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1 Introduction 
 

The main focus of this research was on removing selenium from wastewater, 

emphasising the potential for its microbial recovery. In this introduction, we first 

mention briefly the main selenium chemicals and selenium valences that are 

important in the context of this thesis. We go on to discuss the economic value and 

toxicity of selenium, and waste streams as a potential source of selenium – all good 

reasons to improve the bio-recovery of selenium from wastewater streams. Further, 

we explain selenate bio-reduction and the complexities involved in controlling the 

reduction process in the bioreactors as well as the stability of the selenium particle. 

Finally, we present two possible microbial reduction routes which we researched with 

the aim of obtaining larger selenium particles from wastewater. 

1.1 Motivation for biological selenium recovery 

1.1.1 Selenium 

Selenium, element 34 in the periodic table, which is classified as a metalloid or a 

non-metal, belongs to the chalcogenide group. The chemical properties of selenium 

resemble those of sulphur (Wessjohann et al. 2007) and selenium, like sulphur, can 

be oxidized and reduced. It has four main redox valences: +6, +4, 0 and -2. The most 

important selenium chemicals discussed in this thesis are shown in Figure 1.1. 
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1.1.2. Selenium applications 

Selenium is used in a wide range of products. For an overview of uses of selenium 

see Table 1.1. Annual global production is estimated to be around 2500 tonnes 

(Group 2014, George 2014). In 2012 an estimated 40% was used for metallurgy 

processes and 25% in the manufacturing of glass (George 2014). 

Elemental selenium, redox valence 0, has some metallic properties such as a 

metallic appearance. The main application of elemental selenium is for colouring and 

decolouring glass. Furthermore, it has photovoltaic and photoconductive properties 

(photovoltaic means that light is converted to electric energy and photoconductive 

means that light reduces electrical resistance). For both properties selenium is used 

in optical electronic devices, and for manufacturing these devices high-quality (pure) 

selenium is required. Selenium sulphide (SeS2) is the working compound in anti-

dandruff shampoos and it may be present in concentrations of up to 2.5% w/v 

(Sanfilippo and English, 2006). Bioavailable selenate (6+) and selenite (4+) are used 

in the food industry, because selenium is an essential trace element for organisms 

including human beings. The human body needs an amount of 50-70 μg Se per day 

(Högberg and Alexander 2007). A shortage of selenium intake causes complications 

such as infectious diseases and cardiovascular diseases. An overview of selenium 

shortage and related diseases is provided by Högberg and Alexander (Högberg and 

Alexander 2007). Selenide – selenium in its most reduced form (-2) – is a reactive 

compound and highly toxic in gaseous form. Selenide is used in combination with 

other elements such as copper and gallium in photovoltaic systems. 
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Table 1.1: Products and applications for selenium 
 Name of 

compound  
Product/application  Source 

1 Sodium selenate 

  

-Fertilizers (Group 2014) 

2 Sodium selenite -Flat glass industry; Ceramic industry 

-Animal feed industry 

-Glass  

(Group 2014) 

(Scalet et al. 

2006) 

3 Zinc selenite  

Barium selenite

  

-Container glass 

-Glass  

-Pigment industry 

(Group 2014) 

(Scalet et al. 

2006) 

4 Selenium dioxide  -Galvanic industry   

-Manganese production 

(Group 2014) 

 

5 Selenium metal  

(Selenium with  

Tellurium, 

Chlorine, Arsenic,  

and others) 

-Glass decolouring (<2 ppm) ,Glass 

colouring (above 20 ppm) 

-Pigments 

-Battery production 

-Solar cells 

-rectifiers 

-Photocopier drums 

-Digital x-ray techniques 

-Selenium micro-tubes (potential use in 

micro-photo devices) 

-electro optical applications 

- Improve machinability of copper, lead, 

and steel alloys 

(Scalet et al. 

2006) 

(Group 2014, 

George 2014)  

 

 

6 Selenium 

(di)sulphide 

Anti-dandruff shampoos  

- up to 2.5% w/v; variable – labels of 

several shampoo brands  

(Sanfilippo and 

English 2006) 

7 Cadmium 

sulphoselenide 

Colouring plastics, ceramics and glass (George 2014) 
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1.1.3. Selenium price and production 

The price of selenium varies with changes in global supply and demand. The supply 

of selenium is closely correlated with the production of other elements, such as 

copper and nickel, because selenium is an important by-product from mining. 

Sometimes the demand for selenium is strongly affected by increased demand in 

other industries, such as manganese production in China (George 2014) or the 

production of solar cells. In the period from 2010 to 2013, prices for selenium have 

fluctuated from 77-146 U$ dollars per kg (George 2014)). 

 

Most selenium is extracted during copper mining. The world’s reserve selenium 

supply in copper mines is estimated to be around 120,000 tonnes (George 2014). 

Based on estimated current selenium production of 2500 tonnes per year (Group 

2014), existing methods will only allow selenium to continue to be produced from 

copper mines for a period of approximately 48 years, so its potential extraction from 

waste streams is very interesting economically in the long run. 

1.1.4 Selenium toxicity and selenium waste streams 

An amount of several mg of selenium oxyanions per kg of bodyweight per day is fatal 

for many animals (Högberg and Alexander 2007). A recommended upper limit for 

selenium in drinking water is 0.040 μg / litre (WHO 2011). Exceeding the standard 

intake of selenium, 50-70 μg per day (Högberg and Alexander 2007), results in 

selenosis, which leads to deformed hair, nails, teeth and skin lesions. The effects of 

selenium toxicity are reviewed by Högberg et al (Högberg and Alexander 2007), the 

link between selenium toxicity and cancer is described by Brozmanová et al 

(Brozmanová et al. 2010) and the impact of selenium on biological functions in the 

environment is discussed by Mehdi et al., (Mehdi et al. 2013). 

 

Selenium can be released into the environment by the selenium processing industry. 

But agricultural use of selenium and burning fossil fuels, for example in coal-based 

power plants, also results in higher selenium concentrations in certain areas. Under 

certain conditions selenate and selenite can be formed. These compounds are 

mobile in water leading to harmful accumulations in the environment. The global 

cycles of selenium, including industrial influences and dangerous accumulations, are 



5 
 

documented in detail by Winkel et al., 2011 (Winkel et al. 2011). 

 

Fortunately, most industries are required to limit discharges of selenium. The advised 

maximum for selenium discharge in industrial wastewater streams is 1 to 5 μg/L 

(Sandy and Disante, 2010). However, not all the wastewater streams or even natural 

water streams can meet this requirement. Table 1.2 briefly reviews some of these 

selenium waste streams. 

 
  



6 
 

Table 1.2 Selenium waste streams 
 

 

  

 Source Selenium amount Remark 

1 Selenium refinery plant 

Shinko Chemical Co. 

Ltd. Amagasaki City, 

Hyogo Prefecture.  

two samples: 13.2 and 

74 mg/L (mainly 

Selenite ) 

 

with pH 0.8 and 1.0 

(Soda et al. 2011) 

2 Autoclave leach 

solutions (Copper 

slimes) 

0.197 to 4.00 g/L. H2SO4 varied between 26.8 

and 112.9 g/l 

(Wang et al. 2003) 

3 Coal mine waters 

Coal contains 0.5 to 12 

ppm of selenium 

(George 2014) 

 

Coal mining waste 

streams 

22 to 500 μg/L Se 

Variable flow, variable 

concentration, contain nitrate, 

low levels BOD and COD 

(Envirogen 2011) 

4 Commonly in mining 

wastewater 3 to more 

than 12,000 μg/L 

(Envirogen 2011) 

 Gold mines 33 mg Se/L 

(McCloskey et al. 2008) 

 

5 Petroleum refinery Up to 1.8 mg/L Se Several selenium compounds, 

including selenite and 

selenate. (de Almeida et al. 

2009) 

6 Effluent from refinery:  0,043 mg Se/L (treated water) (Siddique et al. 

2007) 

7 Groundwater Up to 0.34 mg Se/L 75-meter deep groundwater 

(Bajaj et al. 2011) 

8 Secondary lead smelter 

effluent 

2,75 mg/L Se(VI) 

0,379 mg/L Se (IV) 

Also Pb, Fe, Sb (McCloskey et 

al. 2008) 
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1.1.5 Examples of biological selenium removal systems 

Currently, several biological water treatment options with a focus on removal are 

known. To give an impression of the dimensions of these systems, we describe two 

examples in some detail: (1) A plug flow bioreactor filtration system with facultative 

anaerobic bacteria accumulated selenium solids, which uses molasses as an 

electron donor. The accumulated selenium solids are removed from the reactor with 

high back flush wash. Effluent is below 5 ppb. (Pickett and Harwood, 2012). (2) 

Fixed-film fluidized bed reactors treating coal mine waters (line 3 Table 1-2). 

Hydraulic retention time (HRT) is around 10 minutes per reactor vessel and the flow 

is 15,261 m3/day. Reactors can be placed in series and the working temperature is 

around 4° to 10°C. Important factors are the dissolved oxygen concentration 11-13 

mg/L, pH value 7-8-9, nitrate concentration 6 to 40 mg/L (Envirogen 2011). Both 

examples involve the removal but not the recovery of selenium. 

1.1.6 Key objective 

The key objective of this thesis is to increase the amount of recoverable selenium by 

producing larger bio-selenium particles. 
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1.2 Selenium reduction in (bio)reactors 
To understand the effects of process conditions on biological selenium reduction 

processes, knowledge of both chemical and biological selenium reduction is required. 

1.2.1 Chemical selenium reduction 
With chemical selenate or selenite reduction the valence of the selenium atom is 

reduced (Figure 1.1) and electrons are accepted by the selenium atom. Such 

selenium reduction is a half reaction and, to complete the redox reaction, electrons 

need to be accepted from an oxidation reaction. The electron donor in chemical 

selenite reduction can be H2S (Pettine et al. 2011) and ascorbic acid (Pettine et al. 

2013). For balanced redox reactions the number of electrons which are transferred in 

both the reduction and oxidation reaction should be equal. The energy release in the 

redox reaction is affected by conditions such as the concentration of the substrates, 

concentration of the products and the pH could also be involved. 

H2SeO3 + 2H2S  SeS2 + 3H2O     (eq. 1.1) 

H2SeO3 + 2C6H8O6  Se0 + 2C6H6O6 + 3H2O    (eq. 1.2) 

 

In redox reactions the total energy of the full redox reaction is the result of the energy 

release from both the oxidation and the reduction reaction. The standard enthalpy of 

formation at 25°C for selenate is -441 kJ mol-1 and for selenite -370 kJ mol-1 (Amend 

and Shock, 2001). This means that the reduction of both compounds to elemental 

selenium reduces the energy release of the full redox reaction. The energy release in 

the full redox reaction is generated by the oxidation of the electron donor. 

 

For selenium reduction reactions the energy release and the activation energy are 

important. For complete redox reactions, the selenate reduction to elemental 

selenium yields more energy compared to selenite reduction to elemental selenium. 

However, in many cases selenite is a more reactive compound and therefore the 

reaction with selenite will occur more readily. For example, this is true for selenite 

reduction using ascorbic acid (eq. 1.1) (Pettine et al. 2013) or sulphide, (eq. 1.2) 

(Pettine et al. 2011). 

 

1.2.2 Biological selenium reduction 
In biological systems, the enzymes involved in the redox reaction have the ability to 

reduce the activation energy and to affect the preference for reduction of the 
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selenium substrates. Selenate and lactic acid do not react at room temperature, even 

though the Gibbs free energy change of reaction is negative. However, this reaction 

can be catalysed with micro-organisms. The electron donor can be an organic 

compound such as lactic acid that is oxidized to CO2, or partly oxidized to acetate 

(see Fig.1.2). The electron donor and the (partly) oxidized electron donor affect the 

energy release of the full redox reaction in which selenium is reduced. See Table 1.3 

for biological conversions and the effect of pH on the Gibbs free energy. 

 
 
 

 

 
Figure 1.2: Micro-organisms transfer electrons to selenium atoms. Upper side: 
selenium reduction. Lower side: electron donor oxidation. 
 
  

Se(2-) Se(0) Se(4+) Se(6+) 

e-donor 
(e.g. lactic acid) 
 

Oxidized  
product

Micro-organism 

Electron transfer 
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Table 1.3 Selenium reduction reactions with organic compounds 

 

 
ΔG° and ΔG°’ values of selenium reduction reactions with organic electron donors at 25°C. 
Data obtained from Amend and Shock 2001. At 298 K, comparing biochemical conditions 
(pH=7) corresponds with an energy shift of 40 kJ per H+ involved in the reaction. 
 
1.2.3 Control of chemical and biological selenite reduction 
 

Because selenite is reactive and is involved in many reactions, the difference 

between how the chemical and biological controls work is explained below. Both the 

chemical and biological reactions can be described as follows: 

  

 

The products can be for example elemental selenium, selenium sulphide or a partly 

oxidized electron donor. As an example, the reaction rate as a function of the 

temperature for both chemical and biological processes is described below. When a 

chemical reaction follows the Arrhenius equation, the reaction has a higher rate at a 

higher temperature. Every temperature corresponds to a certain reaction rate. 

However, the biological rate is the highest at a certain temperature (optimal). The 

more the temperature has a set-off (either lower or higher) from the optimal T, the 

less selenium is reduced and the reaction rate is reduced. The example of 

temperature in combination with the Arrhenius equation is illustrative for other 

controls, Fig. 1.3). 

 

 

 Reaction  ΔG°  
(kJ mol-1) 
pH=0 

ΔG°’  
(kJ mol-1) 
pH=7 

ΔG°’ 
(kJ e- mol-1 ) 

 Fully oxidized electron donors    
1  

3 acetic acid(aq)+4SeO4
2- + 8H+ ↔ 4 Se (s)+ 6 CO2(aq) + 10 H2O(l) 

-1733 -1413 -59 

2  
3 lactic acid(aq) + 6SeO4

2- +12H+ ↔ 6Se(s) + 9CO2(aq) + 15 H2O(l) 
-2779 -2299 -64 

 Partially oxidized electron donors    
3  

lactic acid(aq)+2 SeO4
2- ↔ acetic acid(aq)+ 2SeO3

2- + CO2(aq) + H2O(l) 
-342 -342 -86 

4  
3 lactic acid(aq)+2 SeO4

2- +4H+ ↔3 acetic acid(aq) + 2Se(s) + 3CO2(aq) + 5H2O(l) 
-1046 -886 -74 

5  
lactic acid(aq)+SeO3

2- +2H+ ↔ acetic acid(aq)+Se+CO2(aq)+2H2O(l) 
-352 -272 -68 
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In biological selenium reduction processes in a bioreactor, selenite can also react 

chemically with biomass as electron donor (Falcone and Nickerson 1963) or with a 

biologically produced sulphide. 

 

 
Figure 1.3: Difference between biological and chemical control with Arrhenius 
kinetics. Biomass has an optimum temperature and reaction rates are controlled 
differently. 

1.2.4 Possible microbial selenium products 
 
Various micro-organisms can reduce selenium and produce a variety of selenium 

products. Here is a brief overview: (1) Micro-organisms reduce selenium oxyanions 

and conserve energy for growth (Oremland et al. 1994). (2) In some cases, micro-

organisms reduce selenate and selenite to elemental selenium for detoxification. This 

process is not coupled to growth. (3) Another detoxification route is via the 

methylation of selenium compounds. Methylated selenium compounds are volatile 

and can be released into the air (Chasteen and Bentley 2003). (5) Selenate is also 

reduced by sulphate-reducing bacteria, for example Desulfovibrio desulfuricans 

(DSM 1924) (Tomei et al. 1995) and (6) nitrate-reducing bacteria, for example 

Desulfurispirillum indicum S5T (Rauschenbach et al. 2011). So biomass type and 

metabolic activity should be controlled to avoid selenium losses to unwanted 

products. 

T (arbitrary) 
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 1.2.5 Control of microbial selenium products in an open bioreactor 

The type of micro-organism is selected according to the process conditions. The 

micro-organisms with the highest net growth rate will outcompete other micro-

organisms in the reactor. Often this results in a mixed culture in which substrates are 

degraded by physiologically different micro-organisms. In an open reactor 

methanogenesis, sulphate reduction, and denitrification may interfere with selenium 

reduction. Control can be achieved by the choice and concentration of the electron 

donor, pH, temperature, redox, (solid retention time) SRT, up-flow velocity, and 

hydraulic retention time (HRT). Based on energy calculations, the electron donors will 

be used first for selenate reduction, then for sulphate reduction and finally for 

methane production. 

