linear gradient in 5 min. to 100% B, which was then held for 2 min. before 

returning to the initial conditions for 6 min., to re-equilibrate the column. The absorbance was 

measured at a wavelength of 237 nm, and diatrizoate and DAB were detected at retention times of 

3.5 min. and 10.5 min., respectively. Standards were prepared and analyzed in the same way for 

calibration. The LOD, e.g. the lowest non-zero point in the calibration series, was 500 µg L-1, as 

determined by De Gusseme et al. (in press-b).  
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III. Results 
 

 

1 Removal of diclofenac with preoxidized Bio-MnOx 

Manganese chloride was added in concentrations of 0, 0.66, 1.97 and 3.28 mg Mn2+ L-1 to pure 

Pseudomonas putida cultures to produce different concentrations of Bio-MnOx, following the 

protocol described in Section 2.1 of the Materials and Methods. After resuspension in the test 

solution as described, diclofenac (3 mg L-1) was added from a cool stored stock solution in distilled 

water, and its concentration was monitored at three time points, i.e. 0, 22 and 48 hours (Figure III. 1). 

 

Figure III. 1. Dissolved diclofenac (initial concentration 3 mg L-1) in different amounts of preoxidized 

Bio-MnOx, prepared with 0.66, 1.97 and 3.28 mg Mn2+ L-1 (Bio-MnOx “0.66”, “1.97” and “3.28” 

respectively), and manganese-free Pseudomonas controls. The error bars indicate standard 

deviations (n = 3). 

 

 

At time t = 0, the measurable diclofenac concentrations were lower than initially added (3 mg L-1), 

with an inverse relationship between the initial diclofenac concentration and the amount of Bio-

MnOx. No further change in diclofenac concentration could be observed throughout the experiment.  
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2 Removal of diclofenac during Bio-MnOx formation 

In order to examine the effects of the manganese-oxidizing metabolism of Pseudomonas putida, 

manganese chloride (3.28 mg Mn2+ L-1) and diclofenac (3 mg L-1) were added simultaneously to a 

Pseudomonas putida culture. Diclofenac was measured at 0, 18, 44, 120 and 142 hours (Figure III. 2). 

Controls consisted of manganese-free Pseudomonas cultures. For comparison, the same experiment 

was repeated with four days between the addition of manganese chloride and the addition and 

measurement of diclofenac, to allow for a complete oxidation of the available Mn2+. All other 

parameters were comparable to the previous test. Diclofenac was measured at 113 (time of 

diclofenac addition), 140, 165 and 188 hours after the addition of manganese chloride (Figure III. 3) 

 

 

Figure III. 2. Diclofenac removal during oxidation of manganese chloride (3.28 mg Mn2+ L-1) by 

Pseudomonas putida (Pseudomonas + Mn2+) and in manganese-free controls (Pseudomonas control). 

The concentration of Mn2+ is shown for the first 44 hours of the experiment with manganese added. 

The error bars indicate standard deviations (n = 3). 
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Figure III. 3. Diclofenac removal after complete oxidation of 3.28 mg Mn2+ L-1 by Pseudomonas putida 

(Bio-MnOx) and by manganese-free controls (Pseudomonas control). Diclofenac (3 mg L-1) was added 

113 hours after the addition of manganese chloride. The error bars indicate standard deviations (n = 

3). 

 

 

Diclofenac was efficiently removed during the oxidation of manganese (Figure III. 2). In the first four 

hours, the concentration of dissolved Mn2+ decreased with 97 ± 5 % and precipitation of manganese 

oxides could be visually observed on the biomass. In these batches, the diclofenac concentration 

decreased with 96 ± 2 % within 44 hours. In the experiment in which diclofenac was added after 

complete oxidation of Mn2+ (Figure III. 3), 13 ± 6 % of the initial concentration was removed after 75 

hours, which was comparable to the diclofenac removal in the manganese-free controls in both 

experiments (14 ± 2 % and 20 ± 4 % after 142 and 75 hours, respectively). 

 

To further investigate the effect of the manganese-oxidizing metabolism of Pseudomonas putida, 

tests were performed after heat inactivation (10 min. at 60°C). To address the question whether the 

bacteria need to be metabolically active to oxidize manganese and thus degrade diclofenac, MnCl2 

(3.28 mg Mn2+ L-1) and diclofenac (3 mg L-1) were added after heat inactivation. Controls consisted of 

living cultures with an equal amount of Mn2+ and diclofenac added. The concentration of diclofenac 

was measured at 0, 21, 96 and 119 hours. The results are shown in Figure III. 4. 
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Figure III. 4. Diclofenac concentration in heat-inactivated Pseudomonas putida cultures with 3.28 mg 

Mn2+ L-1 (Dead Pseudomonas + Mn2+) and living controls (Live Pseudomonas + Mn2+). Error bars 

indicate standard deviations (n = 3). 

 

 

Although a small amount of black precipitate was slowly formed on the heat-inactivated biomass 

during the experiment, diclofenac only decreased with 19 ± 15 % after 119 hours of incubation. As 

expected, the living control group quickly displayed the typical brownish color of Bio-MnOx and 

diclofenac was removed at a high rate, with a decrease of 88 ± 3 % after 21 hours. 

 

To address the question whether preformed Bio-MnOx can facilitate the reoxidation of Mn2+ in a 

chemical autocatalytic manner, and subsequently the removal of diclofenac, cultures of 

Pseudomonas putida were heat inactivated (10 min. at 60°C) after the formation of Bio-MnOx (3.28 

mg Mn L-1), and subsequently spiked with 1.64 mg MnCl2 L-1 and 3 mg L-1 diclofenac. The 

concentration of diclofenac was measured at 0, 21, 96 and 119 hours. The results are shown in Figure 

III. 5. 
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Figure III. 5. Diclofenac concentration in heat-inactivated Bio-MnOx (3.28 mg Mn L-1) with 1.64 mg 

Mn2+ L-1 added (Dead Bio-MnOx + Mn2+) and live controls (Live Bio-MnOx + Mn2+). Error bars indicate 

standard deviations (n = 3). Because the data of one of the three replicates had to be omitted, 

standard deviations could not be calculated for the first two points of the control group. 

 

 

Although Bio-MnOx were present and a small amount of black manganese oxide was formed, 

diclofenac only decreased with 29 ± 12 % after 119 hours in the heat-inactivated group. In the live 

control group, diclofenac was removed by 84% after 96 hours. 

 

 

3 Removal of diclofenac with Bio-Ag0 

In a following setup, Bio-Ag0, produced as explained in Section 3.1 of the Materials and Methods, was 

diluted with distilled water to a concentration of 5 mg L-1 of silver, and diclofenac (3 mg L-1) was 

added. Controls consisted of distilled water spiked with an equal amount of diclofenac. Diclofenac 

was measured at 0, 27, 47, 70 and 165 hours (Figure III. 6).  

Time (h)

0 20 40 60 80 100 120 140

D
Ic

lo
fe

n
ac

 (
m

g 
L-1

)

0

1

2

3

4

Time (h)

0 20 40 60 80 100 120 140

D
ic

lo
fe

n
ac

 (
m

g 
L-1

)

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

Dead BioMnOx + Mn2+ 
Live BioMnOx + Mn2+

Dead Pseudomonas + Mn2+ 
Live Pseudomonas + Mn2+ 



   III. Results 

 

30 

 

Figure III. 6. Diclofenac concentration in distilled water with 5 mg L-1 of silver (H2O + Bio-Ag0). 

Controls consisted of distilled water (H2O). The error bars indicate standard deviations (n = 3). 

 

 

No removal of diclofenac could be observed after 165 hours of incubation. 

 

 

4 Interaction between manganese oxides and silver 

For elucidating possible interaction effects between manganese oxides and silver species as catalysts 

toward the degradation of diclofenac, a test was performed with a combination of Bio-MnOx (6.55 

mg Mn L-1) and Bio-Ag0 (10 mg Ag L-1) (Figure III. 7). Controls were manganese-free Pseudomonas 

putida cultures treated in the same way as for the production of Bio-MnOx (Section 2.1 of the 

Materials and Methods), enriched with 10 mg Ag L-1. The experiment was repeated with higher 

concentrations of Bio-MnOx (32.8 mg Mn L-1) and Bio-Ag0 (50 mg Ag L-1) (Figure III. 8). Diclofenac was 

measured at 0, 21, 45, 76 and 162 hours. 
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Figure III. 7. Removal of diclofenac (3 mg L-1) by a combination of Bio-MnOx (6.55 mg Mn L-1) and Bio-

Ag0 (10 mg Ag L-1), and by a manganese-free Pseudomonas control with only Bio-Ag0 added (10 mg Ag 

L-1). The error bars indicate standard deviations (n = 3). 

 

 

Figure III. 8. Removal of diclofenac (3 mg L-1) by a combination of Bio-MnOx (32.8 mg Mn L-1) and Bio-

Ag0 (50 mg Ag L-1), and by a manganese-free Pseudomonas control with only Bio-Ag0 added (50 mg Ag 

L-1). The error bars indicate standard deviations (n = 3). 
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A combination of Bio-MnOx and Bio-Ag0 showed an effective removal of diclofenac, with a decrease 

by 97 ± 0.4 % in 76 hours (for 6.55 Mn L-1 as Bio-MnOx and 10 mg L-1 silver as Bio-Ag0) and a removal 

of 99 ± 0.4 % in 21 hours (for 32.8 Mn L-1 as Bio-MnOx and 50 mg L-1 silver as Bio-Ag0). Additionally, in 

the control groups with only Bio-Ag0 in a manganese-free Pseudomonas putida culture, diclofenac 

removal percentages of 71 ± 10 % and 95 ± 2 %, respectively, were observed after 162 hours of 

incubation. 

 

In a following setup, combinations were made with Bio-Ag0, silver nitrate, Bio-MnOx and manganese-

free Pseudomonas putida cultures, to further reveal interactions between manganese and silver 

species. Every combination contained either Bio-MnOx or a similarly treated manganese-free 

Pseudomonas putida culture, as described in Section 2.1 of the Materials and Methods. In 

combinations without Bio-Ag0, an equal amount of similarly treated silver-free Lactobacillus 

fermentum culture was added, as to only obtain differences resulting from the absence or presence 

of manganese and silver. Bio-MnOx concentrations were produced from 3.28 g Mn2+ L-1. Bio-Ag0 and 

silver nitrate were added in concentrations of 5 mg Ag L-1. Diclofenac was sampled at 0, 15, 45, 68, 86 

and 159 hours, and its removal is shown in Figure III. 9.  