 
Temperature control or the addition of chemicals to the reactor can be easily 

controlled technically during operation. On the other hand, some process conditions 

are difficult to control, especially the composition of the selenium waste streams: e.g. 

the low pH of acid main drainage or if the wastewater has a high salt content. 

Selenate reduction in sediments was observed by Steinberg and Oremland at salinity 

ranges between 1 to 250 g/L, but not at 320 g/L, (Steinberg and Oremland 1990). 

Selenate reduction by sediment cultures can be inhibited by compounds such as 

NO3
-. NO2- MoO4

2- WO4
2- (Steinberg and Oremland 1990). On the other hand some 

of these elements, applied in low concentrations, are beneficial for selenate reduction 

since the reduction process is catalysed by a molybdenum-dependent, membrane-

bound enzyme in Enterobacter cloacae SLD1a-1 (Watts 2003). The appearance of 

Fe(III) in the medium costs electron donor when Anaeromyxobacter dehalogens is 

used as a biocatalyst because selenite and Fe(III) can be simultaneously reduced 

(He and Yao, 2010). Ca and Mg as divalent cations could affect the bioavailability of 

selenate and selenite (Torres et al. 2010), hindering their reduction. These examples 

show the complexity of the controls. 
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1.2.6 Advantage of biological removal above chemical removal 

For chemical processes, when sulphate is present in waste streams it interferes with 

chemical selenate removal because of selenate’s chemical similarities with sulphate, 

(McCloskey et al. 2008). This results in low selenium purity (mixed product) and high 

electron donor costs (ineffective reagent addition). For selenate removal an 

unselective chemical is often needed. The chemical and the selenate need to make 

contact with each other during the reduction process, and this is a disadvantage at 

low selenate concentrations and expensive at high selenate concentrations. The 

advantage of biological selenium removal is the ability to control the selectivity of the 

micro-organisms to reduce a certain substrate. 

 

Various chemical selenium reduction reactions are possible and a variety of selenium 

products can be obtained. Here are three examples of reduction steps that are 

important in this thesis: Brimmer et al.,1987 demonstrated the conversion of selenate 

to selenite in 6 mol HCl in 30 minutes and 91°C, Mondal et al, 2004., described 

selenate conversion directly to elemental selenium with Fe and FeNi, whereby 

selenite can be reduced to elemental selenium using NaHSO3 as reducer (Harañczyk 

et al. 2002) (Wang et al. 2003). These examples demonstrate that, although chemical 

treatment is possible, the compounds that are added need to be neutralized 

afterwards. For this reason, environmentally friendly biological treatment has a 

considerable advantage. 

1.3. Formation of bio-selenium particles 

1.3.1 Desired selenium particles for recovery 
Selenium particles can be recovered by liquid solid separation. Filtration can be used, 

depending on the size of the selenium particles. When applying a sedimentation 

method, the difference between the density of the liquid and the particles is important 

(see Appendix 1A). It would benefit the selenium recovery process if it were possible 

to produce selenium with a high density and with particles as large as possible. The 

density of trigonal selenium is 4.819 g cm-3 and the density of the amorphous 

structure is 4.270 g cm-3 (Minaev et al. 2005) .This is why the preferred method of 

producing crystalline hexagonal selenium was adopted in this research. 
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1.3.2. Bio-selenium product stability 
 
 

 

Figure 1.4: Pourbaix diagram of selenium species in water. Calculations were made 
with  10 mM selenium at 30°C with the program HSC chemistry 6 (source Ourtotec). 
Polyselenides exist and are more reduced than the solid structure. Polyselenide 
areas (Se

4

2-
 , Se

3

2-
 , Se

2

2-
) are drawn manually from an example presented by Iida et 

al., 2010 and the areas are indicative. The Se
4

2-
 is the dominant species at pH 

between 9 and 13, (Iida et al. 2010). 
 

Microbial reduction and chemical reduction are the two reduction options for selenium 

in reactors. Thermodynamics still influences the product’s final stability. An interesting 

tool for demonstrating this is the pH vs. redox diagram, the Pourbaix diagram. The 

Pourbaix diagram displays the chemically main stable selenium compound at a 

certain pH and redox value. 

The effect of pH on the selenate and selenite speciation is visible. When the redox 

potential in the reactor is low, selenium can be further reduced to selenide (Fig. 1.4). 

In its most reduced state, selenium (Se2-) can form solid selenides with for example 

Zn (Pearce et al, 2008) and it can be immobile, but also volatile and mobile. Selenide 

(H2Se) is a volatile, highly toxic compound. In addition, it is very reactive and can be 

oxidized to elemental selenium by the addition of oxygen. 

Selenite reduction to elemental selenium in the presence of oxygen by Zoogloea 

14121086420
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ramigera (Srivastava and Mukhopadhyay 2013), Pseudomonas alcaliphila (Zhang et 

al. 2011), Bacillus cereus (Dhanjal and Cameotra 2010) and Bacillus species NS3 

EU573774.1 (Tejo Prakash et al. 2009) has been reported. The disadvantage of 

these reactions at aerobic conditions is that the elemental selenium produced under 

such high redox conditions tends to oxidize again since selenate is energetically the 

most stable selenium form under these conditions (Fig. 1.4). 

1.3.3 Principle of selenium particle formation 

Elemental selenium is insoluble in the water phase. Consequently, bio-produced 

elemental selenium will precipitate to particles in the medium of the bioreactor. During 

selenate and selenite reduction polyselenium is formed. 

Sen + Se = Sen+1 and Sen + Sem = Sen+m 

The exact mechanism is unclear and a combination of these reactions is possible. 

Polyselenium molecules grow and selenium chains elongate further. 

During the selenium chain elongation some of these molecules are more stable than 

others. When n=6 or n=8, selenium molecules can form a ring. This ring is a relatively 

stable form of a selenium molecule (Hohl et al., 1987). 

The production of either uniform selenium molecules or molecules that enable a 

repetition in a solid structure increases the probability of crystal formation. Crystal 

structures have the ability to grow in size, which is desirable in the recovery process. 

So one of the aims of this research was to produce large, uniform selenium 

molecules. An example of how selenium molecules are built and finally form a 

crystalline structure is shown in Figure 1.5. 
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Figure 1.5: Building selenium structures. A, single selenium atom. B, triatomic 

selenium molecule. C, selenium ring of 6 atoms. D, selenium chain. E1, Most stable 

form of a selenium chain, the trigonal structure like a winding staircase. E2, abstract 

form of the trigonal structure. F, side surface of trigonal selenium. G, trigonal 

selenium sticks together, energetically favourable. A hexagonal structure can be 

formed. H, combinations of trigonal selenium growing thicker (Mondal et al., 2008). I, 

trigonal or hexagonal selenium with indicated particle growth places. The arrow 

indicates a tip-end, at which molecules grow longer (Xi et al., 2006). The “+” indicates 

the growth in size of the selenium particles (van der Waals force). 

 

G 

A B 

D 

H 

F 
E1 

C 

E2 

I 

Chain elongation, the 
selenium molecules become 
longer with bonds at this side 

 
+ 

 
 
 

The sides of the selenium chains combine  
(van der Waals force) 
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Hexagonal crystalline selenium 

The most stable forms of selenium is hexagonal (trigonal). Selenium atoms form a 

long chain and are structured like a winding staircase in which three selenium atoms 

are needed to make one winding (Mondal et al., 2008). A long selenium molecule is 

formed in a triangular shape and the chain can be elongated at the end of both 

selenium tips. As a result the (poly)selenium molecules can grow (Figure 1.5). 

Red amorphous selenium 

Selenium occurs as mixed molecules in amorphous particles, and the polyselenium 

molecules often have different sizes. Among these are Se8, Se6 rings and longer 

chain structures (Minaev et al., 2005). The transformation temperature required for 

the transition towards a more crystalline structure is room temperature. 

1.3.4 Biological selenium particle production rate 

Precipitation of selenium is the result of supersaturation. Fast precipitation can result 

in an amorphous structure. However, slow precipitation can result in a crystalline 

structure, since the selenium atoms or molecules are then likely to be positioned in a 

crystal structure. 

The volumetric selenium production rate is important for particle formation 

(saturation) and it also affects the morphology of the selenium particles (Harañczyk et 

al. 2002). When the microbial biomass is doubled, the volumetric production rate in 

the reactor can be doubled. However, when the microbial biomass is doubled, the 

volumetric production rate per biomass remains unchanged. In this case selenium 

particle formation may be unchanged regardless of the amount of biomass in the 

reactor. 

1.3.5 Abiotic control 

Once selenium nanoparticles have been formed and the reduction capacity of the 

biomass is no longer important, the particles and biomass can be removed from the 

bioreactor. Process conditions can be changed to bring about selenium particle 

modifications. Several techniques can be used to achieve the desired particle 

properties. For example, the solution can be heated to start phase transformation 

from amorphous selenium to hexagonal selenium (Lenz et al. 2009). 
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1.3.6 Particle formation and time 

All of the steps from selenate reduction to particle formation require time. In short: 

you start with the reduction of selenate to selenium, followed by the formation of 

molecules, the formation of particles and end with the stabilisation of these particles. 

All of these processes need time and need to be properly controlled to improve 

product stability and finally form sufficiently large, dense selenium particles, which is 

the aim of this research. 

 

Se-oxyanion  Se-atom  Se molecules Se-particle formation growth and 

stabilization 

1.3.7 Influence of the organic compounds 

Selenium has hydrophobic properties and can attract other hydrophobic molecules 

such as organic molecules. These molecules may cover the selenium molecules in 

such a way that selenium particle growth is altered or even blocked (Mondal et al., 

2008). Amorphous spherical selenium particles are stabilized by biomolecules. This 

means that the ratio of selenium to biomass should be as high as possible. 

The start of selenium particle formation can also be influenced by biomolecules, as 

the biomolecules act as seeds and selenium particles start to grow with the 

biomolecule as the starting point. This has been demonstrated in several chemical 

selenium reduction experiments in which the addition of organic compounds alters 

the final selenium particle shape (Mondal et al., 2008) 
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1.4 Main hypothesis and outline 

The main objective in this thesis is to improve the recovery of bio-selenium from 

selenate or selenite waste streams, by producing selenium particles that are as large 

as possible. Two routes are examined: (1) selenate reduction directly to elemental 

selenium, (2) from selenate via selenite and SeS2 to elemental selenium (Fig. 1.6). 

For the bio-recovery route via selenite it is essential that all selenate can be bio-

converted into selenite (Chapter 2). Since the reduction of selenate to selenite gains 

more energy per electron compared to direct selenate reduction to elemental 

selenium, it might be possible to reduce selenate to selenite using a low amount of 

electron donor. At high electron donor concentrations the reducing capacity could be 

strong enough to reduce selenite further to elemental selenium. It is hypothesized in 

Chapter 2 that at low electron donor concentrations selenite will be the main product 

during selenate reduction. 

Selenate can also be converted directly to elemental selenium. Chapters 3 and 4 

focus on the direct production of elemental selenium particles from selenate. Chapter 
3 focuses on the influence of temperature and pH on particle formation. In this 

chapter it is hypothesized that at a higher temperature phase transformation from 

amorphous to hexagonal selenium can be induced and a higher pH could change the 

formation of the selenium molecules as building blocks. Based on the outcome of 

Chapter 3, settings are arranged to produce crystalline selenium particles 

continuously in a long experiment lasting eight months to allow crystalline selenium 

particles to grow at 50°C. This is described in Chapter 4. It is hypothesized that 

crystalline selenium particles can grow in that time period at 50°C. 

Literature study indicates that there is an interaction between sulphur and selenium 

in several processes (Frenkel et al. 1991, Ball and Milne 1995, Kice et al. 1980). 

Selenite is a reactive compound and it reacts with sulphide to form selenium sulphide 

(SeS2) (Geoffroy and Demopoulos 2011). It would be interesting to explore whether it 

is possible to further reduce the sulphur or selenium. If elemental selenium could be 

obtained in this way, a new method for the recovery of selenium would be achieved. 

Moreover, selenium particle formation follows a different route. This can provide 

valuable information about the selenium reduction mechanisms in the direct route for 

selenium reduction. Biological SeS2 reduction is described in Chapter 5. 
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In the general discussion in Chapter 6 ways of improving the particles size of 

recovered bio-selenium are discussed. Within this discussion direct selenium particle 

formation (Chapters 3 and 4) and the route via SeS2 (Chapters 2 and 5) are 

compared. Finally a vision for future research on biological selenium recovery from 

waste streams is provided. The experimental outline is visualised in Figure 1.6. 

 

 

 
 
Fig 1.6: Selenium bioreactors and chapters. The bio-reduction of selenate to selenite 

is discussed in Chapter 2. The direct bio-reduction of selenate to elemental selenium 

is discussed in Chapters 3 and 4. Chapter 3 deals with the effect of pH and 

temperature on selenium particle structure. Chapter 4 describes an attempt to 

improve selenium particle growth in a long-term experiment. Chapter 5 describes the 

result of an alternative biological reduction route via selenite and selenium sulphide 

to elemental selenium. 

Selenate 

Selenite 

Elemental 
Selenium 

H2S (g) 

SeS2 
Chapter 2 

Chapter 3 
 
Chapter 4 

Chapter 5 

Route: via SeS2 

Route: direct to solid selenium 
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Appendix 1A Effect of particle size on the sedimentation velocity 
 
Sedimentation velocity of a particle in liquid (m s-1) can be calculated 
 

        (1) 
= particle density (kg m-3) 
= liquid density (kg m-3) 
= acceleration by gravitation (9.81 m-1 s-2) 
= dynamic viscosity (kg m-1 s-1) 

=radius of the sphere (m) 
 
  
 

 
 
Given for amorphous selenium: =4280 kg/m3 and  1000 kg/m3 and the water 
dynamic viscosity =1 10-3 kg m-1 s-1 the plot is constructed according to: 
    
 

 Volume of a sphere (m3) 
 Density as mass per volume (kg m-3) 

= Mass (kg) 
 = Volume (m3) 

 
With a certain amount of mass M, the radius of a round particle can be expressed as 
a function of the density. With the recrystallisation of amorphous selenium to the 
crystalline structure, the total mass remains the same, while the radius of the 
particles decreases as the density increases. 
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Substitution of the radius in the sedimentation velocity equation results in the ratio 
between the sedimentation velocity of the amorphous particles and the crystalline 
particles: 

 

 
Given for amorphous selenium =4270 kg/m3, and  = 4819 kg/m3 and for the 
liquid it is  1000 kg/m3 the maximum increase for sedimentation rate by selenium 
recrystallisation from amorphous to hexagonal selenium is: 
 

≈0.8 

 
Through recrystallisation the sedimentation velocity of amorphous selenium can be 
increased by 25%. 
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Chapter 2 

Microbiological selenate to selenite conversion for selenium 

removal 
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Abstract 

Removal of the toxic selenium compounds selenite and selenate from waste water  

before discharge is becoming increasingly imperative in industrialized countries. 

Bacteria can reduce selenate to selenite, but also further to elemental selenium, 

selenide or organic selenium. In this paper, we aim to exclusively bio-reduce selenate 

to selenite in an open high-rate bioreactor. This conversion could be part of a two-

stage process in which the selenite is subsequently reduced by chemical means 

under optimal conditions to produce a biomass-free selenium product. In the process, 

yield and reduction rate of biological selenate to selenite should be maximized, while 

formation of elemental selenium,  selenide and organic selenium compounds should 

be avoided. Fed-batch experiments with a liquid volume of 0.25 to 0.75 litre at 

different temperatures 20-30-40-50°C, pH settings 6-7-8-9, initial biomass 

concentration of 1 or 5 g wet weight granular Eerbeek sludge and various lactic acid 

concentrations were performed to determine their effect on the biological conversion 

of selenate to selenite. Furthermore, the effect on selenite losses by further biological 

reduction or, if present, chemical reduction was investigated as well. Optimal 

selenate reduction to selenite was found at 30°C and pH 6 or 7 or 8 with 25 mM 

selenate and 13.75 mM lactic acid in the influent, with a selenite yield of 79-95%. In 

all the other conditions, less selenate was reduced to selenite. Also a 5 times higher 

electron donor concentration resulted in less selenite production, with only 22% of 

the selenate converted to selenite. The high yield and the high biological reduction 

rate of at least 741 mg Se/g initial VSS/day detected in the 1 g initial biomass 

experiment implicate that biological selenate conversion to selenite is a feasible 

process. 
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2.1 Introduction 
Increased energy prices, depletion of valuable resources and stricter environmental 

policies are forcing industries to look for alternative or improved processes to remove 

harmful and valuable compounds from waste waters: Bioconversions could help to 

remove or recover components and have therefore received more attention from the 

metal mining and metal processing industries in the last decades. Microbes can 

reduce or oxidize elements from metallurgical waste streams and compete with 

chemical reduction and oxidation processes regarding chemical and energy 

consumption.  