 

 



 

 

 

 

Figure III. 9. Removal of diclofenac (3 mg L-1) by combinations of Bio-MnOx (3.28 g Mn L-1) and Ag+ or Bio-Ag0 (5 mg Ag L-1). Cultures of Pseudomonas and 

Lactobacillus were added to the recipients that did not contain Bio-MnOx or Bio-Ag0, respectively. The error bars indicate standard deviations (n = 3). 
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No degradation of diclofenac was observed when only bacterial biomass was present. Bio-MnOx 

resulted in a slow decrease of the diclofenac concentration, with a removal of 36 ± 4 % after 159 

hours, while application of silver species, either as Ag+ or as Bio-Ag0, in a manganese-free 

Pseudomonas culture resulted in comparable removal efficiencies (43 ± 5 % for Ag+ and 56 ± 8 % for 

Bio-Ag0). The highest removal rates were observed for Bio-MnOx combined with either Ag+ or Bio-

Ag0, with 92 ± 3 % and 91 ± 5 % removal, respectively, after 159 hours. 

 

 

5 Chemically produced manganese and silver species 

Manganese dioxide was chemically produced as described in Section 2.3 of the Materials and 

Methods. The removal capacities of this MnO2 (6.55 mg MnIV L-1) were tested for diclofenac (3 mg L-1) 

in distilled water. The treatment with MnO2 was combined with silver nitrate (10 mg Ag+ L-1), to test 

for interaction effects. The concentration of diclofenac was measured at 0, 3.6, 21, 42, 141 and 211 

hours, and is represented in Figure III. 10. 

 

 

Figure III. 10. Diclofenac (3 mg L-1) during treatment with MnO2 (6.55 mg MnIV L-1), silver nitrate (10 

mg Ag+ L-1) and a combination of both. The error bars indicate standard deviations (n = 3). 

 

 

A fast removal of diclofenac was observed in the presence of MnO2. Only 36 ± 6 % of the initial 

concentration remained after 3.6 hours, which stabilized to 15 ± 1 % after 141 hours. The same 

pattern was observed for the combined treatment of MnO2 and Ag+, while no diclofenac removal was 

observed in the presence of only silver nitrate. 
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In a subsequent experiment, the catalytic properties of a compound manganese – silver oxide were 

tested, in order to elucidate the catalytic interaction between manganese and silver species. The 

manganese – silver oxide was produced by simultaneous precipitation as described in Section 4 of 

the Materials and Methods. The removal capacities of this oxide (3.85 mg Mn L-1 and 3.24 mg Ag L-1, 

which corresponds to 30 mol% silver) were tested for diclofenac (3 mg L-1) in distilled water. Three 

control groups existed of the two similarly precipitated single metal oxides (5.49 mg Mn L-1 as MnO2 

and 10.8 mg Ag L-1 as Ag2O, respectively) and a mixture of separately precipitated oxides (3.85 mg 

Mn L-1 as MnO2 and 3.24 mg Ag L-1 as Ag2O). The concentration of diclofenac was measured at 0, 17, 

42 and 66 hours, and is represented in Figure III. 11. 

 

 

Figure III. 11. Diclofenac (3 mg L-1) during treatment with a MnO2 – Ag2O composite catalyst (3.85 mg 

Mn L-1 and 3.24 mg Ag L-1) and with controls consisting of separate MnO2 (5.49 mg Mn L-1), Ag2O 

(10.8 mg Ag L-1) and a mixture of separately precipitated MnO2 and Ag2O (3.85 mg Mn L-1 and 3.24 

mg Ag L-1). The error bars indicate standard deviations (n = 3). 

 

 

No removal of diclofenac was observed during treatment with the manganese – silver oxide catalyst, 

nor in the three control groups. 

 

 

 

 

Time (h)

0 10 20 30 40 50 60 70

D
ic

lo
fe

n
ac

 (
m

g 
L-1

)

0

1

2

3

4

[MnO2 - Ag2O] composite 

MnO2 

MnO2 + Ag2O 

Ag2O 



 

 

36 

6 Interaction between manganese and other metals 

To address the question whether the influence of silver on the removal capacities of Bio-MnOx 

toward diclofenac is a specific effect of silver, experiments were performed with Bio-MnOx combined 

with other metallic cations. Combinations of Bio-MnOx (3.28 mg Mn L-1), manganese-free 

Pseudomonas putida cultures, ionic iron (5 mg Fe2+ L-1 from FeCl2) and gold (5 mg Au3+ L-1 from AuCl3) 

were made in a solution containing a phosphate buffer and 0.6 g NaCl L-1. Diclofenac (3 mg L-1) was 

added, and samples were taken for measurement at 0, 6.4, 75, 95 and 167 hours. The results are 

shown in Figure III. 12. 

 

 

Figure III. 12. Removal of diclofenac (3 mg L-1) during treatment with combinations of Bio-MnOx (3.28 

mg Mn L-1) with iron (5 mg Fe2+ L-1) and gold (5 mg Au3+ L-1). Controls consisted of manganese-free 

Pseudomonas putida cultures with the same amounts of iron and gold added. Error bars indicate 

standard deviations (n = 3). 

 

 

In those batches where Bio-MnOx was present, diclofenac concentrations decreased by 59 ± 9 %, 61 

± 5 % and 77 ± 3 % after 167 hours (for treatment with Bio-MnOx, Bio-MnOx + Fe and Bio-MnOx + 

Au, respectively). No removal of diclofenac was observed in the batches where Fe2+ and Au3+ were 

added to manganese-free Pseudomonas putida cultures. 
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7 Respiking experiments 

In order to distinguish sorption from other ways of diclofenac removal, such as transformation and 

degradation, several experiments, in which diclofenac removal was observed, were repeated with a 

respiking of diclofenac after an initial removal. 

 

7.1 Chemical catalysts 

 

Diclofenac (3 mg L-1) treatment with chemical MnO2 (6.55 mg MnIV L-1), silver nitrate (10 mg Ag+ L-1), 

and a combination of both (6.55 mg MnIV L-1 and 10 mg Ag+ L-1) was repeated as described in Section 

5 of the Results. After a first incubation period, the batches were respiked to a diclofenac 

concentration of 3 mg L-1. Measurements were made at 0, 26, 143, 151, 170, 189, 289, 337 and 435 

hours, and respiking of diclofenac was performed at 151 hours. The results are shown in Figure III. 

13. 

 

 

 

Figure III. 13. Diclofenac removal (3 mg L-1) during treatment with MnO2 (6.55 mg MnIV L-1), silver 

nitrate (10 mg Ag+ L-1) and a combination of both. The arrow marks a respiking of diclofenac to 3 mg 

L-1 after an initial removal period of 151 hours. The error bars indicate standard deviations (n = 3). 

Because of loss of replicates, standard deviations could not be calculated for all data points. 

 

 

In those batches with MnO2 present, diclofenac was rapidly removed (79 ± 6 % after 26 h for 

treatment with MnO2 and 88 ± 7 % after 26 h for treatment with MnO2 and Ag+). After respiking, no 
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considerable further removal of diclofenac was observed in these batches. No significant removal 

was observed in the batches with only Ag+ present. 

 

7.2 Bio-MnOx and Bio-Ag0 

 

Diclofenac (3 mg L-1) treatment with Bio-Ag0 (10 mg Ag L-1) combined with Bio-MnOx (6.55 mg Mn L-1) 

and Bio-Ag0 (10 mg Ag L-1) in a manganese-free Pseudomonas putida culture was repeated as 

described in Section 4 of the Results. After a first incubation period, the batches were respiked to a 

diclofenac concentration of 3 mg L-1. Measurements were made at 0, 21, 48, 67, 144, 173, 190, 214, 

241 and 314 hours, and respiking of diclofenac was performed at 173 hours. The results are shown in 

Figure III. 14. 

 

Figure III. 14. Removal of diclofenac (3 mg L-1) by a combination of Bio-MnOx (6.55 mg Mn L-1) and 

Bio-Ag0 (10 mg Ag L-1) (Bio-MnOx + Bio-Ag0), and by manganese-free Pseudomonas cultures with only 

Bio-Ag0 added (10 mg Ag L-1) (Pseudomonas control + Bio-Ag0). The arrow marks a respiking of 

diclofenac to 3 mg L-1 after an initial removal period of 173 hours. The error bars indicate standard 

deviations (n = 3). 

 

 

In those batches where a combination of Bio-MnOx and Bio-Ag0 was present, an effective removal of 

diclofenac was observed, with a decrease by 83 ± 3 % in 48 hours. In the control group with only Bio-

Ag0 in a manganese-free Pseudomonas putida culture, a diclofenac removal percentage of 41 ± 9 % 

was observed after 144 hours of incubation. Upon respiking after 173 h, diclofenac was again 
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removed at comparable rates: a decrease of 92 ± 2 % in 67 hours for the treatment with Bio-MnOx 

and Bio-Ag0, and a decrease of 42 ± 7 % after 141 hours for the treatment with only Bio-Ag0. 

 

7.3 Ongoing manganese oxidation 

 

Diclofenac (3 mg L-1) treatment with an ongoing oxidation of manganese (3.28 mg Mn2+ L-1) by 

Pseudomonas putida was repeated as described in Section 2 of the Results. After a first incubation 

period, the batches were respiked to a diclofenac concentration of 3 mg L-1. Measurements were 

made at 0, 5, 23, 99, 126, 143, 167, 194 and 267 hours, and respiking of diclofenac was performed at 

126 hours. The results are shown in Figure III. 15. 

 

 

Figure III. 15. Removal of diclofenac (3 mg L-1) during oxidation of manganese chloride (3.28 mg Mn2+ 

L-1) by Pseudomonas putida. The arrow indicates a respiking of diclofenac to 3 mg L-1 after an initial 

removal period of 126 hours. The error bars indicate standard deviations (n = 3). 

 

 

Diclofenac was rapidly removed during the oxidation of manganese, with a decrease by 88 ± 1 % in 

23 hours. Upon respiking, the diclofenac concentration did not increase up to the intended level of 3 

mg L-1. Removal of diclofenac occurred at a lower rate, with a decrease of 62 ± 7 % after 141 hours of 

incubation. 
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8 Removal rates 

Based on the previous experiments, removal rates of diclofenac can be calculated by fitting a pseudo-

first order model on the data. According to this model, the diclofenac concentration at time t is given 

by the equation        
      

with Ct = concentration at time t (mg L-1); C0 = initial concentration (mg L-1); k = rate constant (h-1) and 

t = time (h). As such, the rate constant k is a measure of the speed at which diclofenac is removed. In 

Table III. 1, the rate constants (k) are given for the diclofenac removal by several manganese, silver 

and manganese-silver catalysts. 

Another manner of expressing the removal of diclofenac is its initial removal rate, expressed in mg L-1 

h-1 g-1 catalyst at time t = 0. The expression per gram of catalyst corrects for different concentrations 

of, for example, Bio-MnOx and Bio-Ag0. In Table III. 1, the initial rates are given for the diclofenac 

removal by several manganese, silver and manganese-silver catalysts. All initial removal rates were 

calculated from the slope of a linear fitting between diclofenac concentrations at times t0 and t1. 

 
 
Table III. 1 Rate constants and initial diclofenac removal rates for treatment with manganese, silver 

and manganese-silver catalysts. Rate constants are calculated from the first three data points, except 

for data obtained from Figure III. 9, where points t3, t4, and t5 were used. Initial diclofenac removal 

rates were calculated from the linear slope between t0 and t1. N/a indicates that no removal was 

observed. 

 

Catalyst 
Concentration 

(mg L-1) 
Rate constant 

k (h-1) 
R2 Initial diclofenac 

removal rate 
Unity Source 

BioMnOx 3,28 0,0023 0,90 2,7 
mg diclofenac 

L · g Mn · h Figure III. 3 

Ongoing Mn2+ 
oxidation 

3,28 0,065 0,98 54,1 
mg diclofenac 

L · g Mn · h Figure III. 2 

Ag+ 5 n/a n/a n/a 
mg diclofenac 

L · g Ag · h Figure III. 10 

Bio-Ag0 5 n/a n/a n/a 
mg diclofenac 

L · g Ag · h 
data not 
shown 

Pseudomonas 
with Ag+ 5 0,0033 1 4,5 

mg diclofenac 
L · g Ag · h Figure III. 9 

Pseudomonas 
with Bio-Ag0 5 0,006 0,99 4,3 

mg diclofenac 
L · g Ag · h Figure III. 9 

 10 0,010 0,98 6,3 
mg diclofenac 

L · g Ag · h Figure III. 7 

BioMnOx with 
Ag+ 3,28 and 5 0,017 1 1321,8 

mg diclofenac 
L · g Mn · g Ag · h Figure III. 9 

BioMnOx with 
Bio-Ag0 3,28 and 5 0,016 1 443,6 

mg diclofenac 
L · g Mn · g Ag · h Figure III. 9 

 6,55 and 10 0,058 0,99 3215,6 
mg diclofenac 

L · g Mn · g Ag · h Figure III. 7 
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It must be noted that k values for different catalysts are not always comparable, because of different 

catalyst concentrations. Conversely, initial diclofenac removal rates are not always comparable, 

because of different units. 

 

 

9 Transformation products of diclofenac 

LC-MSn analyses were performed to detect the formation of transformation products after treatment 

of diclofenac with manganese and silver catalysts. For a treatment with ongoing manganese 

oxidation by Pseudomonas putida (cf. Figure III. 2), an additional peak was detected at a retention 

time of 5.4 min., with a mass-to-charge ratio of m/z = 351. For a treatment of diclofenac with Bio-Ag0 

and Bio-MnOx (cf. Figure III. 7), additional peaks were detected at retention times of 5.4 min. (m/z = 

145 and 277) and 6.8 min. (m/z = 163 and 195). The molecular weight of some transformation 

products of diclofenac, as predicted from putative biodegradation pathways, matches such peaks 

(e.g. 2,6-dichloroaniline, MW = 162 g mol-1; 3,4-dihydroxy-2,6-dichloroaniline, MW = 194 g mol-1). 

However, while diclofenac was shown to be removed, little or no increase in concentration of these 

proposed transformation products was seen in the LC-MSn analyses. Moreover, since all of the 

detected product peaks were present from t = 0 onwards, and showed no substantial concentration 

difference between treatment tests (where diclofenac was removed) and the manganese-free 

controls (where little or no diclofenac was removed), no further attempt was made to identify the 

transformation products of diclofenac. 

 

 

10 Removal of APAA 

In order to address the question whether the chlorine moieties of diclofenac contribute to its 

degradability by manganese and silver catalysts, removal experiments were performed with 2-

anilinophenylacetic acid (APAA), the dechlorinated form of diclofenac. 

In a first setup, APAA (3 mg L-1) was added from a cool stored stock solution in ethanol to a 

Pseudomonas putida culture in which 3.28 mg Mn2+ L-1 was present, to ensure an ongoing oxidation 

of manganese. Controls consisted of manganese-free Pseudomonas putida cultures that were 

treated in the same manner. APAA was measured at 0, 23, 46 and 68 hours (Figure III. 16).  
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Figure III. 16. Removal of APAA (3 mg L-1) during oxidation of manganese chloride (3.28 mg Mn2+ L-1) 

by Pseudomonas putida (Pseudomonas + Mn2+) and in manganese-free controls (Pseudomonas 

control). The error bars indicate standard deviations (n = 3). 

 

 

Removal of APAA by 85 ± 1 % was observed in less than 68 hours. In the control group, no substantial 

removal could be seen. The onset of APAA removal only occurred after a lag time of 22 hours of 

incubation, when also the visible formation of Bio-MnOx started. 

 

In a subsequent setup, a combination was made of Bio-MnOx (3.28 mg Mn L-1) and Bio-Ag0 (5 mg Ag 

L-1). Controls consisted of manganese-free Pseudomonas putida cultures treated in the same way as 

for the production of Bio-MnOx, enriched with 5 mg Ag L-1. APAA (3 mg L-1) was added, and 

measurements were made at 0, 19, 44 and 90 hours. The results are shown in Figure III. 17. 
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Figure III. 17. Removal of APAA (3 mg L-1) by a combination of Bio-MnOx (3.28 mg Mn L-1) and Bio-Ag0 

(5 mg Ag L-1), and by a manganese-free Pseudomonas putida control with only Bio-Ag0 added (10 mg 

Ag L-1). The error bars indicate standard deviations (n = 3). 

 

 

In the control group, containing only Bio-Ag0 in a manganese-free Pseudomonas putida culture, APAA 

was removed by 90 ± 2 % after 19 hours. Conversely, the test group containing both Bio-MnOx and 

Bio-Ag0 showed a slower removal of APAA, with a reduction by 82 ± 8 % after 44 hours.  

 

 

11 Removal of diatrizoate and DAB 

The recalcitrant pharmaceutical diatrizoate was tested for its susceptibility to degradation during 

active manganese oxidation by Pseudomonas putida. Diatrizoate (2 mg L-1) was added to a 

Pseudomonas putida culture in which 3.28 mg Mn2+ L-1 was present. Controls consisted of 

manganese-free Pseudomonas putida cultures that were treated in the same manner. Samples for 

HPLC measurement were taken at 0, 21, 96 and 119 hours (Figure III. 18). In a parallel experiment, 

the degradation of an equimolar amount (0.87 mg L-1) of DAB, the deiodinated metabolite of 

diatrizoate, was monitored. Samples for HPLC measurement were taken at 0, 21, 96 and 119 hours 

(Figure III. 19). 
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Figure III. 18 Removal of diatrizoate (2 mg L-1) during oxidation of manganese chloride (3.28 mg Mn2+ 

L-1) by Pseudomonas putida (Pseudomonas + Mn2+) and in manganese-free controls (Pseudomonas 

control). The error bars indicate standard deviations (n = 3). 

 

 

Figure III. 19 Removal of DAB (0.87 mg L-1) during oxidation of manganese chloride (3.28 mg Mn2+ L-1) 

by Pseudomonas putida (Pseudomonas + Mn2+) and in manganese-free controls (Pseudomonas 

control). The error bars indicate standard deviations (n = 3). 
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Throughout the experiments, no removal of diatrizoate or DAB could be observed. 

 

 

12 Continuous removal in a membrane bioreactor 

A lab-scale single-membrane bioreactor (Section 5 of the Materials and Methods) containing a 

culture of Pseudomonas putida was used for the continuous removal of diclofenac under different 

conditions. Diclofenac (3 mg L-1) was added to the influent, which consisted of the growth medium 

described by Boogerd and de Vrind (1987) that was diluted ten times with distilled water. After an 

initial manganese-free period, the influent was spiked with manganese chloride (3.28 mg L-1). In 

order to find optimal conditions for the removal of diclofenac, critical parameters were changed from 

their default values, which were: aeration time 100%, hydraulic retention time 48 h, and pH 7. 

In Figure III. 20, a first run of the reactor is represented. Diclofenac removal was measured at 

different conditions: an initial manganese-free period (stage 1), addition of 3.28 mg Mn2+ L-1 (stage 

2), diminishing the aeration rate from 100% to 50% of the time, with one-hour intervals (stage 3), 

and addition of Bio-Ag0 (50 mg Ag L-1) at a constant aeration rate (stage 4). Diclofenac measurements 

were made at 0, 1, 2, 7, 8, 9, 12, 13, 14, 21, 26, 27, 34, 35, 36, 37, 40 and 41 days. 

A second run of the reactor is represented in Figure III. 21. Diclofenac removal was measured at 

different conditions: an initial manganese-free period at 50% aeration time (stage 1), addition of 3.28 

mg Mn2+ L-1 at 50% aeration time (stage 2), an increase of the hydraulic retention time from 48 h to 

72 h at 33% aeration time (stage 3), lowering the pH from 7 to 6 at 100% aeration time (stage 4), and 

addition of Bio-Ag0 (18.3 mg Ag L-1, corresponding to a ratio of 3.28 Mn : 5 Ag) at pH 7 (stage 5). 

Diclofenac measurements were made at 0, 1, 2, 5, 6, 7, 8, 9, 10, 11, 12, 12.5, 13, 14, 14.5, 15 and 16 

days. 

Measurements of diclofenac and dissolved Mn2+ concentrations were made from the reactor influent 

and effluent. The concentration of Bio-MnOx was measured from the reactor content, by measuring 

the increase in Mn2+ concentration after dissolution of the Bio-MnOx with ascorbic acid. VSS 

measurements were made from the reactor content.  
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Figure III. 20. Measurement of the diclofenac, Mn2+, Bio-MnOx and VSS concentrations in a 

continuous membrane reactor at different conditions: an initial manganese-free period (stage 1), 

addition of 3.28 mg Mn2+ L-1 (stage 2), a diminishing the aeration rate from 100% to 50% of the time, 

with one-hour intervals (stage 3), and addition of Bio-Ag0 (50 mg Ag L-1) at a constant aeration rate 

(stage 4). Error bars indicate standard deviations (n = 3). 