For industries, one such element in waste water is selenium. Selenium pollution is 

worldwide and is associated with human activities (Lemly, 2004).The LD50 for many 

Se-compounds ranges between 1.5 and 6 mg/kg body weight for different animal 

species (Högberg and Alexander, 2007). For humans, adverse effects of clinical 

selenosis were detected at an intake of 1200μg Se/day (Högberg and Alexander, 

2007). Therefore, selenium in waste water has to be removed before discharge. 

Selenium is often speciated as the highly toxic selenium oxyanions selenate and 

selenite (Torres et al., 2010). Selenate containing streams can be treated with 

methanogenic or sulfate reducing reactors (Lenz et al., 2008a), through which  the 

produced elemental selenium particles were mainly retained in the biomass. Due to 

this, the selenium product is not very pure. When selenate is converted exclusively to 

selenite, this would allow alternative processes to subsequently remove selenite. For 

example by further bio-conversion to reduce selenite to solid selenium (Soda et al., 

2011),  chemical adsorption (Zhang et al., 2008), chemical reduction by ferric salts 

(Murphy, 1988), chemical reduction with hydrogen (Puranen et al., 2010)or sulphide 

(Geoffroy and Demopoulos, 2011; Hockin and Gadd, 2003). This has the advantage  

that the selenium precipitation can be controlled independent from the bioreactor 

conditions, possibly resulting in faster reaction kinetics and a purer product. 

Selenate can be reduced to selenite chemically. Chemical selenate reduction needs 

a strong reducing agent that reduces selenate to selenite, e.g. SeO4
2- + 4H+ + 2Cl- →  

H2SeO3 + 2H2O + Cl2(g) in 10 M HCl at 60°C (Bye and Lund, 1988), or directly to 

selenium, e.g. reduction with ferrous hydroxide (Murphy, 1988).  The strong reducing 

agent is not directly reusable after it has been oxidized in the chemical process. The 
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alternative, biological selenate reduction to selenite, has the advantage that the 

biomass uses a renewable organic electron donor as reducing agent, e.g. lactic acid. 

Furthermore, the biological reaction proceeds under mild environmental conditions 

requiring less energy and chemicals than the chemical reduction. 

Selenate can be reduced to selenite mainly for respiratory processes for sustaining 

metabolic activity , e.g. by strain SES-3 (Oremland et al., 1994). However, in mixed 

cultures such as in open bioreactors, elemental selenium is the common end product 

of selenate reduction, with volatile methylated selenium or  selenide as side products 

(Lenz et al., 2008b; Zehr and Oremland, 1987). These microbial reductions should be 

avoided if the aim is to maximize selenite production. In general, the reduction of 

selenate yields more Gibbs free energy per electron than the reduction of selenite to 

selenium (Table 2.1). This indicates that the selenate to selenite conversion may 

outcompete the selenate/selenite to selenium conversion under substrate limiting 

conditions. 

Table 2.1-Free energy change of reactions with different Se electron acceptors using 
hydrogen as electron donor.  
 ΔG   (kJ / mol electron)a 

Reaction pH=6 
T=30°C 

pH=7 
T=30°C 

pH 8 
T=30°C 

pH 9 
T=30°C 

pH=7 
T=20° 

pH=7 
T=40°C 

pH=7 
T=50°C 

 
(1)  SeO4

2- + 3H2 + 2H+ → Se + 4H2O 
 

 
-67.0 

 
-65.1 

 
-63.2 

 
-61.2 

 
-65.9 

 
-64.3 

 
-63.5 

(2a) SeO4
2- + H2  → SeO3

2- + H2O 
(2b) SeO4

2- + H2  + H+→ HSeO3
- + H2O 

-80.5 
-80.5 

-78.1 
-78.1 

-76.9 
-76.9 

-76.7 
-76.7 

-78.7 
-78.8 

-77.4 
-77.4 

-76.9 
-76.7 

 
(3a) SeO3

2- + 2H2 +2H+→ Se + 3H2O 
(3b) HSeO3

- + 2H2 +H+→ Se + 3H2O   
 

 
-60.3 
-60.2 

 
-58.6 
-58.6 

 
-56.3 
-56.3 

 
-53.5 
-53.5 

 
-59.5 
-59.4 

 
-57.7 
-57.7 

 
-56.8 
-56.8 

aΔG values were calculated with data from (Amend and Shock, 2001) Calculations were corrected for temperature, pH, and 

concentrations of the chemical compounds: partial hydrogen pressure H2 was 0.010 atm, selenate concentration was 5 mM, Se 

concentration was 5 mM and SeO3
2- concentration was calculated with pK’’a=7.306 and a total HSeO3

- + SeO3
2- concentration of 

5 mM. 

 

The Gibbs free energy per electron for the Se reduction reactions mentioned in table 

2.1 increases with higher pH and higher temperature. Additionally, the difference in 

ΔG between reaction 2 and reaction 3 in table 2.1 becomes greater at a higher pH 

and higher temperature. Although the ΔG differences in table 2.1 is small, from an 

energetic point of view, a smaller amount of selenite losses by further reduction is 

expected in the high pH-range and high temperature-range. 
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The reduction of selenate to selenite is pH-neutral if SeO3
2- is formed (Table 2.1). 

According to equations 3a and 3b in table 2.1, further reduction of HSeO3
- or SeO3

2-  

to elemental selenium results in acid consumption. The reduction rate of selenite with 

Na2S (Geoffroy and Demopoulos, 2011), Yeast (Falcone and Nickerson, 1963), 

NaHSO3 (Harañczyk et al., 2002) or H2S (Pettine et al., 2011) was repressed or 

incomplete at pH=8-10 range. From a kinetic point of view, less selenite losses by 

further chemical selenite reduction is expected in the higher pH-range. From another 

chemical kinetic point of view, higher chemical reaction rates are expected at higher 

temperatures, therefore less selenite losses are expected in the lower temperature 

range. 

In this study, a fed-batch system was used to investigate selenate reduction to 

selenite around the optimum range of conditions for the biocatalyst; pH=6-9  and 

T=20-50 °C. The electron donor concentration was varied as well; 6.6 or 33 electrons 

from lactic acid oxidation per selenate molecule. The goal was to maximize selenite 

production and to minimize the generation of other selenium substances by 

investigating which parameters control the selenium bioconversion processes.  

2.2 Material and methods 

2.2.1 Biomass 
Granular anaerobic sludge from a full-scale reactor treating paper mill waste water in 

Eerbeek, the Netherlands was used to inoculate Fed-Batch reactors. The bacterial 

cultures in the Eerbeek sludge have previously been described by Roest (Roest et 

al., 2005). Methane production, selenate reduction to mainly elemental selenium and 

sulphate reduction with this biomass was found by Lenz (Lenz et al., 2008a) and a 

small amount of selenite production and reduction with this biomass was found by 

Astratinei  (Astratinei et al., 2006). Only granules were used as inoculum and 

suspended biomass appeared during the experiments. The granules were not 

acclimated to selenium. 

2.2.2 Fed-Batch reactor use 
Unless stated otherwise, all reactor runs were carried as follows: a fed-batch system 

(Fig. 2.1) was used and cultivation started with a liquid volume of 250 mL medium 
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with a composition according to Stams (Stams et al., 1992) but without sodium 

selenite, sodium hydrogen carbonate and sodium sulphide (as to prevent other pH 

controls and the reaction between sulphide and selenite (Geoffroy and Demopoulos, 

2011)). The medium consisted of (in grams per liter): Na2HPO4 .2H20 (0.53), KH2PO4 

(0.41), NH4Cl (0.3), CaCl2 .2H20 (0.11), MgCl2. 6H20 (0.10), and acid- and base trace 

elements and vitamin solution (Stams et al., 1992). The feed consisted of medium 

with 25 mM selenate and 13.75 mM lactic acid. The fed volume, 300 mL ± 30 mL, 

was added in 10 ± 2 days and followed by a batch period of 11 ± 1 days. The 

inoculum was 5 g wet weight Eerbeek sludge that had been stored at 4°C and that 

had not been adapted to the reactor conditions. The temperature was controlled with 

a water bath and the pH was kept constant with 0.1 M NaOH or 0.1 M HCl. Redox 

potential was measured vs Ag/AgCl. The total volume of the reactor was 1000 mL 

and the headspace was continuously flushed with 2000 mL/h N2 to avoid 

accumulation of toxic selenium compounds. The effluent gas was washed with 

ethylglycol to trap produced methylated selenium compounds and 3M KOH with pH 

indicator thymolblue to trap selenides. The N2 flush was increased to 25000 mL/h for 

at least 10 minutes before liquid sampling. De reactor liquid was mixed with a 

magnetic stirring rod (100 rpm) that was suspended in a Teflon construction to keep 

the rod 0.5 cm above the reactor bottom. 

The effect of temperature was studied at T=20°C, T=30°C, T=40°C, T=50°C. The 

feed for the 50°C experiment was 500 mL.  The effect of pH was studied at 30°C and 

pH=6, pH7, pH=8, pH=9.The effect of extra electron donor was studied with 5 x 13.75 

mM lactic acid in the feed and T=30°C pH 7. Finally, the effect of less initial biomass 

was studied by starting the experiment with 1 g biomass instead of 5 g biomass.  
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Fig. 2.1 – Schematic overview of the Fed-Batch reactor: 1. Reactor liquid volume; 2. 

Reactor headspace; 3. Suspended magnetic stirrer; 4. Reactor water jacket; 5. 

Temperature controlled heating bath; 6. Cryostat; 7. Influent vessel; 8. Influent 

Stepdos pump; 9. Influent port; 10. N2-in; 11. Gas out; 12. Condenser (connected to 

the cryostat 6); 13.  Gas effluent ethylglycol washer; 14. Gas effluent base washer; 

15. Gas exit; 16. pH-sensor; 17. pH-controller; 18. Base and acid supply barrels for 

pH control; 19. Redox sensor; 20. Temperature sensor; 21. Sample port; 

 

2.2.3 Analytical methods 

Liquid samples were taken with a syringe and selenate concentration (Cselenate) and 

selenite concentration (Cselenite) were analysed by ion chromatography (IC-CD). The 

IC-CD system was based on Lenz (Lenz et al., 2006) and consisted of an 

Autosampler AS-3000, a Dionex ICS-2100 equipped with an IonPac AS19 column (4 

mm x 250 mm) at 30°C, an ASRS 4mm suppressor (75 mA) and an electrochemical 

conductivity detector at 35°C. The flow rate was 1.0 mL min-1 and sample loop of 5 

μL was used. Low chain fatty acids were determined using Gas Chromatography 

according to Weijma (Weijma et al., 2000) with the following modifications: acetate 

and propionate were analysed with a column temperature of 130°C and the column 

pressure was 2 bar. At the end of each experiment, the reactor content was sieved (1 
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mm) to remove (parts of) the initial granules from the liquid reactor content. The 

granules were washed twice with ultrapure water. The total amount of elemental 

selenium attached to the granules(MSe,gran)  was analysed by Inductively Coupled 

Plasma-Optical Emission Spectroscopy (ICP-OES). A sample of the granules was 

dissolved in 10 mL aqua regia in a Teflon tube. Subsequently the Teflon tube was 

closed and destruction of the sample continued by heating the solution in a 

microwave. After cooling down, the samples were diluted with ultrapure water to 100 

mL 10% aqua regia prior to analyses with ICP-OES for MSe,gran (mmol) determination. 

The sieved reactor liquid with suspended biomass was further analysed for disperse 

precipitated selenium (CSe(s)) and total selenium concentration(CSe(aq+s)end). For 

total selenium concentration, samples of 1 mL were destructed and analysed with 

ICP-OES. For disperse precipitated selenium concentration, 25 mL reactor liquid was 

centrifuged (10 min 10.000 rpm) and subsequently the solid pellet was treated with 

aqua regia microwave destruction prior to ICP-OES analyses. The pellet was washed 

twice with ultrapure water. Both, (CSe(aq+s)end) and CSe(s)) were measured twice.  

Samples from the gas wash bottles (1 mL) were also treated with micro wave aqua 

regia destruction to determine the total amount of selenium in the base and 

ethylglycol. The end liquid volume of each experiment (Vreactor,end) was determined 

with a graduated 1 litre cylinder with 10 mL ruler.  

2.2.4 Calculations 

The liquid volume of the fed-batch at the start of each experiment was 250 mL and 

increased due to the addition of 300 mL +/- 30 mL of feed solution. About 80 mL of 

the volume was used for sampling and the liquid volume also changed by addition of 

base and acid for pH control (10-50 mL). As granular sludge was used in the 

experiments the reactor was not completely homogeneously mixed with respect to 

biomass concentrations. To overcome complex calculations of sampling volume and 

acid/base addition for pH control the following calculation and assumption were made 

to estimate the amount of selenium that was lost during sampling. The total selenium 

concentration was assumed homogenously mixed in the reactor and the theoretical 

estimated total selenium concentration could be calculated using equation (1). At t=0 

the estimated selenium concentration is 0.  
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    (mol / L)  (1) 

With: 
t = time         (h) 
Δt = time interval         (h) 
Q = feed rate         (mL / h) 
CSe,in = selenium concentration in the influent    (mol/L) 
Vreactor,t= liquid volume in the reactor at time t    (mL) 
 

The estimated total selenium losses during sampling, , could 

be calculated with and the sampling volume at each time. 

    (mmol)  (2) 

 

Selenium was neither detected in the ethylglycol wash bottle nor in the base wash 

bottle. The selenium recovery was calculated with the selenium that was added with 

feed, lost during sampling, measured from the granules and the measured total 

selenium concentration as soluble and insoluble selenium (CSe(aq+s)end) at the end 

of each experiment.   

Se recovery =  (%)  (3) 

The red insoluble (CSe(s)) concentration and the selenium attached to the granules 

(MSe,gran) in the reactor was assumed to be elemental selenium. Selenate, selenite 

and elemental selenium at the end of the experiment were calculated separately 

according the following equations.  

      (mmol) (4a) 

      (mmol) (4b) 

   (mmol) (4c) 

With: 
C = Concentration        (mol / L) 
 

The total of these three selenium compounds was verified with the total amount of 
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selenium detected at the end of each experiment to see if another selenium 

compound was produced. The verification is expressed: 

  (%)  (5) 

The outcome of the verification was around 100% in most experiments and it is 

assumed that the selenium content in the reactor was mostly selenate, selenite and 

elemental selenium. The selenate, selenite and elemental selenium amount was 

fractionated from the total to evaluate different experiments with each other. As an 

example the selenite fraction calculation is given below. 

   (%)  (6) 

The yield of selenite from selenate was calculated as the percentage of reduced 

selenate that was converted to selenite at the end of the experiment. 

       (%)    (7) 

The efficiency of electron donor use for selenite production was calculated as follows: 

every lactate molecule can donate 12 electrons for selenium reduction if it is fully 

oxidized to CO2 and H2O. However, when acetate or propionate is produced, the 

electrons that could have been used for selenite production are still stored in these 

products: 8 electrons for acetate and 14 electrons for propionate. A correction for the 

produced amount of acetate and propionate at the end of each experiment was 

made. Produced elemental selenium and selenite effectively used two electrons for 

selenate to selenite conversion.  

 

 (%)  (7) 

With:  
n=the ratio between selenate and lactic acid in the influent    (mol/mol) 
CLactic acid = the lactic acid concentration      (mol/L) 
CAcetate = the acetate concentration      (mol/L) 
CPropionate = the propionic acid concentatrion     (mol/L) 
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2.3 Results  

2.3.1 Effect of temperature on selenite production 

In all the experiments, the selenate concentration increased after the start due to the 

addition of selenate to the reactor. At 30°C, the first decrease in selenate 

concentration and simultaneous increase in selenite concentration was detected 

between 23 hours and 95 hours. From this period onwards, the selenate was mainly 

converted to selenite (Fig. 2.2.A and 2.2.B). The selenite concentration remained 

around 680 mg Se/L during the batch period and the selenite yield was 83% at the 

end of the 30°C experiment (Table 2.2). The 30°C experiment also showed the 

highest selenate to selenite conversion rate compared to other temperatures. Around 

300 mL 25 mM SeO4
2- feed was added to the reactor and the selenate was depleted 

at 240 hours, the average selenate reduction rate was roughly 2.5 mg Se/h from t=0 

to t=240hours. At 40°C, selenite formation and selenate depletion was slower in the 

fed-batch phase. The selenate to selenite reduction continued during the batch 

period until a selenite concentration of 398 mg Se/L and a selenate concentration of 

376 mg Se/L at t=360h. At this moment the concentrations of the electron donors, 

lactate, acetate and propionate, were below 10 mg/L and this could have stopped the 

reduction process. The final yield of selenite from selenate was 69% in the 40°C 

experiment (Table 2.2). At 20°C, a small amount of selenite, less than 60 mg Se/L,  

was detected from t=260 h and this concentration remained stable. In the 50°C 

experiment, no selenite was detected. The selenate concentration decreased after 

the fed-batch phase, this could be caused by the biological selenate reduction to 

elemental selenium and also by dilution caused by the addition of base or acid. 
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Fig. 2.2 – Reactor experiments at pH=7 and at four different temperatures: The 

dotted vertical line at 240 hours represents the switch from fed-batch to batch mode. 

Displayed are the concentrations in the reactor of selenate (A), selenite (B), acetate 

(C) and propionate (D). Each symbol is a data point and direct lines connect the 

points. Redox potential (E) is constructed with data points only.  

 

 

0

250

500

750

1000

1250

0 200 400 600

Se
le

na
te

 (m
g 

Se
/L

) 
 

time (h) 

A 

0

250

500

750

1000

1250

0 200 400 600

Se
le

ni
te

 (m
g 

Se
/L

) 
 

time (h) 

B 

0

50

100

150

200

0 200 400 600

Ac
et

at
e 

(m
g 

/ L
) 

 

time (h) 

C 

0

100

200

300

0 200 400 600

Pr
op

io
na

te
 (m

g/
L)

 

time (h) 

D 

-600

-300

0

300

0 200 400 600

R
ed

ox
  v

s 
Ag

/A
gC

l (
m

V)
 

 

time (h) 

E 

-600

-300

0

300

0 200 400 600

R
ed

ox
  v

s 
Ag

/A
gC

l (
m

V)
 

 

time (h) 

E 

025050075010001250

0
T=20°C T=30°C T=40°C T=50°C



 
 

35 
 

Table 2.2-Balance and yield of selenium conversions after each experiment 
Description 
experiment 

Recovery 
(%) 

Verification 
(%) 

PSelenate 
(%) 

PSelenite 
(%) 

PSelenium 
(%) 

YSelenite 
(%) 

Yelectron 
(%)  

20°C, pH=7 91 116 92 4 4 52 3 
30°C, pH=7 93 91 0 83 17 83 28 
40°C, pH=7 94 106 36 45 20 69 22 
50°C, pH=7a  94 105 86 0 14 0 9 
        
30°C, pH=6 100 107 0 85 15 85 40 
30°C, pH=8 100 105 0 79 21 79 36 
30°C, pH=9 95 100 93 0 7 0 4 
        
30°C,pH=7b  96 92 67 23 9 72 6 
30°C,pH=7c  98 106 0 95 5 95 34 

a Feed was 500 mL instead of 300 mL 
b Lactic acid concentration in the feed was 68.75 mM instead of 13.75 
c initial biomass concentration was 1 g wet weight instead of 5 g wet weight 
 
Lactate concentrations peaked to maximum of around 70 mg / L in all reactors during 

the first days (data not shown). Only small amounts of propionate and acetate 

(around 10 mg/L) were detected at 30°C, showing that the biomass was substrate 

limited. For the 20, 40 and 50°C experiments, the acetate and propionate 

concentrations decreased further after the fed-batch phase, indicating that  the 

biomass was still active in the batch mode (Fig. 2.2C 2.2D).  

 

In all the experiments, the redox potential dropped from the start to reach the redox 

minimum in the fed-phase, -305 mV vs Ag/AgCl for the 20°C experiment, -330 mV vs 

Ag/AgCl for the 30°C experiment, -372 mV vs Ag/AgCl for the 40°C experiment and -

421 mV vs Ag/AgCl for the 50°C experiment.  After the redox potential had reached 

the minimum redox value a small increase of redox-potential occurred to an end 

value of -209 mV vs Ag/AgCl for the 20°C experiment, 41 mV vs Ag/AgCl for the 

30°C experiment, -160 mV vs Ag/AgCl for the 40°C experiment and -257 mV vs 

Ag/AgCl for the 50°C experiment. Fluctuations were partly caused by sampling and 

acid base addition by the pH- controller (Fig. 2.2E).  
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Fig. 2.3 – Fed-batch experiments at 30°C and at four different pH-settings. The 

dotted vertical line at 240 hours represents the switch from fed-batch to batch mode. 

Displayed are the concentrations in the reactor of selenate (A), selenite (B), acetate 

(C) and propionate (D). Each symbol is a data point and direct lines connect the 

points. Redox potential (E) is constructed with data points only. At pH=6 and pH=8 

data points are missing from 450 hour till the end of the experiment. 

 

In all experiments red or orange precipitates were formed, resembling typical 

selenium solids. ICP analysis  confirmed the presence of selenium. No selenium 
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compounds were found in the ethylglycol or in the base flushing system.. An overview 

of the yields is given in table 2.2. The yield of selenite on the electron donor at pH 7 

was maximum 28% at 30°C (Table 2.2). Under these conditions, all lactate was 

consumed and acetate and propionate concentrations were below 10 mg/l. This 

indicates that the majority of electrons had been shuttled to unidentified electron 

acceptors, most likely CH4 or CO2. A relatively high amount of solid selenium (14%) 

and no selenite production was detected in the 50°C experiment (Table 2.2).  

 

2.3.2 Effect of pH on the selenite production 
At pH=9, no selenite was detected and the selenate fraction at the end of the 

experiment was 93%, (Table 2.2). For pH=8, no selenate was detected from t=113 

hours. At pH=7, almost all the selenate was converted in selenite at t=163 hours. At 

pH 6, all the selenate was converted and mainly into selenite at the end of the batch 

(Fig. 2.3B).  

 

In all pH experiments, the lactic acid was partly or totally converted in propionate and 

acetate. The concentration of propionate and acetate was relatively low (about 

maximum between 0-89 mg/L) at pH 6, 7 and 8 while at pH=9, the propionate 

concentration reached a maximum of around 244 mg/L and acetate concentration 

reached a maximum of around 154 mg/L. Redox potential monitoring for the pH=6, 

pH=7 and pH=8 experiments gave a similar trend as in the temperature experiments; 

first the potential drops till a minimum during the fed-phase. From the minimum value 

the redox potential rises slowly during the experiment. At pH=9, the redox potential 

dropped to -479 mV vs Ag/AgCl and remained around this number during the 

experiment. Experiment pH=9 ended with a high concentration of electron donor and 

also a high concentration of selenate. 

 

In all pH experiments, solid orange-red selenium was detected. The highest fraction 

(15%-17%-21%) of solid selenium at the end of the fed-batch experiment was found 

in the pH-range (6-7-8), (Table 2.2). In the same pH-range, high selenite 

concentrations were detected (85%-83%-79%). 
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2.3.3 Effect of initial biomass concentration, electron donor concentration on 
selenite production 
An experiment in which the biomass concentration was one fifth of that in the 

previous experiments and an experiment in which the electron donor was 5 times 

higher than that in the previous experiments were performed. This was done to 

obtain more information about the biomass capacity and the effect of the ratio 

between selenium oxyanion and electron donor. Both experiments were performed at 

T=30°C and pH=7. The results are presented in Fig. 2.4.  
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Fig. 2.4 - Fed-batch experiments with varied biomass concentration and varied lactic 

acid concentration in the feed. The dotted vertical line at 240 hours represents the 

switch from fed-batch to batch mode. Displayed are the concentrations in the reactor 

of selenate (A), selenite (B), acetate (C) and propionate (D). Each symbol is a data 

point and direct lines connect the points. Redox potential (E) is constructed with data 

points only. 
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pH=7 and T=30°C experiment with 5 times less electron donor. This indicates an 

inhibition effect, possibly by the fairly high concentrations of propionate and acetate 

of 1188 mg/L and 440 mg/L, respectively. For the 68.75 mM lactic acid 30°C pH=7 

experiment, the redox potential drops till -220 mV vs Ag/AgCl after 4 days and 

remained around – 143 mV vs Ag/AgCl during the rest of the experiment. 

The inoculation of 1 gram wet weight biomass in the experiment shows  a similar 

starting time for selenite production compared to the experiment with 5 g biomass at 

t=30 and pH=7. This lesser amount of biomass was capable of reducing all the 

selenate and the maximum concentrations of acetate and propionate were only 55 

mg/L and 88 mg /L, respectively. The amount of elemental selenium was 5%, and this 

is very low compared to other experiments with a high selenite production (Table 

2.2).The redox potential first reached a minimum of -228mV vs Ag/AgCl in 4 days, 

next the potential increased to -199 mV vs Ag/AgCl till the end of the experiment. 

Selenate was converted, but not as fast as in the experiment with 5 g biomass. 

2.4 Discussion 

2.4.1 Effect of temperature on the selenite production 

At 30°C, pH 7 and with 5 g biomass, the average selenate reduction rate calculated 

over the batch period (10 days and all the selenate was converted) was 148 mg Se/ 

g initial VSS/day (5 g wet weight corresponds to 400 mg VSS). The maximal 

reduction rate was roughly three times higher at 450 mg Se/g initial VSS/day. To 

indicate, Astratinei (Astratinei et al., 2006) detected selenate removal rates from 400 

to 1500 ug g VSS-1 h-1 and Lenz (Lenz et al., 2008a) detected selenate reduction rate 

of 28 ug Se g VSS-1 h-1. Factors that may have contributed to this large difference 

are: the higher selenate concentration in this work, the composition of the medium, 

the mixing intensity in the reactor and the composition of the microbial community of 

the inoculum. The source of the inoculum, biomass from a full scale bioreactor,  had 

a relatively stable composition of the microbial community over a period of three 

years, (Roest et al., 2005). 

 

The temperature effect on the electron donor oxidation rate showed a similar pattern 

as the temperature effect on the selenate reduction rate. The highest oxidation rate 
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was around 30°C because in this experiment low concentrations acetate (<20 mg/L)  

and propionate (<70 mg/L) were detected (Fig. 2.2C and 2.2D). For the reduction of 

selenate to selenite, 28% of the electrons available from electron donor oxidation 

were used (Table 2.2). Probably some  of the electron donor was converted in 

undetected compounds, for example CH4 that has been produced by Eerbeek Sludge 

during related reactor conditions (Lenz et al., 2008a).  

 

The temperature effect can be discussed within one species of micro-organism. 

Temperature experiments with P.stutzeri showed a low selenate and a high selenite 

reduction rate at 40°C and a high selenate and a low selenite reduction rate at 20°C, 

(Lortie et al., 1992). Selenate reduction rate was more temperature sensitive than 

selenite reduction in a Enterobacter cloacae SLD1a-1, (Ma et al., 2007). In our 3 

weeks experiments, the reduction rate of selenate to selenite at 30°C and 40°C was 

clearly higher than the selenite reduction rate. In longer time experiments the amount 

of selenite reducers could develop in the reactor due to the high concentration of 

selenite and finally decrease the selenite yield. At 50 °C, the growth of se reducing 

biomass was probably inhibited by 50 °C. 

 

Besides biological selenite reduction also selenite losses may occur due to chemical 

reduction of selenite. Selenite can be reduced chemically with thiols (Frenkel et al., 

1991; Kice et al., 1980), H2S (Geoffroy and Demopoulos, 2011; Pettine et al., 2011) 

or biomass compounds (Falcone and Nickerson, 1963; Frenkel et al., 1991). A higher 

process temperature increases a chemical selenite reduction rate with H2S, (Pettine 

et al., 2011). In the 50°C and the 20°C experiments, the selenate reduction was 

comparably low, and selenite was detected in the 20°C experiment only (Table 2.2). A 

possible explanation for no selenite detection at 50°C is that a further chemical 

selenite reduction with reduced compounds is fast compared to the biological selenite 

production. These reduced compounds come from the inoculum directly or are 

metabolites.  

 

Besides reduction, also methylation of selenite can contribute to selenite and electron 

donor losses. No methylated compounds nor selenide were detected in all our three 
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weeks experiments. Lenz et al., (2008b) detected in the reactor with Eerbeek sludge 

dimethylselenide after 13 days and dimethyldiselenide after 17 days of operating, 

(Lenz et al., 2008b). Our operating time could have been too short for the biomass to 

develop methylated selenium compounds.  Also, in some of our experiments, the 

relatively low electron donor concentrations could have had a negative effect on 

selenium methylation since methylation costs electron donor. 

 

2.4.2 Effect of pH on the selenite production 
Like temperature, the pH can select different species of micro-organisms in a reactor. 

Within one organism the pH can select the selenate reduction or selenite reduction 

rate: for micro-organism Pseudomonas stutzi, selenate reduction rate and the 

selenite reduction rate is equal between pH=7 and pH=9, selenate reduction rate is 

lower than the selenite reduction rate  at pH=6,  the selenate reduction rate is higher 

than the selenite reduction rate at pH =9.5 (Lortie et al., 1992). For Eerbeek sludge at 

pH=6, pH=7 and pH=8, the selenate to selenite conversion rate was higher than the 

selenite reduction rate. For the pH=9 experiment, no selenite was detected indicating 

that the selenite production rate was equal to the selenite reduction rate, or all the 

converted selenate was immediately reduced to selenium without selenite as an 

intermediate. Selenate reduction occurred under all pH settings, because red 

elemental selenium was detected in all cases. 

 

The pH also has an effect on chemical selenium reduction of selenite. Reactive 

reducing elements could have been added to the reactor with the inoculum. The pKa2 

value of selenite is 7.3, and at higher pH more SeO3
2- species are available. In 

chemical selenite reduction with thiols, the pH has an effect on the mechanism and 

rate (Kice et al., 1980). Chemical selenium precipitation rate for selenite reduction by 

sulfide was found to be lower at higher pH range: pH>8 (Pettine et al., 2011) and 

pH>9.5 (Geoffroy and Demopoulos, 2011). In our pH=6, pH=7 and pH=8 

experiments, high selenite concentrations were obtained, , but not more elemental 

selenium was detected at pH=6 compared to pH=8. The amount of inoculum, thus 

the amount of other elements, like S, was equal in each pH experiment. This amount 

of other reducing compounds could be limiting if the chemical reactions contribute to 
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the reduction of selenite to elemental selenium.  

2.4.3 Effect of biomass and electron donor concentration on selenite 
production 
In the 30°C pH=7 and 1 g wet weight biomass experiment,  all the selenate was 

converted in 240 hours. The electron donor concentration was low during the 

experiment: max 87.6 mg propionic acid and max. 55 mg acetic acid. The average 

selenate reduction rate was roughly 741 mg Se/ g initial VSS/day over a period of 10 

days. This high reduction rate indicates that the 1 g wet weight of biomass was 

capable of reducing all the selenate and oxidize the majority of the electron donor. 

This indicates that fluctuations in the feed of 5 gram initial wet weight experiments 

around the biocatalysts optimum (pH=7 and T=30°C) conditions had no effect on 

selenite production because the biomass conversion capacity of selenate and 

electron donor was high enough compared to the addition of the selenate and the 

electron donor via the feed.   

 

In all experiments, a part of the lactic acid was reduced to propionic acid and a part of 

the lactic acid was oxidized to acetate. The energy from the lactic acid reduction to 

propionic acid is calculated with values from Amend and Shock(Amend and Shock, 

2001) with partial hydrogen pressure 0.010 atm: 

 

Lactate- + H2  → propionate- + H2O ΔG =-85.6 kJ/mol reaction or -42.8 kJ/mol e- 

 

If we compare this energy release with the energy release in table 2.1, we can 

conclude that selenate and selenite reduction gain more energy per electron than 

lactate reduction. However, in spite of this higher energy release in selenate 

reduction compared to lactic acid reduction, the sludge reduces a part of the lactic 

acid to propionate first: unadapted Eerbeek granules is used in every experiment, it is 

possible that the granules has to adapt to selenate reduction first or that lactic acid is 

preferable as an electron acceptor. 

 

The inoculum was granular sludge and limited mass transport over the granules has 

some protection advantages. On one hand diffusion limitation could have protected 
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the biomass in the inside of the granule from high selenate concentration. On the 

other hand, disperse biomass was detected after two or three days in each 

experiment. The biological activity of Eerbeek sludge alters if it is crushed, (Astratinei 

et al., 2006). The biological activity could have been changed by the growth of 

disperse biomass. In our experiments, dispersed growth seemed correlated with the 

selenate to selenite reduction. 