 

 

Average diclofenac removal percentages in Figure III. 20 were: 1.1% (stage 2), 45.5% (stage 3) and 

9.5% (stage 4). 
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Figure III. 21. Measurement of the diclofenac, Mn2+, Bio-MnOx and VSS concentrations in a 

continuous membrane reactor at different conditions: an initial manganese-free period at 50% 

aeration time (stage 1), addition of 3.28 mg Mn2+ L-1 at 50% aeration time (stage 2), an increase of 

the hydraulic retention time from 48 h to 72 h at 33% aeration time (stage 3), lowering the pH from 7 

to 6 at 100% aeration time (stage 4), and addition of Bio-Ag0 (18.3 mg Ag L-1, corresponding to a ratio 

of 3.28 Mn : 5 Ag) at pH 7 (stage 5). Error bars indicate standard deviations (n = 3). 

 

 

A complete removal of diclofenac was never observed. Manganese was efficiently oxidized by the 

reactor cultures, given the generally low concentrations of Mn2+ in the effluent and the gradual 

buildup of Bio-MnOx concentrations. In both initial manganese-free periods, a gradual rise in effluent 

diclofenac concentration was observed, until influent and effluent were at equilibrium. Average 

diclofenac removal percentages in Figure III. 21 were: 30.1% (stage 2), 15.5% (stage 3), 4.5% (stage 4) 

and 26.4% (stage 5). 
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IV. Discussion 
 

Whereas traditional wastewater treatment has focused on the removal of the organic load (chemical 

oxygen demand, COD) and mineral nutrient concentrations, modern approaches emerge that, in 

addition, tend to (1) recover energy from the produced sludge; (2) develop techniques for the reuse 

of nutrients as a secondary raw material; and (3) focus on the removal of micropollutants to limit 

their release in the aquatic environment.  

With continuously increasing global water demands, the need to develop techniques for water reuse 

arises. Of specific concern for the reusability of water is the presence of recalcitrant compounds, 

such as certain pharmaceuticals and personal care products, or PPCPs (Section 1 of the Introduction). 

Many of these micropollutants are inefficiently removed by traditional wastewater treatment 

techniques (Ternes, 1998; Ternes & Hirsch, 2000). Therefore, the development of efficient and 

economic techniques for the removal of persistent micropollutants is currently under great attention 

(Larsen et al., 2004; Joss et al., 2008). Physicochemical techniques for the removal of micropollutants 

are mostly based upon filtration (nanofiltration, reverse osmosis, activated carbon filtration) and 

oxidative processes (ozonation, chlorination, advanced oxidation processes or AOPs) (Ikehata et al., 

2006). These techniques have their limits and disadvantages, such as high costs (except for 

chlorination) (Johnson & Sumpter, 2001), the formation of toxic byproducts (for chlorination, 

ozonation and AOPs) (Guzzella et al., 2002; Richardson et al., 2007) and inefficiency against certain 

compounds such as iodinated contrast media (for oxidative techniques) (Ternes et al., 2003; Forrez et 

al., 2011). 

Additionally, biological processes can be successfully optimized for the removal of micropollutants 

(Section 2 of the Introduction). For example, enriched nitrifier cultures can effectively remove 

pharmaceuticals such as clofibric acid, carbamazepine, estrogens and diclofenac (De Gusseme et al., 

2009; Tran et al., 2009); biogenic palladium nanoparticles are efficient catalysts for the reductive 

dehalogenation of micropollutants such as trichloroethylene (Hennebel et al., 2009b), diatrizoate 

(Hennebel et al., 2010; De Gusseme et al., in press-b) and diclofenac (De Gusseme et al., in press-a); 

and biologically produced manganese oxides (Bio-MnOx) have been successfully used for the 

oxidation of the pharmaceuticals ibuprofen, naproxen, diuron, codeine, chlorophene, mecoprop, 

triclosan, clarithromycin, iohexol, iopromide, iomeprol, sulfamethoxazole and diclofenac (Forrez et 

al., 2010; Forrez et al., 2011). In a final stage of water treatment, biogenic silver nanoparticles (Bio-

Ag0) have been proven valuable for the disinfection of water contaminated with viruses (Jain & 

Pradeep, 2005; De Gusseme et al., 2011). 

 

This research has elaborated on the use of biologically produced manganese oxides as a novel agent 

for the removal of micropollutants, in continuation of the research of Sabirova et al. (2008) and 

Forrez et al. (2010; 2011). Diclofenac was used as a model compound to compare the catalytic 

reactivity of the material under different circumstances. Experiments were conducted to elucidate 
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the catalytic activity of Bio-MnOx toward diclofenac and the influence of the active manganese-

oxidizing metabolism of Pseudomonas putida (Section 2 of the Discussion), the influence of the 

addition of silver species (ionic silver, Bio-Ag0 and Ag2O) on the catalytic activity of manganese oxides 

(Section 3), the possible oxidation mechanisms and formation of reaction products (Section 4), and 

the practical feasibility of applying Bio-MnOx and Bio-Ag0 in a membrane reactor for the continuous 

removal of diclofenac (Section 5). Economic considerations for such a continuous membrane reactor 

are included in Section 6. First, Section 1 elaborates on the occurrence of sorption of diclofenac onto 

manganese and silver species. 

 

 

1 Sorption of diclofenac 

Manganese oxides are known sorbents of organic compounds (Bernard et al., 1997). In order to 

interpret the results of the experiments where removal of diclofenac was observed, it is important to 

make a distinction between sorption and other ways of removal, such as transformation or 

degradation. Whereas sorption onto solids can be an effective way to remove a micropollutant from 

a wastewater solution (Larsen et al., 2004), the primary interest of this research is to identify and 

optimize mineral and/or microbial catalytic processes that can be applied for the sustained removal 

of micropollutants during water treatment. Consequently, sorption effects will only be identified with 

the purpose of discriminating them from effective degradation of diclofenac. 

 

1.1 Sorption on biomass and Bio-MnOx 

 

As shown by Figure III. 1, there was no substantial removal of diclofenac in the presence of 

preformed Bio-MnOx. Yet, at the start of the experiment, the measured diclofenac concentrations 

were lower than the added concentration (3 mg L-1), decreasing to 2.6 mg L-1 (for a Bio-MnOx 

concentration of 0.66 mg Mn L-1) and 2.1 mg L-1 (for a Bio-MnOx concentration of 3.28 mg L-1). As no 

further removal of diclofenac was observed, the differences in concentration at the start of the 

experiment can be attributed to sorption, on both the bacterial biomass and on manganese oxides. 

While the biomass concentrations remained constant and the added manganese concentrations 

were altered to produce different Bio-MnOx concentrations, the initial diclofenac concentrations 

decreased to 88 ± 5 % (manganese-free control) and 71 ± 14 % (3.28 mg Mn L-1), expressed as 

percentage of the initially added concentration (3 mg L-1). It can be concluded that, although sorption 

onto biomass and Bio-MnOx occurs, no difficulty should be expected to distinguish sorption, which 

occurs as a rapid equilibration at the start of experiments, from other (slower) ways of diclofenac 

degradation, that are typically observed on a larger time scale. 
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1.2 Sorption on Bio-Ag0 

 

A respiking experiment was performed to attribute the observed removal of diclofenac by a 

treatment with Bio-Ag0, combined with Bio-MnOx (Figure III. 14). After bringing the concentration of 

diclofenac to 3 mg L-1 again, it was continued to be removed at rates comparable to those in the 

beginning of the experiment. If only sorption occurred, saturation of the solids would be expected at 

a certain stage, resulting in a diclofenac concentration that remained constant throughout the rest of 

the experiment. Moreover, sorption is expected to reach a quick equilibrium. Since diclofenac 

continued to be removed after 241 hours of incubation, the effects of Bio-Ag0 and Bio-MnOx 

combined with Bio-Ag0 on diclofenac can clearly be attributed to certain chemical reactions. These 

will be further explored in Section 3 of the Discussion. 

 

1.3 Sorption onto chemical MnO2 

 

In Figure III. 13, a respiking experiment is illustrated with ionic silver and chemically precipitated 

manganese dioxide, produced according to the method of Murray (1974). This manganese oxide (δ-

MnO2) has a specific surface area of 121 m3 g-1, which makes it finer than the Bio-MnOx produced by 

Pseudomonas putida (98 m3 g-1) (Villalobos et al., 2003). Initially, a rapid removal of diclofenac was 

observed in those batches where MnO2 was present (6.55 mg MnIV L-1). However, after respiking with 

diclofenac, no substantial further removal could be observed. Therefore, the initial removal of 

diclofenac in the presence of chemically precipitated MnO2 is attributed to sorption, and no other 

means of diclofenac removal were observed for this MnO2 or MnO2 combined with ionic silver. 

 

1.4 Sorption during active manganese oxidation 

 

In Figure III. 15, a respiking experiment is shown during active oxidation of Mn2+ by Pseudomonas 

putida. An initial rapid removal of diclofenac was observed, while Bio-MnOx was formed. After 

respiking with diclofenac, a lower rate of removal was observed, with a decrease of 62 ± 7 % after 

141 hours of incubation. Yet, it must be noted that conditions changed during the experiment: at the 

time of respiking (after 126 hours), little or no further manganese oxidation was expected to occur, 

since all Mn2+ was likely oxidized in the first hours (in concordance with Figure III. 2). 

Upon respiking, the diclofenac concentration did not increase up to the intended level of 3 mg L-1. 

This might be explained by rapid sorption onto the Bio-MnOx that was formed during the first stage 

of the experiment. However, although it was argued that rapid sorption onto Bio-MnOx does occur 

(Section 1.1 of the Discussion), diclofenac continued to be slowly removed after 194 hours of 

incubation. Together with the results of other experiments, this clearly demonstrates the existence 

of additional ways by which diclofenac is removed during the oxidation of manganese. When 

comparing the experiments in Figure III. 2 and Figure III. 3, both of which had an equal amount of 

manganese and diclofenac added, the much faster removal of diclofenac during the ongoing 
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oxidation of manganese (Figure III. 2) compared with the questionable removal by completely 

oxidized manganese (Figure III. 3) suggests that the active manganese-oxidizing metabolism of 

Pseudomonas plays an important role in the degradation of diclofenac. This role will be further 

explored in Section 2 of the Discussion. 