 

For reduction of selenite to selenium 4 electrons are needed and for the reduction of 

selenate to selenite only 2. Lenz (Lenz et al. 2008b) also produced elemental 

selenium with Eerbeek sludge but without detecting selenite. The work was 

performed at pH=7 and T=30°C and the chemical oxygen demand (COD)/selenate 

ratio in the influent was 633 (g/g). Astratinei converted 16% of selenate to selenite at 

pH=7.5 and T=30°C, the COD/selenate ratio was 13.4 (g/g) at the start of the batch. 

After the addition of extra electron donor in the experiment of (Astratinei et al., 2006) 

the selenate was still reduced, but also the selenite concentration decreased.  In our 

13.75 mM lactic acid experiments the ratio between COD/selenate is 0.35 (g/g) in the 

influent. Probably a low electron donor concentration and biomass in our T=30° 

experiments stopped the biomass to reduce selenite further towards elemental 

selenium because:1 less electrons were available from the electron donor. 2 the 

conversion rate of selenite to elemental selenium was lower than for selenate to 

selenite conversion, a low biomass concentration compared to high selenate 

concentration results in selenite production. 3 Selenite was chemically reduced, less 

reduced compounds were present in the medium due to the low biomass and 

electron donor concentration. 

 

For the 68.75mM electron donor concentration the yield of selenite from selenate was 

72% and the yield of selenite from the electron donor was 6 %. The ratio between 

COD/selenate was 1.75 (g/g), the high amount of electron donor resulted in less 

selenate reduction and less selenite production. The fraction elemental selenium was 

relatively high compared to the amount of produced selenite.  

 

Lenz (Lenz et al., 2008a) and Astratinei (Astratinei et al., 2006) used sulphur 
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compounds in their medium. Probably, no selenite could be detected because of 

bioproduced reduced sulphur compounds, or other reduced compounds, that directly 

precipitate with selenite. The experiment with only 1 g initial wet weight biomass 

resulted in less elemental selenium than the experiment with 5 g wet weight initial 

biomass (Table 2.2). In both experiments all the selenate was converted and yielded 

high selenite production. 

 

The selenium alkylation route described by Chasteen (Chasteen and Bentley, 2003) 

has selenite as intermediate. Lenz (Lenz et al., 2008b) found alkylated and 

methylated selenium compounds but no selenite. For methylated selenium 

compounds, not only electrons are needed for selenium reduction, but also electron 

donor is needed for methylation. A possible explanation is that at higher electron 

donor concentration the micro-organisms have the opportunity to methylated 

selenium compounds besides reducing selenium. 

 

2.4.4 Effect of redox potential 
Redox potential was followed in all the experiments and showed a minimum value 

during the first days in the experiments. The lowest redox potential in the temperature 

experiment was reached in the 50°C experiment and the lowest redox in the pH 

experiments was reached at pH=9 (Fig. 2.2E and Fig. 2.3E). An explanation for this 

decrease at high temperature could be the that lactic acid is converted to propionic 

acid and H2 or to propionic acid and other reduced compounds, causing the low 

redox potential. If selenite was produced, then these reduced compounds will react 

with selenite and the redox potential rises again. This trend of the redox potential is 

also seen in chemical selenite reduction after the addition of the reducing compound 

(NaHSO3 or SO2) the redox potential decreases and rises later (Harañczyk et al., 

2002). For the pH=9 experiment, a very low redox potential was established for a 

longer period in the experiment, around -500mV vs Ag/AgCl. No selenite was 

detected in this experiment. 

2.5 Conclusions 
This study demonstrates that a high percentage of selenate is rapidly converted in 

selenite at pH=7, T=30°C and using 1 g wet weight not adapted Eerbeek sludge. A 
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high average reduction rate of 741 mg Se/ g initial VSS/day was measured and 95% 

of the selenate was converted to selenite. Unwanted volatile products like methylated 

selenium compounds and selenides were not detected.  After selenate to selenite 

conversion, selenite losses could be caused by further biological reduction and 

chemical reduction with other compounds like thiol groups in the biomass. Process 

conditions like pH and temperature affect the latter reaction and this should be taken 

into account when choosing optimal settings for selenate to selenite reduction. 

Experiments at pH 9 combined with a temperature of 30°C and at pH 7 combined 

with a high temperature of 50°C resulted in elemental selenium but no selenite 

production. Furthermore, the electron donor concentration should be regulated to 

control the production of selenite, the redox potential could be used as a monitoring 

parameter. This is to  minimize electron donor costs, minimize inhibition effects and 

to avoid further reduction and methylation of selenite. The high yield and the high 

biological reduction rate of selenate to selenite makes the process suitable to remove 

selenate from waste water. 

  



 
 

47 
 

Chapter 3 

Bio-production of selenium nanoparticles with diverse physical 
properties 
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Summary 
Biological reduction of soluble selenate to insoluble elemental selenium enables the 

removal and recovery of selenium from aqueous streams. Economic, efficient biological 

selenium recovery depends on properties of selenium particle such as size, density, 

stability, hydrophilic character and attachment to the biomass. The properties of selenium 

particles are affected by the bioreactor process conditions under which the particles are 

formed. In batch and fed-batch reactors using anaerobic sludge, the influence of pH (6-9) 

and temperature (20-50°C) on the morphology, structure and stability of the biologically 

produced selenium particles properties were studied using SEM, XRD, and light 

microscopy. At a high pH or a high temperature these experiments resulted in grey 

crystalline hexagonal acicular selenium particles, while a low pH combined with a low 

temperature red amorphous nanospheres were dominant. Particle stability tests were 

carried out by changing the temperature or pH after the particles had formed. Red 

amorphous selenium spheres (produced at pH=7 and 30°C) transformed gradually 

towards the grey hexagonal structure at 50°C over a period of three weeks. We show 

here that biological selenium particle crystallinity, shape and colour can be controlled by 

temperature and pH. Although the formation of crystalline particles seems possible, the 

removal efficiency and reduction kinetics of the biomass still needs to correspond with the 

bioreactor conditions. The production of crystalline particles is an important first step to 

grow larger selenium particles in the future in order to reduce costs for selenium recovery 

in bioreactors. 
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3. 1 Introduction 
Selenium removal, recovery and re-use from wastewater streams are of importance, 

because of its harmful effects on the environment but also because of its use as a 

valuable compound in many applications. Selenium emissions from several industries 

contribute to pollution (Lemly 2004, Winkel et al. 2011). The water-soluble forms of 

oxidised selenium, selenate and selenite, can cause problems due to their mobility and 

possible toxic accumulation effects (Lemly 2004). But selenium also has considerable 

economic value, as it is used in, for example, food (as a trace element), paint and 

electronic products. 

 

The bio-reduction of soluble selenate to form insoluble elemental selenium followed by a 

liquid-solid separation process is a promising environmentally friendly selenium removal 

and recovery method. In this process, micro-organisms oxidise organic electron donors 

using selenate as electron acceptor for dissimilatory reduction (see equation 1) (Steinberg 

and Oremland 1990). The solid selenium thus produced requires appropriate particle 

properties for efficient recovery during the solid liquid separation process. The 

sedimentation rate is influenced by selenium particle size, density, (red amorphous 

selenium is 4.27 g/mL and crystalline selenium 4.81 g/mL (Minaev et al., 2005)) 

attachment to biomass and crystal structure. Selenium particle properties might also be 

relevant to the toxicity effect on the biomass (Fernández-Martínez and Charlet 2009). 

 

Electron donor + SeO4
2- (aq)  Se (s) + oxidised electron donor   (3.1) 

 

Several morphologies of selenium nanoparticles have been described: rods (Mondal et al. 

2008, Xi et al. 2006), crystalline spheres (Xi et al. 2006, Mishra et al. 2011), trigonal 

nanowires (Gates et al. 2002), amorphous spheres (Gates et al. 2002) and trigonal 

nanotubes (Xi et al. 2006). Unless otherwise stated we use the terms spheres and 

aciculars. The term rosette is used for spherical particles with acicular parts radiating out 

from the spherical core. 

 

Several mechanisms for the formation of biological selenium particles have previously 

been described with models (Xi et al. 2006) (Gates et al. 2002). These models describe 
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the phenomenon that red amorphous or monoclinic selenium spheres are produced first 

and later on these spheres are transformed into more acicular hexagonal crystalline 

structures. This transformation is accelerated by heating (Lenz et al. 2009), sonification, 

or by replacing the water phase with ethanol (Li and Yam 2006) or a mixture of chloroform 

and methanol (Tejo Prakash et al. 2009). However, for biological selenate reduction water 

is indispensable. Heating and sonification have limitations in bioprocesses. , once bio-

selenium particles have been formed, the particles can be subjected to changes in the 

process conditions. 

 

The hexagonal acicular selenium particles can grow along the ends from the acicular 

particles (Mondal et al. 2008). At a slow crystallization rate, longer selenium particles 

appear due to a preferred growth at the tips of the acicular hexagonal selenium crystals. 

At a higher growth rate there is more growth competition between the tips and the side of 

the selenium particles, resulting in thicker particles. At a higher temperature, the van der 

Waals force is weaker due to the higher temperature (Mondal et al. 2008) and molecules 

can diffuse better through the water phase, enabling them to start growing along the tips 

of the acicular particles. The selenium molecules also diffuse better through the water 

phase at high pH (Xi et al. 2006). This means that biological acicular selenium particles 

are expected to be produced at as high as possible temperature and pH, but within the 

restricted conditions for micro-organisms that are able to reduce selenate. 

 

In this study, the properties of selenium particles were investigated to find a threshold for 

temperature and pH to differentiate between biologically production of amorphous 

selenium and crystalline selenium. The properties of bio-selenium particles were analysed 

by taking precipitates from selenate-reducing bioreactors operated under different 

conditions. The temperature was varied between 20°C and 50°C, in steps of 10°C. The 

pH was varied between 6 and 9 in steps of 1 pH-unit. In a second step, using red 

amorphous selenium spheres produced at 30°C and pH=7, a stabilisation test was 

performed at pH or temperature conditions that had led to more crystalline selenium 

particles (pH 9 or 50°C). 
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3.2 Material and methods 

Two collections of bio-selenium precipitates were used. Defrosted selenium 

precipitates from fed-batch experiments (chapter 2) and selenium precipitates from 

batch experiments. In fed-batch experiments pH and temperature were controlled by 

a pH and temperature stat. In batch experiments only the temperature was 

controlled. 

3.2.1Temperature and pH-controlled fed-batch experiments 

In fed-batch experiments pH and temperature were controlled by a pH and temperature 

stat. Defrosted selenium precipitates from fed-batch experiments were used to compare 

the properties of selenium particles with the properties detected in the batch experiments. 

For a description of the experimental setup see Chapter 2. The starting volume was 250 

mL without selenate and ±300 mL 25 mM selenate was added to the reactor in ±10 days. 

The ±10-day fed-batch was followed by a ±11-day batch mode in which the pH was still 

controlled and the headspace flushed with nitrogen. The medium was the same as in the 

batch bottles (3.2.2), but the selenate and the electron donor concentration varied due to 

addition of the feed. In these experiments Eerbeek sludge from a reactor treating paper 

mill effluent at pH=6.9 and temperature ranges from 30°C to 37°C (Oude Elferink et al. 

1998) was used. Around 10% of the selenate was converted to elemental selenium during 

the three weeks that the reactor was used. The liquid with small particles was collected 

from the reactor and stored at -20°C. The properties of the selenium particles thus 

produced (crystallinity, morphology, sedimentation, size, colour) at reactor settings 

T=30°C with pH 6, 7, 8, 9 and pH=7 with T=20°C, T=40°C and T=50°C were compared. 

Samples of sieved (1mm) reactor liquid with a volume of 25 mL (stored at -20°C) were 

defrosted and made ready for light microscope (LM) analyses. Subsequently the samples 

were centrifuged and washed twice with 8 mL MilliQ water, 10 minutes 2395 rpm at 20°C 

with a Firlabo SW12 centrifuge, prior to SEM analyses and XRD analyses. For SEM 

analyses, samples were dried at room temperature. The samples were placed on a SEM 

sample holder using carbon adhesive tabs (EMS Washington USA) and subsequently 

coated with about 10 nm carbon. Samples were analysed at 3 kV, 25 pA, WD 4 mm at 

room temperature, in a field emission scanning electron microscope (SEM) (Magellan 

400, FEI, Eindhoven, the Netherlands). EDX analyses were done using an INCA X ray 
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analyser (Oxford Instruments Analytical, High Wycombe, England) at an acceleration 

voltage of 10 kV, 100pA, WD 4mm. 

3.2.2 Batch experiments with the temperature controlled 

From the fed-batch tests described above, it was concluded that the properties of 

selenium particles and formation was influenced by pH or/and temperature. To obtain 

more data points batch tests were performed. 

 

For the batch experiments, medium according to chapter 2 was prepared. Lactic acid was 

added to a final reactor concentration of 1.25 mM. The pH was adjusted to 6, 7, 8 or 9 by 

adding 0.1 M NaOH. Crimp seal flasks with a volume of 118 mL (SD=0.77 n=10) were 

filled with 24 mL of prepared medium. Subsequently 1 mL of a 50 mM sodium selenate 

solution was added; this resulted in a final selenate concentration of 2 mM. Between 0.25 

and 0.30 g of fresh unadapted wet weight granular ‘Eerbeek’ sludge was added to the 

flasks. The headspace was degassed to 0.5 atm. and then the pressure was increased to 

an overpressure of 0.5 atm. with N2. This cycle was repeated 5 times, ending with an 

overpressure of N2 0.5 atm. The bottles were shaken at 100 RPM and at temperatures of 

20°C, 30°C, 40°C or 50°C. All experiments were carried out in duplicate (A+B). Controls 

without biomass were prepared for each pH, but only for 20°C and 50°C and not in 

duplicate. 

 

The colour of the precipitates and the pH were followed over time. On t=15 days extra 

electron donor was added to the batch bottles (0.3 mL of neutralised NaOH 0.1 M lactic 

acid. After 30 days the crimp seal flasks were removed from the incubators and placed at 

room temperature. Liquid samples were taken from the bottle using a syringe, leaving the 

remainder of the inoculum granules in the bottle. These liquid samples contained coloured 

Se particles and dispersed biomass. An absorbance spectrum of the liquid from 340 nm 

to 900 nm was made with a Dr Lange ION-500 spectrophotometer. Light microscope (LM) 

pictures were made with a NIKON ECLIPSE 400 microscope. The bottles were stored at 

4°C. For XRD, samples were washed once with 15 mL MilliQ water (45000 RPM for 10 

minutes with Firlabo SW12), subsequently the centrifuge step was repeated and the pellet 

was resuspended in around 0.2 mL MilliQ. The 0.2 mL was applied onto an object glass 
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used for microscopy (VWR ECN 631-1550 76×26×1 mm) and dried at room temperature 

prior to XRD analysis. XRD was performed with a PHILIPS SR 4160, 40 kV 30mA. Raw 

data were analysed with the program HighScore Plus. Peaks were traced using the 

following software method: 2nd derivate; Minimum significance 1.00; Minimum tip width 

(°2ϴ) 0.01; Max. tip width (°2ϴ) 1.00 and peak base width (°2ϴ) 2.00. 

3.2.3 Particle stability test 

Selenium particles that were produced over three weeks at 30°C and pH=7 in fed-batch 

experiments were also tested for their stability with changing temperature and pH for 

another three weeks. Reactor samples were shaken at 100 RPM under new process 

conditions: T=30°C and pH=7, T=30°C and pH8, T=30°C and pH=9, T=40°C and pH=7 

and T=50°C and pH=7. At 11 days and at 22 days an absorbance spectrum of the solution 

was made. After three weeks LM pictures were also taken of the precipitates. Other 

samples were washed twice with 5 mL MilliQ at 2395 RPM, 20°C 10 min with Firlabo 

SW12 centrifuge and finally air dried prior to XRD analyses. 

3.2.4 Sedimentation test 

Sieved (1 mm) samples from all the fed-batch reactors were added to a 30-mL tube at mL 

scale and the sedimentation was followed visually over time to see if the sedimentation 

velocity of the selenium particles differed and could be correlated to the selenium particle 

structure. 

3.3 Results and discussion 

3.3.1 Temperature and pH related to selenium particle morphology 

Selenium precipitates formed in in a pH-controlled bioreactor in three weeks (Chapter 2) 

were investigated using LM. The LM pictures in Figure 3.1 indicate mainly two different 

particle morphologies: selenium acicular or selenium particles that are assumed to be 

spheres (Fig. 3.1). The precipitates with mainly acicular structures were a darker red than 

the precipitate with mainly spheres. 
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Figure 3-1: Light microscope photos of two fed-batch precipitates: Both types of 

precipitates are composed of biomass and selenium particles. 

 

The LM pictures were not always clear enough to distinguish between several selenium 

particle morphologies: single spheres were barely visible, but larger acicular selenium 

structures were clearly visible. SEM pictures were made from the fed-batch experiments 

(stable pH during the particle formation) to provide more detailed information about the 

particle morphology. 
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2G, T=30°C and pH=9 

2E, T=30°C and pH=6 2F, T=30°C and pH=8 

2D, T=50°C and pH=7 

2B, T=30°C and pH=7 2A, T=20°C and pH=7 

Figure 3-2. SEM pictures of fed-batch precipitates. 

The scale bar is in the lower right corner of each picture.  

In all of the photos biomass was mixed with selenium particles. 

2C, T=40°C and pH=7 

   3μm          2μm   

    3μm           3μm       

  4μm          1μm    

     20μm      
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The SEM photos confirmed the morphology that was obtained from the LM-photos. 

Mainly sphere-like particles were detected at the pH-controlled fed-batch experiments: 

20°C, 30°C and 40°C all at pH=7 and also at 20°C and at pH=6. Mainly selenium acicular 

particles were detected at 50°C and at pH=7 (Fig. 3.2D) and in the two experiments in the 

higher pH range: T=30°C and at pH=8 (Fig. 3.2F) and pH=9 (Fig. 3.2G). The samples 

with mainly acicular selenium nanoparticles also revealed rosettes (arrow in Fig. 3.2D). A 

mixture of particles with diverse structures has also been detected by others (Xi et al. 

2006, Pearce et al. 2009) and indicating a selenium phase transformation. At 40°C and 

pH=7 some spheres were merged with other spheres (arrow in Fig. 3.2C). 

 

The precipitates of the batch experiments were only investigated with the LM and different 

particle morphologies were revealed, such as acicular structures in grey precipitates (Fig. 

3.3). However, the morphology of the particles in the red precipitates was difficult to see 

using LM because the size of the particles was small, but it was assumed that there were 

red amorphous selenium nanospheres (Fig. 3.3). Regrettably, the pH of the medium was 

not stable during the batch processes (Appendix 3A and Table 3.1). 

 
 

Figure 3.3: Two precipitates from batch experiments at 30 days; on the left a more 

acicular-like structure mixed with biomass from batch. On the right, a red coloured 

precipitate mixed with biomass. 
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The size of acicular selenium compared to the size of the micro-organisms suggests that 

the particles were outside the micro-organisms (Fig. 3.3, Fig. 3.2). Whether the selenium 

nanospheres were produced epicellularly, extracellularly or intracellularly is not clear from 

the LM and SEM pictures. 

 
 Table 3.1: Colour and final pH of the batch experiments in duplicate after 30 days 

pH set -
point 

6 7 8 9 

T (°C) Label pH:” 6 A” “6 B” “7 A” “7 B” “8 A” “8 B” “9 A” “9 B” 
50 6.50 6.31 6.95 6.80 7.5 7.42 7.87 7.82 
40 6.63 6.63 7.00 7.03 7.33 7.34 7.68 7.67 
30 6.72 6.78 7.03 6.91 7.42 7.47 7.82 7.86 
20 6.77 6.73 7.14 7.04 7.53 7.79 8.21 7.74 
 

The initial pH setting, which is reported in the first row, is used as labelling. The pH shift 

from initial to final pH was mainly established within the first days of the experiment (data 

Appendix 3A). Four results of precipitate colour were notable: White = almost no 

precipitation; Red = red to orange precipitates; Light yellow = yellow precipitates; Grey = 

grey precipitates. 
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Figure 3.4: Spheres, intermediates and acicular, as function of pH and temperature. In 

this plot the final measured pH value (30 days) of batch experiment was used. Results 

from fed-batch (21 days) with controlled pH are expressed in black. 

 

From Figure 3.4 it can be concluded that in the lower pH and temperature range mostly 

spherical selenium particles can be detected and in the higher pH and higher temperature 

range acicular selenium can be detected. 

3.3.2 pH and temperature related to selenium colour precipitates 
The four most distinctive liquid colours at the end of the batch experiments were red, 

orange, yellow and grey (Fig. 3.5). Grey coloured liquid was mostly detected in the 50°C 

experiments at a pH above 6.9. These colours can be correlated with particle size and 

morphology. From Table 3.1 and Figure 3.4 it seems that red colour is linked to 

amorphous spheres and grey colour is linked to acicular particles. 
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The liquid colour in the experiments changed from light yellow to red, followed by grey. 

The change from light yellow to red corresponds with the redshift in the absorbance peak 

that occurs when the amorphous nanospheres particle size increases from 0-18 nm to 

220-240 nm (Lin and Wang 2005) (Dauchot and Watillon 1967). The change from red to 

grey corresponds with a blue shift that occurs when selenium nanospheres transform to 

more irregular particles (Gates et al. 2002). However, sometimes because of mixtures of 

particles it was difficult to link colour to selenium particle morphologies. This was also 

seen in the fed-batch experiments with mainly acicular morphologies; all precipitates were 

also reddish and composed of spherical and intermediate particles. Colour can be used 

as an indication, but structure and morphology should be analysed as well. 

 
 

Figure 3.5: Batch bottles and their colour. 5A, batch bottles from left to right “pH=6 

T=30°C A”; “pH=7 T=20°C A”, “pH=8 T=40°C A” and “pH=9 T=50°C A”, with the 

corresponding colours: reddish, red/orange, light yellow and grey. 5B, the corresponding 

cuvettes of the bottles in 5A. 5C, absorption spectra of the different solutions. 

5C 5A 

5B 

5B 

5A 
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Batch pH=6 T=30°C A 

   

Batch pH=7 T=20°C A 

 

Batch pH=8 T=40°C A 

 

Batch pH=9 T=50°C A 

Fed-Batch 20°C pH7 

 
Fed-Batch 30°C pH7 

 

Fed-Batch 40°C pH7 

 

 Fed-Batch 50°C pH7 

Fed-Batch 30°C pH6  

 

Fed-Batch 30°C pH8 

 

Fed-Batch 30°C pH9 

Figure 3.6: XRD of batch and pH-controlled fed-batch experiments. 
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3.3.3 Reactor pH and temperature related to crystal structure formation 

Precipitates from the batch and the pH-controlled fed-batch were examined by XRD (Fig. 

3.6). At 50°C fed-batch, seven hexagonal selenium peaks were detected and this 

confirmed the hexagonal structure. The XRD results showed that crystalline hexagonal 

selenium was formed at a higher pH and temperature range. This is in correlation with the 

morphology (Fig. 3.4) and colour (Fig. 3.5) of the selenium particles discussed earlier and 

so the acicular structures and grey colour are linked to crystalline hexagonal selenium. 

 

Deviation between the peak intensities at 24 °2ɸ and 30 °2ɸ can be observed in Figure 

3.6 (All XRD peak tables are in Appendix 3B). In some published XRD patterns the peak 

intensity at 24 °2ɸ was the highest (Xi et al. 2006, Gates et al. 2002, Li and Yam 2006, 

Tejo Prakash et al. 2009, Wang et al. 2010, Song et al. 2006), while other studies show 

that the 30 °2ɸ peak intensity was highest in the selenium XRD patterns (Mondal et al. 

2008, Mayers et al. 2003, Zhang et al. 2004, Shah et al. 2010a, Srivastava and 

Mukhopadhyay 2013, Shah et al. 2010b, Pejova and Grozdanov 2001). A high peak 

intensity at 24 °2ɸ (hkl 100) is explained by the preferential orientation effects of selenium 

in a certain direction (Li and Yam 2006, Song et al. 2006), also named the 001 direction 

(Tejo Prakash et al. 2009) or the c-axis (Wang et al. 2010),(Gates et al. 2002). Ding et al. 

(2002) showed that for long acicular selenium the 24 °2ɸ peak was most intense. By 

grinding these acicular particles and making an XRD the 30 °2ɸ peak became most 

intense (Ding et al. 2002). All together, the relative intensity of the 24 °2ɸ increases with 

acicular length. This is confirmed by our batch experiments at pH=9 and T=50°C where 

long acicular selenium structures were identified by LM (Fig. 3.3). XRD spectra of this 

precipitate resulted in a relative intensity at 24 °2ɸ that was at least 4.5 times the intensity 

at 30 °2ɸ. 
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7A        

7B        

7C pH=7 and T=50°C      7D pH=7 and T=30°       7E pH=9 and T=30°C 

Figure 3-7: Particle stability tests, absorbance spectra, and XRD and LM photos at 22 days 
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Temperature 30°C pH7  
  
  
 Temperature 40°C pH7 
  
  
  
Temperature 50°C pH7 
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3.3.4 Particle stability tests 
The amorphous selenium spheres that were produced in the fed-batch experiment at 

T=30°C and pH=7 were incubated under altered temperatures and pH conditions to 

observe if these particles are stable or undergo changes. The shape of the curve in 

Figure 3.7a at 50°C changed most compared to the other shapes at 22 days (Fig.3.7a). 

Broadening of the absorption peak in an absorbance spectrum with ageing time was 

reported before, (Song et al. 2006). The colour of the 50°C sample became a darker red 

compared to the other samples. XRD patterns revealed that the selenium crystallization 

peak at 30 2ɵ° appeared at a higher temperature during the stabilisation tests (Fig. 3.7B). 

Analyses with LM revealed structural changes in the selenium particles. Darker stretched 

particles were detected in the 50°C sample (see Fig. 3.7c). This indicates that at 50°C the 

amorphous selenium spheres had been transformed into a more stable structure. 

 

The particles became more crystalline at 50°C. The same effect was observed at 40°C, 

but it was less strong. The 30 2ɵ° appeared at a pH=9 as well (detected by software) and 

the colour of the liquid seemed a little darkened. The recrystallization effect was less 

visible compared to 50°C, but recrystallization could have occurred at a higher pH in three 

weeks. The transformation from amorphous to the more crystalline structure needs 

energy and this transformation can be enhanced by increasing the temperature. A higher 

pH can also result in more crystalline selenium particles during the particle stability tests. 

Xi et al. (2006) proposed that the solubility of selenium increases due to the high pH and 

that amorphous selenium develops into trigonal selenium (Xi et al. 2006) which is 

hexagonal. When particles were produced directly at a higher temperature or pH, the 

precipitates seemed to be more hexagonal, darkened and acicular according to XRD and 

photos than after the particle stability tests under comparable conditions. 
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Table 3.2: The biological properties of selenium particles as a function of pH and temperature in the 
literature 
 
Name e-donor pH T Time (h) Dominant 

Morphology 
XRD Remark and morphology defined in 

the original source 
Geobacter 
sulfurreducens 

Acetate 7,5 30 500 Spheres  Amorphous (a bit acicular structures) Weak 
peaks visible in XRD. Addition of 
anthraquinone dislfonic acid creates 
a crystalline structure.(Pearce et al., 
2009) 

Shewanella 
oneidensis 

H2 7,5 30 500 Spheres Amorphous With anthraquinone disulphonic acid 
crystallinity detected (Pearce et al., 
2009) 

Veillonella atypica H2 7,5 37 500 Spheres Amorphous With anthraquinone disulphonic acid 
(Pearce et al., 2009) 

Pseudomonas 
alcaliphilia 

Citrate 7.5 28 48 Spheres Amorphous Monoclinic and trigonal selenium 
according to Raman. 
Formation of t-Se-nanorods; 
transformation is avoided by adding 
PVP (Zhang et al., 2011) 

Geobacter 
sulfurreducens 

H2 7,5 30 500 Deformed 
spheres  

Crystalline With and without anthraquinone 
disulphonic acid (Pearce et al., 
2009) 

Bacillus.subtilis Glucose 7 35 48 Spheres 
(became larger 
in time) (washed 
with ethanol) 

presumed to 
be monoclinic 
nanospheres 
from Raman 
data 

(monoclinic) m-Se nanoparticles 
were capped by proteins excreted 
from B.subtulis 
(Wang et al., 2010) 

Bacillus 
magaterium 

Acetate 7.5 37 8 spheres Crystalline 
according to 
XRD results 

Crystalline spheres (Mishra et al, 
2011) 
(reduction of selenite) 

Bacillus 
selenitireducens 

Lactate 9.8 30 400 h Not available Not available Black crystalline allotrope (Herbel et 
al., 2003) 

Purple non-
sulphur bacterium 
strain 
NKPB030619 

Phototro
phic 
reaction 

8 
 

30 336 h  nanorods Not available -the pH increased, starting at 6.8 
and was 8 at the end of the 
experiment. 
- phototrophic conditions 
- Amorphous red granules 
After 2 days - crystalline structure, 
needle-like structure; after 2 weeks 
(Yamada et al., 1997) (reduction of 
selenite) 

 
 
Table 3.2 pH and temperature values are from the various references. Sufficient examples were found with a pH 

around 7 and a temperature around 30°C, so only a selection is presented in this table. Examples of studies at other pH 

and temperature settings are less common. Sometimes only initial conditions were provided and deviations in the 

values are sometimes not validated by the authors of these scientific papers. 

 

3.3.5 Effect of pH and temperature on particle properties in other studies 
From our particle stability tests it is clear that selenium particles can be modified during 

ageing. To compare our results with other studies we focused on particles with a 

production time up to 500 hours to exclude ageing effects. The pH and temperature 

settings used for the production of selenium particles in other studies are summarised in 

Table 3.2. 

 

The production temperature and the production pH of amorphous spheres are shown in 
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the first four lines of the Table 3.2. The corresponding pH is around 7.5 and the 

temperatures vary between 28°C and 37°C. These results are more or less comparable 

with our pH and temperature values for amorphous spheres production (Fig. 3.4). The 

production of intermediates is presented in lines 5 to 8 in Table 3.2. The pH is around 7 to 

7.5 and the temperature range is from 30°C-37°C. These pH and temperature values are 

close to the pH and temperature values at which amorphous spherical selenium particles 

were produced and the particles are also more related to amorphous spheres than to the 

acicular hexagonal structure. The production of acicular, black or crystalline selenium was 

reported at T=30°C and a pH ranging from 8 - 9.8 (Table 3.2). Overall, the biological data 

reported in other studies are in agreement with our findings, though most data were 

obtained at around pH=7 and T=30°C. 

3.3.6 Effect of the particle properties on selenium recovery 
Defrosted and sieved effluent from the fed-batch experiments was tested for 

sedimentation in a 30 mL tube. After a couple of seconds the tubes contained some solid 

material at the bottom of the tube and a coloured suspension with selenium particles 

remained (Fig.3.8). These non-precipitated suspensions were composed of 

heterogeneous structures of particles and biomass, and the medium and amount 

selenium that was produced varied as well. Only around a centimetre of the top of the 

suspension discoloured in days due to sedimentation, but this value cannot be quantified. 

 

A particle size distribution curve was constructed from the fed-batch experiment at pH=7 

and T=30°C (Fig.3.9). The average calculated selenium particle diameter was 260 nm. 

The corresponding sedimentation rate in water is in the order of 8 mm/day (see Appendix 

1A Chapter 1). The calculated sedimentation rate is in the order of the estimated 

sedimentation rate in the sedimentation experiment described in the paragraph above. 
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Figure 3.8: Sedimentation of defrosted liquid samples. Fed-batch experiments at pH= 7 

 

 
Figure 3.9: selenium particle size distribution curve constructed from a SEM picture of 

fed-batch experiment pH=7 and T=30°C. 150 particles were analysed using the software 

“ImageJ”. 

 

A phase transformation from amorphous to more hexagonal selenium was established in 

the 50°C particle stability test.  Although the density of the selenium particles increased, 

  50°C   20°C   40°C   30°C   



 
 

67 
 

the density of the biomass with the selenium particles seemed the same. This means that 

it is essential to grow hexagonal selenium particles to accelerate the sedimentation 

velocity significantly. 

 

3.3.7 Production of recoverable particles 
To achieve an industrially applicable sedimentation rate larger selenium particles are 

required. Our ability to produce amorphous spherical nanoparticles that can transform to 

acicular structures corresponds to the description of several models (Xi et al. 2006) 

(Gates et al. 2002). The particle stability tests prove that the moment selenium particles 

are formed the particle formation is different compared to a post-treatment step under the 

same conditions. Amorphous selenium particles are metastable and transform in time to 

the acicular shape under the same pH, temperature and anoxic conditions. This is 

important for obtaining recoverable selenium particles. Furthermore, biomolecules such 

as proteins (Tejo Prakash et al. 2009) or other additives such as poly(vinylpyrrolidone) 

(Song et al. 2006) stabilise the amorphous selenium particles. It is preferred to grow 

larger acicular selenium structures instead of the amorphous red phase, because the 

particles seem to be extracellular and the density is larger and this could finally result in a 

cheaper selenium recovery system. 