 

 

2 Bio-MnOx and influence of the manganese-oxidizing metabolism of 

Pseudomonas putida 

Manganese oxides are known oxidants of a range of organic compounds (Fatiadi, 1976; Stone & 

Morgan, 1984), including micropollutants such as 17α-ethynylestradiol (de Rudder et al., 2004), 

triclosan and chlorophene (Zhang & Huang, 2003). If manganese oxides are biologically precipitated 

(Bio-MnOx), certain advantages can be expected for their application in water treatment 

technologies (Section 2.2.1 of the Introduction). The high specific surface area of Bio-MnOx produced 

by Pseudomonas putida (89 m² g-1, Villalobos et al., 2003) results in a higher binding energy and 

activity than chemically produced oxides (Hennebel et al., 2009a), while their attachment to the 

bacterial cell wall still allows a relatively easy settleability and retention, e.g. by membranes. 

Furthermore, the presence of the manganese-oxidizing bacteria stimulates the removal of 

micropollutants, by reoxidizing the Mn2+ that is formed upon reaction with the micropollutant, 

making it again available as MnO2 (de Rudder et al., 2004). Subsequently, the bacteria can aid in the 

degradation of the formed oxidation products by biological removal (Forrez et al., 2011). Finally, 

evidence exists that reactive Mn3+ intermediates formed during the biological oxidation of 

manganese are significant contributors to the oxidative capacities of Bio-MnOx toward mineral and 

organic compounds (Kostka et al., 1995; Murray & Tebo, 2006). Bio-MnOx have been shown to 

successfully degrade a range of recalcitrant pharmaceuticals (Sabirova et al., 2008; Forrez et al., 

2010; Forrez et al., 2011), including diclofenac. In this research, a series of experiments was 

conducted to provide further insights in the importance of the manganese-oxidizing metabolism of 

Pseudomonas putida for the degradation of diclofenac. 

 

As shown by Figure III. 1, there was no substantial removal of diclofenac in the presence of 

preformed Bio-MnOx. However, during the Mn-oxidizing activity of Pseudomonas, diclofenac was 

readily removed. This suggests an active role of the manganese-oxidizing metabolism of 

Pseudomonas putida in the removal of diclofenac. To elucidate this phenomenon, a series of 

experiments was conducted with preformed Bio-MnOx, ongoing manganese oxidation and heat-

inactivated bacteria to which manganese was added. 

No Bio-MnOx was formed and no considerable removal of diclofenac was observed when Mn2+ was 

added to a heat-inactivated culture of Pseudomonas putida (Figure III. 4), although a small amount of 

black precipitate was formed after several days; presumably chemical MnO2. As expected, Bio-MnOx 

was rapidly formed in the living control group, and diclofenac likewise removed. It can be concluded 

that the active metabolism of Pseudomonas putida is necessary for the formation of Bio-MnOx. As 
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was indicated by several authors, this is likely an enzymatic process, involving a multicopper enzyme 

for the oxidation of Mn2+ to a ligand-bound Mn3+ intermediate (Parker et al., 2004; Tebo et al., 2004; 

Webb et al., 2005), which is further oxidized to MnIV oxide by putative enzymes in the extracellular 

mucous layer of the bacteria (De Vrind et al., 2003). 

 

In an experiment where Bio-MnOx was formed before heat-inactivation of the bacteria, followed by 

the addition of an extra amount of Mn2+, again no considerable removal of diclofenac was observed 

(Figure III. 5), although additional precipitation of black manganese oxide was seen on the Bio-MnOx. 

In the control group where the heat inactivation step was omitted, diclofenac was readily removed. 

This leads to the conclusion that the active metabolism of Pseudomonas putida is required for the 

new formation of Bio-MnOx even when Bio-MnOx is already present. Although it is known that the 

autocatalytic oxidation of Mn2+ may occur on the surface of preformed manganese oxides (Murray, 

1975), these results show that the only significant factor in the oxidative properties of Bio-MnOx 

toward diclofenac is the metabolic activity of Pseudomonas putida. Such findings are in concordance 

with Forrez et al. (2010), who observed that diclofenac removal by Bio-MnOx was inhibited when the 

bacteria were treated with azide, a biostatic agent, and that freshly formed Bio-MnOx has a higher 

reactivity toward diclofenac than preoxidized Bio-MnOx. 

 

In setups containing preformed Bio-MnOx (Figure III. 1 and Figure III. 3), diclofenac was not readily 

removed (rate constant k = 0.0023 h-1, Table III. 1), although the bacteria were still alive, presumably 

in the late stationary phase of growth. Comparing this with an experiment in which an equal amount 

of manganese, in the form of Mn2+, was freshly added to a bacterial culture (Figure III. 2), a notably 

faster removal of diclofenac was observed, with almost a 30-fold increase of k (0.065 h-1, Table III. 1). 

Manganese-free controls did not show any removal of diclofenac. From these results, it can be 

concluded that the ongoing bacterial oxidation of manganese is required for the removal of 

diclofenac. If only chemical processes were involved (e.g. oxidation by the MnO2), a faster removal of 

diclofenac would be expected when preformed Bio-MnOx was already present.  

 

Combining all of the above results, a three-step model of the oxidizing activity of Bio-MnOx can be 

made: (1) Mn2+ is oxidized to a ligand-bound Mn3+ intermediate, presumably by a multicopper 

enzyme of Pseudomonas putida, (2) this Mn3+ intermediate can either be further oxidized to MnIV 

oxide, plausibly by enzymes on the cell surface, or (3) the reactive Mn3+ intermediate can oxidize 

other compounds, such as micropollutants, upon which Mn2+ is formed again. With these three 

distinctive steps in consideration, the schematic model of the Bio-MnOx-catalyzed oxidation of 

micropollutants of Hennebel et al. (2009a) (Figure I. 5 of the Introduction) can be adjusted as follows 

(Figure IV. 1): 
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Figure IV. 1 Model of the oxidizing capacity of Bio-MnOx and the associated bacteria toward organic 

micropollutants such as diclofenac. See the text for explanation. 

 

 

This model implies that, once MnO2 is formed, it will no longer contribute to the degradation of 

diclofenac. Thus, for practical implications in water purification systems, the manganese oxidizing 

bacteria should be kept metabolically active, to promote the continuous formation of Mn3+ 

intermediates and the recycling of the manganese oxides. Moreover, the cyclic oxidation/reduction 

of Mn2+ and Mn3+ should be optimized, while the ‘trapping’ of manganese into MnO2 should be 

limited. To this purpose, specific mutant strains of Pseudomonas putida could prove useful, such as 

the strains GB-1-006 or MnB1-UT303, which are known to be capable of producing Mn3+ 

intermediates, but no MnO2 (Baron, 2004). When working with the wild type of Pseudomonas putida 

in a continuous micropollutant removal setup, it might prove beneficial to lower the dissolved 

oxygen concentrations. Theoretically, in the presence of oxygen (standard electrode potential E0 of 

O2/H2O = 1.23 V), Mn3+ is expected to disappear both by oxidation to MnO2 (E
0 of MnO2/Mn3+ = 0.95 

V) as well as by reduction to Mn2+ (E0 of Mn3+/Mn2+ = 1.51 V). Lowering the dissolved oxygen 

concentration would result in a lowered electrode potential of the solution (i.e. a more reducing 

environment), and would therefore disfavor the oxidation of the produced Mn3+ intermediates, while 

favoring their reduction to Mn2+. However, this is only expected to be true within certain limits, since 

the manganese-oxidizing activity of Pseudomonas putida (i.e. the formation of Mn3+ intermediates) 

also depends on the oxygen concentration, with an optimal manganese-oxidizing activity at 26% 

saturation (Okazaki et al., 1997). It remains to be investigated at which electrode potential 

micropollutants are optimally removed by the ongoing manganese-oxidation of Pseudomonas putida. 

However, the effect of a lower oxygen supply on the removal of diclofenac during the ongoing 

manganese oxidation was briefly tested in a membrane bioreactor (Section 5 of the Discussion). 

In the practical use of manganese-oxidizing bacteria in continuous water purification systems, it can 

be expected that, eventually, complete oxidation to MnO2 will occur, regardless of how well the 

reduction of the Mn3+ intermediates to Mn2+ is stimulated. Furthermore, manganese might 

continuously be washed out of the system because of incomplete (re-)oxidation of Mn2+. A 

continuous addition of a small amount of MnCl2 might thus be required to keep the removal of 

micropollutants ongoing. In cases where the inflowing water does not contain sufficient carbon 

compounds (COD) to keep the heterotrophic Pseudomonas putida metabolically active, it might also 

be essential to provide an energy source, such as glucose. 
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It is important to remember that some micropollutants, such as triclosan, chlorophene and 17α-

ethynylestradiol, have been shown to react with MnO2 in a purely chemical manner (Zhang & Huang, 

2003; Sabirova et al., 2008). Consequently, the importance of reactive Mn3+ intermediates for the 

degradation of a micropollutant will depend on the stability and structure of the specific compound. 

In water treatment applications, it will only be necessary to keep the manganese-oxidizing process 

ongoing when those micropollutants need to be removed that are not degraded by Bio-MnOx as 

such, such as diclofenac. The removal of, for example, triclosan, chlorophene and 17α-

ethynylestradiol should preferably be optimized in a different manner (e.g. by producing high 

concentrations of preformed Bio-MnOx). 

 

 

3 Interaction between manganese oxides and silver 

Silver nanoparticles currently receive great attention, because of their wide industrial and medical 

applicability as antimicrobial and antiviral agents (Klasen, 2000; Sun et al., 2005; Yoon et al., 2008) 

(Section 2.1.1 of the Introduction). Therefore, it is not surprising that silver nanoparticles are under 

investigation for water treatment purposes: chemically produced (Jain & Pradeep, 2005; Nangmenyi 

et al., 2009) and biogenic (De Gusseme et al., 2010; De Gusseme et al., 2011) silver nanoparticles 

have shown their use for the disinfection of water contaminated with bacteria and viruses. 

Additionally, silver is used as a catalyst in a range of redox reactions. Nanoparticles are known to 

catalyze the reduction of dyes (Jiang et al., 2005) or the oxidation of styrene at high temperatures 

(Chimentão et al., 2005; Xu et al., 2006a), while ionic silver catalyses the oxidation of nitronates and 

persulfates (King, 1927; Pagano & Shechter, 1970). However, whereas silver compounds are 

generally weak redox catalysts, studies have demonstrated a sensitive increase in activity for 

composite metal catalysts (Section 2.3 of the Introduction): Haruta and Sano (1983) demonstrated a 

higher activity of Ag – Co and Ag – Mn composite oxides for the oxidation of hydrogen gas and 

carbon monoxide in comparison with the single component oxides. Comparable results were 

obtained for the catalytic oxidation of volatile organic compounds (Luo et al., 1998). The interaction 

between silver and manganese in a composite catalyst was explained as a cooperative effect, in 

which lattice oxygen is easily transferred between manganese and silver, thus overcoming the rate-

limiting step of reoxidation that restricts the activity of a single silver oxide catalyst (Imamura et al., 

1988). However, the application of silver – manganese composite oxides is only well developed for 

the oxidation of certain gaseous compounds at high temperatures. No studies were found that could 

demonstrate the activity of such catalysts in an aqueous solution at room temperature; conditions 

that are common in applications for water treatment. 