3.4 Conclusion 
Acicular crystalline hexagonal bio-selenium particles can be produced at a temperature of 

approximately 40°C or 50°C or/and a pH of approximately 8 or 9. A lower temperature 

between approximately 20°C and 30°C combined with a pH of 6 or 7 resulted in mostly 

amorphous selenium particles that seemed to be more connected to the biomass. The 

effect of temperature and pH on the properties of the selenium particles was more 

effective when selenium particles were produced than during the post-modification 

processes used to convert amorphous spheres to the acicular structure. Unfortunately, 

the majority of the acicular particles did not accelerate the sedimentation process since 

the mass of the acicular and the amorphous particles were comparable. However, the 

formation of biological acicular selenium particles can be seen as the first step towards 

growing compact selenium particles to achieve good cheap selenium recovery through 

solid liquid separation. 
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Table A: pH-measurements during batch experiments. 

Bottles are labelled as the set-point of the pH. Blanco experiments (without biomass) led to 

less change in pH compared to the bottles with added biomass. 

Appendix 3A: pH measurements during batch experiments 
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Appendix 3B: XRD peak tables 
Table B-1: Peaks in the XRD patterns during 4 batch experiments 

 

XRD peaks from 4 batch experiments: Italic and underline lines correspond with 

hexagonal selenium peaks according reference pattern 96-901-2502, according to the 

software used. FWHM =Full width at half maximum. 
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Table B-2: XRD Peak table in 7 fed-batch experiments 

 

Italic and underline lines correspond with hexagonal selenium peaks according reference 
pattern 96-901-2502, according to the software used. FWHM =Full width at half 
maximum. 
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Table B-3: Peak in the XRD diffractogram during the particle stability tests 
 

 

Italic and underline lines correspond with hexagonal selenium peaks according reference 
pattern 96-901-2502, according to the software used. FWHM =Full width at half 
maximum. 
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Chapter 4 

Selenate reduction to produce recoverable elemental selenium at 
50°C by granular sludge from an anaerobic reactor 
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Abstract 

Selenate can be removed from wastewater streams by microbial reduction to form 

insoluble elemental selenium particles. Selenate is potentially highly toxic at low 

concentrations and selenium is a valuable element that can be recovered. The size 

and density of the bio-selenium particles are crucial to enable a viable solid liquid 

separation process. Until now most biologically produced amorphous selenium 

particles have been smaller than the micro-organisms. This study focused on 

producing crystalline bio-selenium particles in the micrometre range. A continuous 

anaerobic gas lift loop reactor with an internal settler for solid liquid separation 

inoculated with methanogenic granular sludge was used. Selenate feed of 1 mM with 

a daily loading rate of 43 mg selenium equivalent was reduced with lactic acid as the 

electron donor at 50°C and a pH of 7. Hydraulic retention time was around 8.5 days 

and the experiment was performed over months to allow selenium particles to grow in 

size. The selenium particles had an acicular needle shape and were about 10 μm in 

length and about 1 μm in width. They were often surrounded by biomass. The 

selenium particle size is comparable to those observed in the previous three-week 

experiments. This means that the selenium particles did not grow further during the 

long-term experiment. Nevertheless, the selenium acicular particles were sometime 

concentrated and occurred as larger clusters, which offers promising perspectives for 

selenium recovery. Microbial selenate reduction activity in the bioreactor was 

monitored over the months; the biomass reduced around 5% of the selenate that 

entered the reactor, resulting in limited selenium particle formation. This low reduction 

capacity might be due to the low electron donor concentration used or the sludge 

type. In future, the selenate reduction capacity in the reactor could be increased by 

using more electron donor or by using a thermophilic sludge. 
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4.1 Introduction 

Selenate in wastewater streams can be hazardous due to possible toxic 

accumulation effects  (Högberg and Alexander 2007). This is why selenate must be 

removed from wastewater streams. This can be done by biological reduction followed 

by solid liquid separation  (Staicu et al. 2015). Biological reduction is an 

environmentally friendly technique that can be used to remove and recover selenium. 

In the process, organic compounds are oxidized and soluble selenate is reduced to 

insoluble elemental selenium by microbes (eq 4.1 and eq 4.2). 

 
C3H6O3 + 2 H2SeO4  2 Selenium (s) + 3 CO2 + 5H2O      (4.1) 
 
48 mg COD + 1 mmol H2SeO4  1 mmol Selenium (s) + oxidized products   (4.2)  
 

The selenium particles thus produced can be removed from the wastewater to yield 

selenium-free water and a pure solid selenium product. The latter is also beneficial, 

because selenium is a useful element in many industries. It is crucial that the bio-

selenium particles have properties that enable a practical solid liquid separation 

process. The morphology of biological solid selenium particles, which were obtained 

from selenate bio-reduction by Eerbeek sludge, can be controlled by pH and 

temperature: a relatively high pH (8-9) and/or a relatively high temperature (40°C and 

50°C) resulted in more acicular particles (Chapter 2). Acicular particles often consist 

of hexagonal selenium. Hexagonal selenium grew to larger crystals and seems to be 

less attached to biomass than amorphous particles (Chapter 4). However, previous 

experiments only lasted for weeks and this could have prevented the selenium 

particles from growing further, which is essential to improve solid liquid separation. 

This is why a long-term continuous bio-reduction experiment was carried out under 

process conditions in which acicular selenium particles can be formed. 

 

Selenate reduction at a combination of high temperature and a high pH should be 

within the limits of the biomass so it will still be able to reduce selenate. Experiments 

at either 50°C or pH=9 promoted hexagonal particle formation, but reduced the 

selenate reduction rate (Chapter 2). The 50°C has several advantages: (1) When 

selenium particles have been produced, a temperature of 50°C promotes the 
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formation of acicular selenium particles more than a pH of 9  (Chapter 3), (2) 

temperature control is more suitable than pH control of pH-buffered aqueous 

wastewater streams, (3) in aqueous solutions at 50°C, selenium nanoparticles can 

crystallize to the more acicular structure in about 45 minutes (Wu and Ni 2012). This 

means that with an HRT of 8.5 days the amorphous structure is not maintained, and 

(4) crushed Eerbeek sludge has the ability to bio-convert several substrates, 

including CO and SO4 at 55°C  (Sipma et al. 2004). Although previous described fed-

batch experiments demonstrate that the selenate reduction activity using Eerbeek 

sludge was much lower at 50°C than at 30°C  (Chapter 2), the loss in selenate 

reduction capacity might be compensated with a hydraulic retention time of 9 days  

(Fujita et al. 2002) and the addition of yeast extract  (Zhang et al. 2003). A 

combination of 50 degrees and pH 9 is expected to reduce the selenate reduction 

capacity too much. For this reason, a temperature of 50°C and a pH=7 was chosen 

to operate the reactor. 

 

Theoretically, the biomass yield from selenate reduction using lactate is higher than 

that using fermentation. This might result in a positive selection for selenate-reducing 

bacteria and these bacteria might outcompete the methanogenic archaea. This 

energetic selection advantage was demonstrated for Enterobacter cloacae SLD1a-1 

by Leaver et al. 2008 (Leaver et al. 2008). Less non-selenate-reducing biomass is 

wanted, because it is suggested by Tejo Prakash 2009 that biomass has the ability to 

act as a stabilizing agent for amorphous selenium particles (Tejo Prakash et al. 

2009).To emphase the positive selection of selenate reducing bacteria, the electron 

donor should be balanced with the amount of selenate (eq 4.1 and eq 4.2).  

 

The aim of this research was to grow larger bio-selenium particles in a continuous air 

lift loop reactor at 50°C. The gas lift loop reactor was chosen because selenium 

particles and the biomass can be retained in the bioreactor by an internal settler. 

Granular anaerobic sludge was used as inoculum. To allow reduction of selenate to 

elemental selenium and to give the selenium thus produced time to form particles in 

the reactor a hydraulic retention time of 9 days was used. The experiment was 

performed for almost 230 days to allow the particles to grow. 
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4.2 Material and methods 

4.2.1 Biomass and medium 
Eerbeek sludge has been described and characterized in several studies (Roest et 

al. 2005)  (Janssen et al. 2009) and has been used in selenate reduction 

experiments (Astratinei et al. 2006, Lenz et al. 2008a). Eerbeek sludge was used as 

biocatalyst because it is able to reduce selenate at 50°C (Chapter 2) and it was 

successfully used in long-term selenate reduction experiments (months) at 30°C and 

pH=7 (Lenz et al. 2008a). Unless otherwise stated, medium composition is based on 

Stams et al  (Stams et al. 1992), with the following additions: 1 mM selenate, 0.55 

mM lactic acid as electron donor and carbon source and 0.1 g/L yeast extract. 

Influent was flushed with nitrogen gas prior to leading it into the reactor with a 

Stepdos pump. During the experiments modifications of the medium were made (see 

Table 4.1). 
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Figure 4.1: Schematic overview of the gas lift loop reactor with internal and external 

settler (adapted and modified from Hol et al (Hol et al. 2010)): 1. Gas lift loop reactor; 

2. External settler (reactor effluent); 3. Water lock; 4. Water lock overflow; 5. Influent; 

6. Influent pump; 7. Temperature sensor; 8. Redox electrode; 9. pH electrode; 10. 

Sample tube (Titanium); 11. pH controller; 12. Acid/base addition; 13. Water bath 

(heating); 14. Water bath (cooling); 15. Condense back flush; 16. Condenser; 17. 

Gas effluent split off; 18. Gas wash back flush bottle; 19. (not used) 20. Wash bottle 

ethyl glycol. 21. Wash bottle base. 22. Ritter back flush; 23. Ritter (gas meter); 25. 

Recycle bottle; 26. Recycle gas pump; 27. Pressure bottle; 28. valve; 29. N2 addition; 

30. Sho-rate (flow rate); 31. Sparger. 

 

During the experiment adaptations were made to the gas wash systems. Washing 

recycle gas: The experiment started without washing the recycle gas. At day 77, 1 L 

ethyl glycol was used as a washing system, including a back-flush bottle. At day 81, 

the washing system was replaced by 5L 1M Nitric acid. Gas out: Washed with pure 

ethylglycol to trap methylated compounds, 3 M NaOH to trap selenide. 

2      1 
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4.2.2 Reactor conditions and operation 

The design of the anaerobic gas loop reactor (fig. 4.1) was based on Hol. et al 2010 

studying the bio-reduction of pyrite (Hol et al. 2010). The working volume of the 

reactor liquid was 4.7L. The temperature was controlled and set at 50°C and the 

external settler temperature was uncontrolled and to be around 30°C. The feed was 

0.55L per day and this resulted in a HRT of 8.5 days. The feed was monitored by 

volume and weight of the storage vessel (s) and effluent by the liquid volume in the 

external settler. The inoculum was 50 g wet weight, unadapted granular Eerbeek 

sludge. Redox potential was measured with a 210 mm glass S8 Pt-billet redox 

electrode against Ag/AgCl and monitored with a PHM 210 Radiometer. The pH was 

measured with a 210 mm glass S8 pH electrode (QP181X/210) and controlled with 

0.1 M KOH and kept at pH=7. During the experiment the base feed was measured by 

noting the differences in weight of the KOH storage containers. 

 

At the start of the experiment, the reactor was filled with the complete medium but 

without selenate and lactic acid. Later, the selenate-containing medium flow was 550 

mL/day. Lactic acid solution and yeast solutions were added to the reactor in certain 

periods and this is shown with operational modifications in Table 4.1. 
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Table 4.1: Modifications in reactor operation 
 

Period 
(#) 

Time 
(days) 

Adaption Remark Result 

I 0 Start-up Start-up was without washing of 
the recycle gas 

Selenate in the reactor 
diluted to 0.98 mM due to 
base addition. HRT=8.3 
days. 

II 57 Influent Lactic acid separate: influent 
increases with 25 mL per day 

Selenate in the reactor 
diluted to 0.95 mM, due to 
separate lactic acid 
addition. 
HRT = 8.1 days 

 77 Gas 
recycle 

Ethylglycol washing system 
 (To improve the trapping of 
methylated selenium if 
produced) 

 

 81 Gas 
recycle 

Stripping with Nitric Acid (Winkel 
et al. 2009) 
 (To improve the trapping of 
methylated selenium if 
produced)  

 

III 92 Influent Influent omitted yeast extract: 
No sulphur compound in the 
influent 

Selenate in the reactor 
diluted to 0,95 mM 
HRT = 8.1 days 

IV 145 Influent Added lactic acid amount 
increased 5 times  

Selenate in the reactor 
diluted to 0.97 mM 
HRT = 8.2 days.  

 201 Pump Replacement of the influent 
pump 

 

V 209 Influent Additional of yeast extraction: 
total influent increased 8 ml per 
day 

Selenate in the reactor 
diluted to 0.95 mM 
HRT = 8.1 days. 

 235 Stop   
 
The nitrogen gas influent was 3 litres per hour. The recirculating gas was manually 

controlled around 0.5 L/min and monitored with an R-2-15-C Sapphire Sho-rate from 

Brooks Instruments. The gas stream from the reactor was first cooled by the 

condenser with a cooling temperature of 4°C. After cooling, the gas was split into two 

streams: gas for recirculation and gas that leaves the system. 

4.2.3 Analytical methods 

Fatty acids (acetate and propionate) were analysed by GC (Weijma et al. 2000). 

Lactic acid was analysed by HPLC on a column for organic acids (OA-1000 Alltech 
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9046) and detected by differential refractometry (separations). The mobile phase was 

0.01 N H2SO4 and 0.6 mL/min. The column temperature was 60°C. Selenite and 

selenate were analysed by IC  (Chapter 2, Lenz et al. 2006). Chemical oxygen 

demand (COD) was measured with a Hach Lange kit for COD and a Hach Lange 

Xion 500 spectrophotometer. Selenium in liquids or solids was analysed by ICP-OES 

and the samples with solid particles were microwave destructed in aqua regia. 

Reactor samples were also analysed with scanning electron microscope (SEM) and 

light microscope (LM). SEM settings and sample preparation are described in 

Chapter 4. Sulphide in the reactor liquid was analysed with a Hach Lange kit. 

4.2.4 Calculations 
Feed of the supply barrels was based on the slope of weight loss in time. During the 

experiment a precipitate was analysed for elements by ICP-OES. The molar amount 

of oxygen was calculated as four times the molar amount of phosphorous. The 

weight of the precipitate was calculated from Ca2+, Mg2+, Na+ and PO4
3-. 

4.3 Results and discussion 

4.3.1 Selenate concentration 
The selenate concentration in de reactor was measured over time and the results are 

presented in Figure 4.2. The selenate concentration increased from 0 at the start and 

achieved a concentration of around 0.9 mM selenate in the first 57 days. If selenate 

had not been converted, the selenate concentration would be varied between 0.95 

and 1.00 mM due to dilution effects caused by for example base addition (Fig. 4.2 

and Table 4.1). The concentration measured in the reactor was lower and it varied 

between 0.90 and 0.95 mM, indicating selenate reduction during the whole 

experiment (Fig. 4.2). Roughly estimated, an average 5% of the selenate was 

reduced, which is low compared to other reactors. 
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Figure 4.2: Selenate and selenite concentration in the reactor (pH=7 and T=50°C) 

and the external settler. The dotted vertical line indicates the start of a new period. 

The low selenate concentration of 111 mg / L at 201 days is due to a technical failure 

of the pump. Sulphide was not detected during the experiment. 

 

Selenate removal efficiency by Eerbeek sludge could be as high as 97% and 99%, as 

was observed in reactors operated for 132 days at 30°C and pH=7 with 0.1 mM 

selenate and 13 mM lactic acid in the influent (Lenz et al. 2008a). Removal efficiency 

of 14% was obtained in fed-batch reactors which operated for three weeks at 50°C 

and pH=7 with around 25 mM selenate and 12.8 mM lactic acid in the influent 

(Chapter 2). 

 

It was expected that selenate reducers would grow in the bioreactor over time and 

the performance of the selenate reduction in the bioreactor would increase. This 

development of specialised selenate reducers was also suggested by Lenz et al 

(Lenz et al. 2008a) to explain the improvement of selenate reduction after 58 days in 

a mesophilic reactor with Eerbeek sludge. However, in our experiment an increase in 

selenate reduction was not established. 