This research is innovative in its use of silver as a catalyst for the removal of micropollutants for 

water treatment purposes. In a series of experiments, the catalytic activities of both ionic silver and 

Bio-Ag0 were tested for diclofenac as a model compound, and a focus was laid on revealing 

interactions between silver species and manganese oxides. 
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Bio-Ag0 is a mixture of dead cell mass of Lactobacillus fermentum with metallic silver nanoparticles 

attached to it and the silver ions that these release. No degradative capacities toward diclofenac 

could be observed using Bio-Ag0 as such (Figure III. 6). However, if Bio-Ag0 was combined with Bio-

MnOx, a good removal was observed, with a decrease by 97 ± 0.4 % in 76 hours (for 6.55 Mn2+ L-1 as 

Bio-MnOx and 10 mg L-1 silver as Bio-Ag0, Figure III. 7) and a removal of 99 ± 0.4 % in 21 hours (for 

32.8 Mn2+ L-1 as Bio-MnOx and 50 mg L-1 silver as Bio-Ag0, Figure III. 8). A respiking experiment (Figure 

III. 14) clearly rejected the possibility of sorption as the operation mechanism of this Bio-Ag0 – Bio-

MnOx mixture, indicating the catalytic nature of the diclofenac removal (Section 1.2 of the 

Discussion). 

A combination experiment, in which manganese-free Pseudomonas cultures and Bio-MnOx were 

combined with silver nitrate and Bio-Ag0, revealed that silver ions (from AgNO3) and metallic silver 

(from Bio-Ag0) are comparable in their enhancing effect on the removal capacities of Bio-MnOx 

toward diclofenac (Figure III. 9). Since Bio-Ag0 is known to gradually release silver ions (Zodrow et al., 

2009), it is therefore presumed that the interaction effect between Bio-MnOx and the silver species 

is due to certain activities of ionic silver. 

It can be concluded that silver and biogenic manganese oxides cooperate in a synergistic manner, 

raising the diclofenac removal rate to a higher level than would be expected from combining the 

removal rates of both separately: Bio-MnOx alone showed little to no diclofenac removal (k = 0.0023 

h-1) and Bio-Ag0 or Ag+ in distilled water had no effect at all, while Bio-Ag0 or Ag+ combined with Bio-

MnOx showed removal rates of k = 0.016 and 0.017 h-1, respectively (Table III. 1). 

Surprisingly, the removal rate of diclofenac already increased when Bio-Ag0 was combined with 

manganese-free Pseudomonas biomass (k = 0.006 h-1, Table III. 1; Figure III. 7 and Figure III. 8). A 

possible explanation could be that released silver ions react with the bacteria and create reactive 

oxygen species (ROS), such as oxygen ions and peroxides. Both ionic silver (Matsumura et al., 2003; 

Park et al., 2009) and silver nanoparticles (Su et al., 2009; Sintubin et al., 2011) have been shown to 

interact with the cell wall and intracellular respiratory enzymes of bacteria, thereby creating ROS. 

The formation of these ROS are a partial explanation for the antibacterial action of silver species. 

Given the susceptibility of diclofenac toward oxidation by reactive oxygen species (Hofmann et al., 

2007; Sein et al., 2008), it is plausible that the observed removal of diclofenac in the presence of Bio-

Ag0 in a Pseudomonas putida culture is due to reactions with produced ROS. Further experiments are 

required to show an increased amount of ROS when Pseudomonas is triggered by silver, and their 

effect on the removal of diclofenac. 

 

To address the question whether the influence of silver on the removal capacities of Bio-MnOx 

toward diclofenac is a specific effect of silver, an experiment was performed with Bio-MnOx 

combined with iron and gold (Figure III. 12). Iron might be an effective substitute for silver in the 

silver – Bio-MnOx experiments because of its catalytic properties in oxidation reactions (e.g. its use in 

Fenton’s reagents, Section 1.4.1 of the Introduction), while a gold(III) compound might have a 

comparable effect because of its catalytic properties toward organic compounds (Dyker, 2000) and 

its antibacterial action (Fricker, 1996). The latter might induce comparable physiological reactions in 
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Pseudomonas putida as silver, and therefore influence the degradation of diclofenac. Yet, no removal 

of diclofenac was observed in batches with Fe2+ or Au3+ added to Pseudomonas cultures, while no 

substantial differences were observed in diclofenac removal by Bio-MnOx, Bio-MnOx + Fe and Bio-

MnOx + Au (59 ± 9 %, 61 ± 5 % and 77 ± 3 % removal after 167 hours, respectively). Whereas Bio-

MnOx as such has been shown to have little to no removal capacity toward diclofenac (Section 2 of 

the Discussion), the reason why diclofenac decreased by 59% in this experiment might be because of 

an increased metabolic activity of Pseudomonas or an unfinished oxidation of manganese at the start 

of the experiment. In any case, it is concluded that no catalytic interaction effects are seen between 

Bio-MnOx and iron or gold in the degradation of diclofenac. The degradative interaction that was 

observed between biogenic manganese oxides and silver species might be strictly limited to the two 

respective metals. 

 

In subsequent experiments, the question was addressed whether MnO2 – Ag2O composite catalysts 

are catalytically active in an aqueous solution at ambient temperatures, and can contribute to the 

degradation of micropollutants. Moreover, since it was argued that an aquatic mixture of Bio-MnOx 

and silver could possibly result in the formation of Mn – Ag composite oxides (Section 2.3 of the 

Introduction), attempts were made to explain the enhancement of the catalytic activity of Bio-MnOx 

by Bio-Ag0 and Ag+, as observed in the aforementioned experiments with diclofenac, as resulting 

from an interaction between MnO2 and Ag2O catalysts. 

MnO2, Ag2O and MnO2 – Ag2O composite catalysts were produced as described by Haruta and Sano 

(1983). The concentration of diclofenac was monitored during treatment with this Mn – Ag 

composite oxide (3.85 mg Mn L-1 and 3.24 mg Ag L-1) and with controls consisting of separate MnO2 

(5.49 mg Mn L-1), Ag2O (10.8 mg Ag L-1) and a mixture of separately precipitated MnO2 and Ag2O (3.85 

mg Mn L-1 and 3.24 mg Ag L-1). No diclofenac removal could be observed. This indicates that chemical 

MnO2 – Ag2O composite catalysts are not readily active toward diclofenac degradation at the 

tested conditions. 

X-ray diffraction analysis (XRD) was performed on samples of Bio-MnOx with Ag+ and Bio-MnOx with 

Bio-Ag0, with a known capacity to remove diclofenac in the same conditions (see above). From the X-

ray diffraction pattern, the presence of silver chloride and, when added, metallic silver could be 

demonstrated, but no Ag2O was detected (data not shown). Even with the consideration that XRD 

analyses only detect crystalline substances that are present at a certain relative abundance, these 

results indicate that mixtures of Bio-MnOx and silver species operate in a different manner for the 

removal of diclofenac than by the activity of formed MnO2 – Ag2O catalysts. 

  

No definite conclusions could be made with regard to the mechanism of the observed manganese – 

silver interaction for the catalytic degradation of diclofenac. Yet, certain observed principles provide 

important indications for further research. These are: (1) under the tested conditions, no chemically 

produced manganese and silver species (MnO2, Ag+, MnO2 combined with Ag+, Ag2O, MnO2 combined 

with Ag2O, MnO2 – Ag2O composite) showed any diclofenac removal capacities, apart from sorption 

effects; (2) Pseudomonas putida biomass enhanced the catalytic activity of silver species (Ag+ and 
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Bio-Ag0), resulting in a slow diclofenac removal; (3) Bio-Ag0 as such did not show any diclofenac 

removal capacities; (4) preformed Bio-MnOx showed little to no diclofenac removal capacities, and 

occasional diclofenac removal is presumed to result from late ongoing manganese oxidation (Section 

2 of the Discussion); (5) Bio-MnOx enhanced the catalytic activity of silver species (Ag+ and Bio-Ag0), 

resulting in a good diclofenac removal. These principles are summarized in Figure IV. 2. 

  

 

 

Figure IV. 2. Observed catalytic activity of different chemical and biological manganese and silver 

species toward the degradation of diclofenac, and the respective postulated removal mechanisms. 

N/a indicates no removal mechanism is applicable. See text for details. 
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Besides their applicability for water disinfection (Nangmenyi et al., 2009; De Gusseme et al., 2011), 

silver species thus appear to have a potential contributing role in the catalytic degradation of 

micropollutants. Whereas apparently both ionic silver and metallic silver nanoparticles can enhance 

the catalytic properties of Bio-MnOx toward diclofenac, the application of either one of these silver 

species in water treatment will conceivably have its specific advantages. Ionic silver is more practical 

in use and has a lower cost (i.e. Bio-Ag0 needs to be freshly produced from silver nitrate). Yet, the use 

of Bio-Ag0 would be preferable in situations where a localized immobile phase is needed, e.g. for the 

retention of the catalyst in biofilms or membrane reactors. Immobilized in PVDF membranes, Bio-Ag0 

has been shown to disinfect water contaminated with viruses, presumably via the slow release of 

silver ions (De Gusseme et al., 2011; Sintubin et al., 2011). Because of this slow release, Bio-Ag0 is 

especially suitable for long-term applications. When used in combination with Bio-MnOx, Bio-Ag0 

could, in addition to disinfecting the water, actively remove micropollutants. This auspicious dual 

activity of Bio-Ag0 makes it even more valuable for (drinking) water treatment. For a further 

understanding of the potential use of this catalyst, it is suggested that future research should focus 

on identifying the reaction mechanisms by which diclofenac is removed, determining the optimal 

conditions for removal, and assessing the removal of other micropollutants. 

 

 

4 Transformation products and oxidation mechanism 

Diclofenac can be degraded by physicochemical or biological processes (Section 1.5 of the 

Introduction). The most common transformation products by treatment with ozone, peroxide or 

hydroxyl radicals are 5-hydroxydiclofenac and other forms of hydroxydiclofenac, diclofenac-2,5-

iminoquinone, 2,6-dichloroaniline, 2-aminophenylacetic acid and, after opening of the ring structure, 

a range of carboxylic acids that are easily degradable (Hofmann et al., 2007; Sein et al., 2008). The 

main degradation pathway of diclofenac by bacterial metabolism was identified as an oxidation to 5-

hydroxydiclofenac followed by an (aut)oxidation to diclofenac-2,5-iminoquinone (Gröning et al., 

2007). Likewise, these two compounds were the only metabolites detected for diclofenac 

degradation by Bio-MnOx (Forrez et al., 2010), but only accounted for 5 – 10 % of the total diclofenac 

removal. As no studies have reported the degradation of diclofenac by silver species yet, no specific 

information is available about the transformation products. However, if the degradation of 

diclofenac by silver in the presence of bacterial biomass is mainly mediated by the formation of ROS 

(Section 3 of the Discussion), it can be expected that the same reaction products are formed as in 

treatment with ozone or peroxide. 

 

In this research, no identifiable transformation products were detected by LC-MSn analysis. Only 

traces of the putative compounds 2,6-dichloroaniline and 3,4-dihydroxy-2,6-dichloroaniline were 

found in batches where Bio-MnOx was combined with Bio-Ag0. Consequently, no mass balance could 

be made for the transformation reactions of diclofenac. The absence of detectable metabolites in the 

HPLC and LC-MSn analyses might indicate that the ring structures of diclofenac are opened during 
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transformation, resulting in metabolites that are ineffectively separated in the chromatography 

columns. Alternatively, diclofenac might be completely mineralized because of the formation of 

easily biodegradable metabolites upon initial oxidation. 

 

4.1 Removal of APAA 

 

To gain further understanding of the degradation mechanism of diclofenac, removal experiments 

were conducted with 2-anilinophenylacetic acid (APAA), the dechlorinated form of diclofenac. This 

might answer the question whether the chlorine moieties play a specific role in the degradability of 

diclofenac by manganese and silver species. 

APAA (3 mg L-1) was added to a Pseudomonas putida culture during active oxidation of manganese 

(3.28 mg Mn2+ L-1) (Figure III. 16). A removal by 85 ± 1 % was observed in less than 68 hours, while no 

APAA was removed in a manganese-free Pseudomonas control. Although APAA was readily removed, 

this occurred at a considerably lower rate than with diclofenac under comparable circumstances (96 

± 2 % within 44 hours, Figure III. 2). However, it must be noted that visible precipitation of Bio-MnOx 

only started 22 hours after the onset of the experiment, possibly due to too young cultures of 

bacteria. It is known that Pseudomonas putida only starts the oxidation of manganese in the early 

stationary phase of growth (Okazaki et al., 1997). Therefore, the late onset of manganese oxidation 

might have biased the APAA removal rate. 

Since both diclofenac and APAA are removed during the ongoing oxidation of manganese by 

Pseudomonas putida, although perhaps at a different rate, it can be concluded that the chlorine 

moieties of diclofenac do not affect its principal degradation pathway, which is likely to involve a 

hydroxylation of the ring structure. 

 

In a subsequent experiment, APAA (3 mg L-1) was added to a combination of Bio-MnOx (3.28 mg Mn 

L-1) and Bio-Ag0 (5 mg Ag L-1) (Figure III. 17). APAA was reduced by 82 ± 8 % after 44 hours. In the 

control group, containing only Bio-Ag0 in a manganese-free Pseudomonas culture, a considerably 

faster reduction of 90 ± 2 % after 19 hours was observed, indicating that manganese oxides are not 

required for the degradation of APAA by Bio-Ag0, and even interfere with it. On the contrary, a 

catalytic interaction effect was observed between Bio-MnOx and silver species for the removal of 

diclofenac (Section 3 of the Discussion). This indicates that the chlorine moieties of diclofenac 

influence its degradability by Bio-Ag0, and that the removal mechanism of APAA might be different 

to that of diclofenac. Perhaps APAA is more sensitive to degradation by the ROS that are produced in 

the bacterial cells by silver ions (Section 3 of the Discussion). This might also explain why APAA is 

removed at a higher rate in the absence of manganese, since the depositions of Bio-MnOx on the 

bacterial cell wall are expected to obstruct cross-membrane transport. 

 

APAA and diclofenac are equally degradable under active manganese oxidation by Pseudomonas 

putida, but stay inert in manganese-free cultures. In contrast, in the presence of Bio-Ag0, APAA is 

much more sensitive toward degradation than diclofenac, the latter only readily removed in the 
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presence of both Bio-Ag0 and Bio-MnOx. This illustrates the different modes of action of silver 

catalysts combined with Bio-MnOx, versus ongoing manganese oxidation processes to degrade 

diclofenac. The first likely involves catalytic processes or the production of ROS, the latter is likely 

due to the creation of highly oxidative Mn3+ intermediates. 

 

4.2 Removal of diatrizoate and DAB 

 

Regardless of the reaction mechanisms, the successful degradation of APAA opens perspectives for a 

stepwise water treatment with several catalysts for the complete removal of recalcitrant 

pharmaceuticals. APAA is the end metabolite of the reductive treatment of diclofenac with, for 

example, biogenic palladium (De Gusseme et al., in press-a). After dechlorination by palladium, the 

resultant APAA can easily be degraded in a Bio-MnOx – Bio-Ag0 unit or, alternatively, in an active 

manganese oxidizing reactor. Reductive treatments are especially effective against X-ray contrast 

media, in which steric hindrance by large iodine atoms inhibit oxidative degradation (Ternes et al., 

2003; Seitz et al., 2008). After reductive dehalogenation, an oxidative treatment of the resulting 

byproducts with Bio-MnOx and/or Bio-Ag0 might result in a complete mineralization. 

 

The possibility of removal of iodinated contrast media after reductive dehalogenation was explored 

in an experiment with diatrizoate and its deiodinated metabolite 3,5-diacetamidobenzoate (DAB) in a 

Pseudomonas putida culture during active oxidation of manganese (3.28 mg Mn2+ L-1) (Figure III. 18 

and Figure III. 19). However, DAB appears to be equally resistant to degradation as diatrizoate, since 

no removal could be observed for either diatrizoate or DAB. This indicates that active manganese 

oxidation might not generate a sufficiently strong oxidizing capacity to degrade X-ray contrast media 

and their metabolites, even if steric hindrance by the iodine atoms is no longer an issue. Still, it 

remains a question as to what extent the deiodinated metabolites of other X-ray contrast media are 

susceptible to oxidation by either active manganese oxidation or treatment with a mixture of Bio-Ag0 

and Bio-MnOx. 

 

 

5 Continuous removal of diclofenac in a membrane reactor 

Traditional water treatment is a continuous process. While wastewater is continuously added, a 

constant flow of treated water leaves the system as effluent. When developing a novel water 

treatment technique, it is therefore important to explore its practical applicability in a continuous 

system. Eventually, further development should ideally result in an automatically operable unit that 

can easily be joined with the traditional activated-sludge water treatment chain. 

The potential to use Bio-MnOx in a membrane reactor has been studied by Forrez et al. (2011), who 

found that a range of micropollutants are efficiently removed from secondary wastewater effluent at 

a pH of 6.5. 
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In this study, the practical application of active biological manganese oxidation and nanosilver for the 

removal of diclofenac in water treatment was explored through pilot experiments with a lab-scale 

single-membrane reactor. Conditions that likely influence the removal rate of diclofenac in this 

reactor were varied, such as the aeration rate, the hydraulic retention time and the pH. The influent 

consisted of a tenfold diluted growth medium spiked with diclofenac, as an artificial wastewater. 

After an initial manganese-free period, Mn2+ (3.28 mg L-1) was continuously added, to ensure ongoing 

manganese oxidation, and Bio-MnOx concentrations therefore continuously increased. Bio-Ag0 was 

only added at the end of both reactor runs, since the antimicrobial activity of silver would likely 

inhibit further growth and metabolism of Pseudomonas putida.  

Throughout the experiments, diclofenac was found to be only partially removed (Figure III. 20 and 

Figure III. 21), with the highest removal percentage (45.5%) reached when manganese was oxidized 

while air was only supplied 50% of the time, with intervals of one hour. Thus, the removal of 

diclofenac appears to be enhanced at a lower oxygen supply, which is in concordance with earlier 

considerations: a lower oxygen concentration would theoretically be expected to disfavor complete 

oxidation of manganese to MnO2, while favoring oxidative reactions by the produced Mn3+ 

intermediates (Section 2 of the Discussion). Other diclofenac removal percentages were 30.1% (again 

when manganese was oxidized at 50% aeration time), 26.4% (when Bio-Ag0 was added) and 15.5% 

(when the hydraulic retention time was increased to 72 h and at 33% aeration time). 

Clearly, optimal conditions for the removal of diclofenac in a continuous reactor have yet to be 

found, since much higher removal percentages can be reached with identical concentrations of 

diclofenac and manganese in batch (e.g. Section 2 of the Discussion). The highest observed removal 

percentage was 45.5%, corresponding with a removal rate of 0.72 mg diclofenac L-1 d-1. However, 

the influent concentration of diclofenac (3 mg L-1) was much higher than in secondary wastewater 

effluent, where diclofenac concentrations typically range between 0.25 and 5.45 µg L-1 (Andreozzi et 

al., 2003). A lower, more realistic concentration of diclofenac could therefore result in higher 

removal percentages. This is in agreement with Forrez et al. (2011), who found diclofenac removal 

percentages that stabilized around 60% when a reactor containing Bio-MnOx was dosed with 3 mg L-1 

diclofenac, but this increased to 86% under the same conditions, when diclofenac was present in 

concentrations between 0.4 and 0.8 µg L-1. Likewise, higher diclofenac removal efficiencies can be 

expected when an active manganese oxidizing or Bio-Ag0 reactor is operated at environmentally 

relevant diclofenac concentrations. 

Conversely, a decentralized treatment of concentrated waste streams from point sources might 

increase overall micropollutant removal efficiencies (Section 1.4.2 of the Introduction). For example, 

separately collected urine from hospitals contains high concentrations of micropollutants. If these 

are treated separately, before discharge into the sewer system, higher overall removal efficiencies 

are expected because dilution of the pollutants by the sewer system is avoided, and the low 

concentration of ‘background’ organic matter benefits the specificity of the treatment methods 

(Larsen et al., 2004). Further research is needed to evaluate to which purpose the micropollutant 

removal capacities of manganese and silver catalysts are optimally applicable, i.e. for the 
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pretreatment of highly concentrated waste streams such as urine, or for a final polishing of highly 

diluted compounds for the production of drinking water. 

 

It must be noted that during the active oxidation of manganese, a continuous build-up of the Bio-

MnOx concentration was observed in the experiments. This is no surprise; however, it compromises 

the determination of the diclofenac degradation rate, since continuous sorption onto the freshly 

formed Bio-MnOx is also expected to occur (Section 1.1 of the Discussion). In a practical application 

of ongoing manganese oxidation as a technology for water treatment, the excess Bio-MnOx will 

regularly have to be removed (to prevent clogging of the reactor) and treated (because of the sorbed 

micropollutants). Moreover, since it is more technically demanding to ensure a continuous active 

oxidation of manganese by Pseudomonas putida, it is presumably recommendable to develop a 

technology based on the second micropollutant degradation principle, i.e. with a mixture of Bio-

MnOx and Bio-Ag0. Even though biogenic silver is more costly than manganese, only a fixed dose of 

Bio-MnOx and Bio-Ag0 will have to be applied at the startup of the reactor, while contamination with 

other bacteria will presumably have little effect on its overall performance, given the antimicrobial 

effects of Bio-Ag0. A cost analysis of a membrane reactor containing Bio-MnOx and silver is provided 

in the following section. 

 

 

6 Economic aspects 

Complementary to fundamental evidence, economic aspects have to be considered when assessing 

an innovative technique for the removal of micropollutants. After the example of Simoen (2008), a 

cost analysis of a continuous Bio-MnOx membrane bioreactor supplied with Bio-Ag0 is presented, in 

order to investigate the practical feasibility of the removal of diclofenac with Bio-MnOx and Bio-Ag0 

and its potential to compete with well-established techniques such as ozonation. 

 

6.1 Cost analysis for a Bio-MnOx membrane bioreactor 

 

In contrast to the lab-scale reactor that was used for experiments, a cost analysis is given for a 

stainless steel reactor with a total volume of 1 m3. The hydraulic retention time is somewhat 

arbitrarily chosen to be 24 h, in concordance with the rate of diclofenac removal that was observed 

for high concentrations of Bio-MnOx and Bio-Ag0 in batch tests (e.g. Figure III. 8). Although the 

experiments in a continuous membrane bioreactor could not determine conditions at which 

diclofenac was completely removed (Section 12 of the Results), this cost analysis assumes that 

complete removal will be reached, provided that further research is performed on optimal reactor 

conditions. Moreover, whereas all experiments were performed at a diclofenac concentration of 3 

mg L-1, a higher removal percentage is to be expected at the (lower) concentrations at which 

diclofenac is typically present in wastewater (Section 5 of the Discussion). Therefore, it seems 

plausible to assume a complete diclofenac removal in this hypothetical reactor. At a hydraulic 
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retention time of 24 h, this reactor will deliver a flow of 41.67 L of treated water per hour, or 365 m3 

of treated water per year. 

 

6.1.1 Capital investment costs 

 Reactor costs: the price of a 1 m3 stainless steel reactor is estimated at € 2000 (Simoen, 2008). 

 Membrane costs: a total membrane surface of 20 m2 is considered. This corresponds to a 

membrane surface to reactor volume ratio of 20 m2 L-1, which is higher than the ratio of the lab-

scale reactor that was used in the experiments (15 m2 L-1), to provide a safety margin. At a price 

of € 75 per m2 (Kubota membrane), the total membrane cost amounts to € 1500. 

 Aeration pumps are not included in the investment costs, since this is strongly depending on the 

aeration technique used in the overall water treatment process (e.g. compressed air). 

 

Total costs: € 3500 per m3 of reactor material. If these costs are paid off in three years, with an 

interest of 10% per year, an annuity of € 1420 is obtained. 

 

6.1.2 Operating costs 

 Pseudomonas putida: 1 m3 bacterial suspension is needed at a concentration of 3 kg CDW m-3. If 

these bacteria grow in situ from a starter culture of 0.3 kg CDW m-3, a carbon source such as 

glucose will need to be supplied temporarily. Assuming a cell yield of Y = 0.4 g CDW per g COD 

consumed (1 g glucose = 1.07 g COD), 6.3 kg of glucose will be needed. This procedure needs to 

be repeated three times per year, to refresh the bacterial suspension. At a price of € 600 kg-1 

CDW for a bacterial culture (Artechno) and an industrial price of € 1 kg-1 glucose, this results in a 

yearly cost of € 560 y-1. 

 Manganese chloride for the production of Bio-MnOx: € 70 kg-1 (Sigma-Aldrich), or € 250 per kg 

Mn2+. The manganese supply in a reactor filled with 1 m3 of a Bio-MnOx solution of 32.8 mg Mn 

L-1, which is refreshed three times per year would therefore cost € 25 y-1. 

 Bio-Ag0 needs to be supplied at a concentration of 50 mg Ag L-1. If this were replaced three times 

per year, 150 g Ag would be required every year. This is produced from Lactobacillus fermentum 

at a ratio of 1 g Ag : 4.6 g CDW. At a price of € 2600 kg-1 ionic silver (Sigma-Aldrich) and a price of 

€ 600 per kg bacterial CDW, this results in an estimated cost of € 800 y-1 for Bio-Ag0.  

 Labor: three times per year, the reactor content needs to be refreshed, which takes one day. At 

a gross labor cost of € 35 h-1 (Eurostat, 2011), this totals to € 840 y-1.  

 Energy consumption: only the energy consumption resulting from aeration will be taken into 

account. At a standard power density of 0.1 kW m-3 and assumed that the reactor will be 

continuously aerated, there is an energy consumption of 900 kWh y-1. At a price of € 0.1 kWh-1, 

this totals to an energy cost of € 90 per year. 

 

Total operating costs: € 2320 per m3 reactor per year. 
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6.1.3 Total costs  

With a total investment cost of € 3500, included as an annuity of € 1420 in the first three years, and a 

total operating cost of € 2320 y-1, the Bio-MnOx – Bio-Ag0 membrane bioreactor will have an annual 

cost of € 3740 per m3 of reactor infrastructure in the first three years, followed by a cost of € 2320 y-1 

over the following years. The yearly operating costs, with inclusion of the investment costs, are 

represented in Figure IV. 3. 

 

 

 

 

Figure IV. 3. Yearly operating costs of a Bio-MnOx – Bio-Ag0 membrane reactor with a volume of 1 

m3, with inclusion of the capital investment costs (Reactor + Membranes) as an annuity over the first 

three years of operation. 

 

 

It must be noted that this cost analysis only includes the most specific aspects of the membrane 

bioreactor. In a more realistic scenario, extra investment and operating costs should be expected, 

e.g. because of technical support, installation and maintenance costs. 

If this hypothetical reactor operates at a hydraulic retention time of 24 h, 365 m3 of water will be 

treated per year. Expressed per cubic meter of treated water, the application of Bio-MnOx and Bio-

Ag0 as a technology for the removal of micropollutants from secondary wastewater effluent will have 

an initial estimated cost of € 10.2 m-3, which will stabilize to € 6.3 m-3 after repayment of the 

investment costs. 

The total cost of a continuous micropollutant removal by ozonation after traditional activated sludge 

treatment was estimated between 0.05 and 0.20 € m-3. (Moser & Rosenstiel, 2007, in: Joss et al. 
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2008). Likewise, the total costs of an additional activated carbon filtration step to remove 

micropollutants is estimated at 0.08 to 0.20 € m-3 (Joss et al., 2008). Consequently, the costs of water 

treatment with Bio-MnOx and Bio-Ag0 will have to decrease by a factor 20 to 100 in order to be 

competitive with large-scale ozonation and activated carbon filtration. 

 

It is recommended that further research be focused on exploring the economic feasibility of diverse 

applications of Bio-MnOx and Bio-Ag0 for the removal of micropollutants, such as micropollutant 

removal in the production of drinking water, or the local treatment of concentrated waste streams 

(e.g. small-scale domestic wastewater treatment, separately collected hospital urine). In such niches, 

higher treatment costs may be considered acceptable, because of the importance of an efficient 

removal of the micropollutants that are present. Moreover, the sustainable nature of the Bio-MnOx 

– Bio-Ag0 catalyst treatment gives it an intrinsic advantage over treatment techniques in which 

chemicals or substrates continuously need to be resupplied, such as activated carbon filtration, 

ozonation and reductive treatments with hydrogen gas using palladium catalysts. Provided that a 

further optimization of the efficiency and costs is reached, Bio-MnOx and Bio-Ag0 certainly offer 

promising perspectives for the removal of persistent chemicals in the water treatment process. 
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V. Conclusions 
 

This research has elaborated on the use of biogenic manganese and silver species as innovative 

techniques for the oxidative and catalytic removal of micropollutants, with diclofenac as a model 

compound. In respect to the formulated hypotheses, the following conclusions can be made: (1) 

preformed Bio-MnOx does not show degradative capacities for diclofenac; (2) the active manganese-

oxidizing metabolism of Pseudomonas putida enhances the degradation of diclofenac; (3) silver 

species as such are not catalytically active toward the degradation of diclofenac, although diclofenac 

is removed by Bio-Ag0 and Ag+ in the presence of Pseudomonas biomass; (4) the addition of silver 

species enhances the degradation of diclofenac by Bio-MnOx; although (5) this enhancement cannot 

be explained as a cooperative interaction between manganese and silver oxides. 

The mechanisms of diclofenac removal were tentatively identified as (1) the production of reactive 

ligand-bound Mn3+ intermediates during the oxidation of Mn2+ by Pseudomonas putida; (2) the 

production of reactive oxygen species when silver reacts with the cell wall and intracellular enzymes 

of Pseudomonas putida; and (3) an unknown interaction effect between preformed Bio-MnOx and 

silver species, by which diclofenac degradation is enhanced. 

The practical applicability of manganese and silver species for a continuous removal of 

micropollutants was explored in experiments with a membrane bioreactor. The highest diclofenac 

removal percentage (45.5%, corresponding with a removal rate of 0.72 mg diclofenac L-1 d-1) was 

reached during active manganese oxidation by Pseudomonas putida at a lowered oxygen supply. A 

diclofenac removal percentage of 26.4% was reached when both Bio-MnOx and Bio-Ag0 were present 

in the reactor. An economic analysis reveals that the application of biogenic manganese and silver 

species is not yet cost-efficient enough to compete with other techniques for the removal of 

micropollutants, such as ozonation and activated carbon filtration. 

Ideally, further research should focus on determining the range of different micropollutants that can 

be removed by these catalysts, optimizing the removal conditions, unraveling the reaction 

mechanisms and identifying the formed metabolites. Finally, by increasing overall removal 

efficiencies, the economic feasibility of water treatment with Bio-MnOx and Bio-Ag0 needs further 

improvement, in order to transform this promising, innovative technique into an effective, proven 

solution to the problem of recalcitrant organic water pollution. 
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