#I Start-up 
#2 lactate  
separate 
HRT 8.5 days 

#3 No yeast 
added 
HRT 8.5 days 

#4 lactic acid 
5-fold  

HRT 8.2 days 

#5 yeast 
addition 
HRT=8.1 
 days 
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If 5% of the selenate had been converted to elemental selenium, this would 

accumulate to around 2 mg selenium per day, and around 0.6 g for the total 

experiment. Selenite was not detected in the reactor during the 270 days and this is 

in agreement with findings in other 50°C selenate reduction experiments with 

Eerbeek sludge  (Chapter 2). 

 

The selenate concentration in the external settler was equal to the selenate reactor 

concentration, but this changed in period IV. The increased electron donor addition to 

the reactor also resulted in more electron donor in the external settler. As a result, 

around 40% of the selenate was converted to selenite in the external settler at 30°C 

(fig. 4.2). Selenite production was also observed in fed-batch experiments with 

Eerbeek sludge at 30°C  (Chapter 2). 

4.3.2 COD concentration 
The electron donor load was 27 mg lactate per day in the first three periods and 136 

mg COD per day in period IV. The measured starting concentration COD in the 

reactor was around 162 mg COD/L (Fig. 4.3). This COD, which was added to the 

reactor by the inoculum, did not contain acetate and propionate. Lactic acid was not 

detected in the reactor during the experiment. The conversion of lactic acid leads to 

acetate and propionate formation; acetate was around 55 mg COD/L at 12 days and 

propionate around 10 mg COD/L (Fig. 4.3), i.e. the lactic acid was oxidized. 

 

During period II the COD concentration in the reactor was around 50 mg COD/L, 

although there were some fluctuations. In period II, the yeast extract was removed 

from the influent, the COD concentration decreased further, and as a result the 

measured total COD concentration represented only acetate (Fig. 4.3). 

 

In the last two periods, the COD concentration in the effluent increased due to the 

addition of extra substrate. The concentration of acetate fluctuated and was not 

directly related to the COD measured (Fig. 4.3). Lenz et al. 2008a, used a molar ratio 

of 1 selenate to 130 lactic acid and achieved a 97% to 99% selenate removal 

efficiency at 30°C in a 150-day experiment, and after 16 days of start-up all of the 
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COD was removed (Lenz et al. 2008a). In ideal situations 1 mM lactic acid 

conversion is equivalent to 2 mM selenate conversion to elemental selenium. In our 

experiment the molar ratio was 1 selenate to 0.55 lactic acid at the start of the 

experiment. This ratio might have been too low for complete selenate reduction at 

50°C, but the electron donor was not completely depleted. In fed-batch experiments 

at 50°C the selenate reduction still continued at COD concentrations of around 0.3 g 

L-1 (Chapter 2). 

 

Figure 4.3: COD, acetate and propionate in the gas lift loop reactor. A dotted line 

indicates the start of a new period. 

 

Comparing Figure 4.3 with Figure 4.4 show that a higher measured COD 

corresponds to a more negative redox potential. We can conclude from the redox 

potential that the biomass was still active and had reducing capacity during the whole 

experiment causing the low redox potential (Fig. 4.4). The measured redox potential 

in this experiment is comparable to that measured in a former fed-batch experiment 

for selenate reduction at 50°C (Chapter 2). Due to the addition of yeast extract in 

period 5, the redox potential became more negative and more stable during the 

sampling (Fig. 4.4). Probably more conversions took place from the COD in the yeast 

extract. 

#I Start-up #2 lactate  
separate 
HRT 8.5 days 

#3 No yeast 
added 
HRT 8.5 days 

#4 lactic acid 5-fold  
HRT 8.2 days 

 yeast added 

HRT=8.1 days 
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Figure 4.4: Redox potential during the experiment. The horizontal line indicates the 

redox potential between selenite and elemental selenium; -180 mV vs Ag/AgCl. The 

redox potential for selenate to selenite conversion is around 100 mV vs Ag/AgCl 

(Redox potential values were calculated with software HSC chemistry 6 (Ourtotec)) 

4.3.3 Particle formation and biomass activity 
Though selenate reduction was slow, selenium particles were detected. The reactor 

liquid turned red-brown in 10 days, which was mainly due to the formation of solid 

selenium particles (Fig. 4.5A). This colour was comparable to the liquid colour in the 

fed-batch reactor at 50°C (Chapter 3). 

 

In the first period, the acicular selenium particles in the reactor were studied using 

light microscopy, biomass and other materials surrounded the particles. The size of 

the acicular structures was 10 μm long and several μm thick (Fig. 4.5B). The 

selenium particles were mixed with the biomass, but biomass without selenium 

particles was also 

#I Start-up #2 lactate  
separate 
HRT 8.5 days 

#3 No yeast 
added 
HRT 8.5 days 

#4 lactic acid 
5-fold  

HRT 8.2 days 

#5 yeast 
addition 
HRT=8.1 
 days 
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present. The particle morphology was acicular, as in fed-batch experiments at 50°C 

in Chapter 2. Further, during this experiment it seemed that the biomass and particles 

in the liquid, with passing of time, stuck more and more onto the inner surface of the 

reactor and became less and less suspended. 

 

In period II the reactor liquid became more transparent and the biomass activity had 

moved from the liquid to the internal surface of the reactor. The original granular 

sludge particles were almost invisible. Probably the granules were instable in this 

medium at a pH of 7, 50°C and low COD load. 

 

From period III onwards, samples from the reactor liquid contained little dispersed 

biomass and selenium particles. For that reason, prior to sampling, the internal gas 

recirculation was accelerated for several seconds to remove the biomass and 

particles from the internal reactor surface. As a result of the rough mixing, acicular 

particles moved to the external settler. In addition, we observed biofilms in our 

sampling liquid and this means that biofilms were formed in the bioreactor. Probably 

due to the mixing some biofilm parts entered the sampling port. The biomass film, 

which had a thickness of several μm, contained selenium particles (Figure 4.5C). The 

detection of selenium particles in the biofilms is important since it indicates biomass 

growth and that selenium needles are probably formed within the active biofilm. 

 

In period IV, some selenium needle clusters were detected (Figures 4.5D and 4.5E). 

It is likely that selenium needles are produced locally (on a microscale) in this 

experiment, suggesting that during bacterial development colonies of elemental 

selenium-producing bacteria exist. On the other hand, perhaps these selenium 

needles cluster together after formation. The latter indeed seemed to be the case, 

because clustering was observed when 103 mg selenium powder was added to the 

250 mL medium (without lactic acid and selenate) at 50°C. The powder stayed 

compact and several selenium clusters existed, displaying hydrophobic behaviour. 

 
After opening the reactor at the end of the experiment, a biofilm that covered all of 

the internal surfaces of the reactor was seen. Biomass was also analysed by LM and 

SEM and again acicular-like structures were detected (Figures 4.6C and 4.6E). 
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Figure 4.5 Visible solid selenium nanoparticles obtained during the experiment.. 

4.5B, biomass with acicular selenium 
particles at 41 days. 

4.5D, Cluster selenium particles at 
195 days. 

4.5C, Selenium particles in biofilm at 
137 days 

4.5E, cluster of selenium particles at 164 days. 

10μm           

   10μm   

4.5A, Red-brown particle 
suspension in the reactor, visible at 
the inner wall at 39 days. 
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4.3.4. CaPO4 precipitates 
During the experiment CaPO4 precipitates accumulated on the internal reactor 

surface (Fig. 4.6A). The CaPO4 precipitates (Figures 4.6B) were further investigated 

by SEM and an amorphous structure was visible (Figures 4.6D). During the 

experiment a precipitate had grown in months in the order of grams and the size was 

in the order of centimetres. It consisted mainly of the elements Ca, Mg, Na, P and a 

minor amount of Se could also be detected, 0.1% g/g (Table 4.2). This means that a 

minority of the selenium had interacted with this CaPO4 precipitate. So when CaPO4 

precipitates are formed when comparing wastewater treatment processes, it could be 

contaminated with Se. 

 

Table 4.2: Elements in the “CaPO4” precipitate 

92.2 mg 
precipitate 
destructed 

Main elements detected: Selenium 

Ca Mg Na P Se O (calculated from PO4
3-) 

Total 
(mg) 

(mg) 23.9 2.4 1.2 15.9 0.1 32.7 73.3 
  (mmol) 0.6 0.1 0.1 0.5 0.0 2.0 
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Figure 4.6: Selenium and CaPO4 at the end of the experiment. All pictures are from 
the sampling at t end = 235 days. 

4.4 Conclusion 

The production of larger biologic selenium particles during long-term experiments 

was not observed, though the selenium particles produced were over 10 μm long. 

The selenium nanoparticles were formed as acicular structures. Further growth of 

selenium particles was limited due to poor selenate reduction. On the other hand, 

selenium particle clusters were detected. It is not clear if these acicular selenium 

particle clusters appeared after formation or that these selenium needles were 

4.6A, Internal settler with 
the grey CaPO4 
precipitate. 

4.6B, Pieces of the 
CaPO4 precipitate  

4.6C LM picture of the 
biomass and selenium 
precipitate. 

4.6D, SEM picture of the grey CaPO4 
precipitate 

4.6E, SEM picture of the biomass with 
some selenium needles amongst the 
biomass. 
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produced close to each other. However, these clusters could also result in a better 

separation process compared to single selenium particles. It was observed that 

biofilms with selenium particles developed during the reduction process. Two side-

effects were observed. Precipitation of calcium phosphate occurred with this medium 

at 50°C, and biological activity in the settler resulted in partial selenate reduction 

(conversion of selenate to selenite). The acicular selenium did not reach the settler, 

but stayed in the reactor. This is important for recovery of selenium. Although the 

reactor settings for the reduction capacity of selenate were not optimal for Eerbeek 

sludge. The experiment has proven that it is possible to reduce selenate over 235 

days at 50°C. 
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Chapter 5 
 
Microbial selenium sulphide reduction for selenium recovery from 
wastewater 
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 Abstract 

Microbial reduction of selenium sulphide (SeS2) is a key step in a new treatment 

process that can be used to recover selenium from selenate and selenite streams. In 

this process, selenate is first reduced to selenite, and subsequently selenite is 

reduced by sulphide and precipitates from the solution as SeS2. The latter is bio-

reduced, resulting in elemental selenium and regenerating sulphide. Anaerobic 

granular sludges (Eerbeek and Emmtec) were tested for their efficiency in reducing 

the sulphur compound from a commercially purchased crystalline SeS2. Emmtec 

sludge had the highest reducing capacity with commercial SeS2 and was therefore 

also used for laboratory synthesised amorphous SeS2. Laboratory SeS2 was formed 

with a sulphide solution and effluent containing selenite. With both SeS2 solids, 

Emmtec sludge produced sulphide and a solid consisting of hexagonal elemental 

selenium. The crystalline structure suggests the absence of biomolecules, which 

stabilizes amorphous selenium bio-particles under comparable process conditions 

(T=30°C, and a pH between 6 and 7). Selenium particles were unattached to the 

biomass, suggesting an extracellular formation. The results support the use of the 

SeS2 bio-reduction process for recovering selenium from water. 
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5.1 Introduction 

The bio-reduction of selenium sulphide (SeS2) offers opportunities for the bio-

recovery of selenium from wastewater streams. Selenate and selenite removal from 

such streams is sometimes essential for environmental safety (Lemly 2004). The 

recovery of selenium is also of interest because of its value and use in industries. An 

advantage of biological processes is its selectivity for substrates. Selenate can be 

bio-reduced to selenite (Chapter 2), which can then be precipitated with sulphide to 

form SeS2 (Geoffroy and Demopoulos 2011). If sulphur can be further bio-reduced 

from the SeS2, a new biological selenium removal and recovery process was 

designed (Figure 5.1). 

Clarifier 1

 Clarifier 3

 Clarifier 2
to concentrate SeS2

Bioreactor 2 
SeS2 reduction 

 (Bio)reactor 1 
to convert selenate to selenite

SeO3
2 + BiomassSeO4

2- SeO3
2-

Biomass

SeS2

H2S

Selenium + 
Biomass

SeS2

Cleansed effluent

Selenium for
 refining process

Chemical reactor: 
Selenite reduction with sulphide 

to result SeS2

Cleansed effluent

 

Figure 5.1 Selenium bio-recovery from selenate via selenite and SeS2. Produced 
sulphide in bioreactor #2 is re-used to remove selenite in reactor #3. Cleansed 
effluent from clarifier #3 can be re-used in bioreactor #2. Clarifiers could be 
integrated in the (bio)reactors. 
 

Abiotic selenite reduction with sulphide results in the formation of Se-S bonds in 

SeS2. In SeS2 both elemental redox states are 0 (Geoffroy and Demopoulos 2011). 
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The S:Se ratio in SeS2 depends on the precipitation conditions; for example, variation 

in pH may result in S:Se ratios ranging between 1.7–2.2 (Geoffroy and Demopoulos 

2011). 

 

Selenite reduction with (bio)molecules containing thiol-groups such as gluthathione 

(Kessi and Hanselmann 2004, Ganther 1971) and cysteine (Gennari et al. 2014) also 

resulted in Se-S bonds. However, the Se-S bonds thus produced were further 

(bio)processed resulting to produce elemental selenium among other products (Kessi 

and Hanselmann 2004). In a previous study, abiotic leaching tests of SeS2 resulted in 

a stable product (Geoffroy and Demopoulos 2011), thus raising the question as to 

whether SeS2 can also be further bio-processed into elemental selenium. 

 

While in principle both selenium and sulphur can serve as the electron acceptor in 

reducing SeS2, sulphur is thermodynamically the more favourable electron acceptor 

(compare the Gibbs energy yields of reactions 1 and 2 in Table 5.1). Thus, in mixed 

microbial communities reduction of SeS2 will result in the production of elemental 

selenium plus sulphide. As methanogenesis (reaction 6 in Table 5.1) generates 

comparable Gibbs free energy per electron as SeS2 reduction, methane production 

should be avoided by choosing adequate process conditions, e.g. by removing CO2. 
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Table 5.1: Standard Gibbs free energy change of selenium reactions and 
methane formation at 30°C and pH=7 

Number Reaction Go’ per 

reaction 

(KJ/ mol) 

Go’ Per electron 

(KJ/ electron 

mol) 

(1) 2H2(aq) + SeS2
 a   Se + 2HS- + 2H+ -95.4 -23.8 

(2) H2(aq) + SeS2
 a   HSe- +2S + H+ -17.2 -8.6 

(3) 2HSe- + SeS2
 a  3Se + 2HS- -66.8 -16.7 

(4) HS- + SeS2
 a  3S + HSe- 29.0 14.5 

(5)a SeS2 a  Se + 2S -2.9 n/a 
(6) CO2(aq)+4H2(aq) CH4(aq)+2H2O(l) -193.1 -24.1 
(7) HSeO3

-(aq) + 2HS-(aq) SeS2 a+3HO- -202.3 -50.6 
(8) HSe- + S  HS- + Se -32.0 -16.0 
 

Data calculated from Amend and Shock(Amend and Shock 2001) at 30°C and pH=7. Go’ line 

5 is estimated using binding energies. Bonds in SeS2: 1/9 Se-Se; 4/9 Se-S; 4/9 S-S). 

 n/a = not applicable 

 

We postulate that the selenium can be purified and recovered from SeS2 by bio-

reducing the sulphur in SeS2 to sulphide. Besides commercially pure SeS2, 

synthesised SeS2 produced with selenite effluent from a selenate to selenite 

converting bioreactor (Chapter 2) was also tested for bio-reduction. The latter SeS2 

may contain impurities that affect the biological reduction. 

5.2 Material and methods 

5.2.1 Biomass 

Eerbeek sludge originates from a bioreactor that treats paper waste streams. 

Eerbeek sludge contains 16.1 (+/- 3.1) mg sulphur in the total suspended solid 

(d’Abzac et al. 2009). Emmtec sludge originates from a reactor in which sulphate is 

reduced to sulphide with ethanol as the electron source. Emmtec sludge contains 

19.9 (+/- 12.3) mg sulphur in the total suspended solid (d’Abzac et al. 2009). 

Characteristics of both sludges are described by d’Abzac et al. (D’Abzac et al. 2010). 

Dry weight (dw) was determined in triplicate by drying 5 g washed biomass at 105°C 
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for 3 days. 

5.2.2 Medium 

Crimp-seal flasks of 118 mL were filled with 5 mL 100 mM sodium lactate and 50 mL 

medium. Medium was based on Stams et al. (Stams et al. 1992), and consisted of (g 

L-1): Na2HPO4·2H20 (0.53), KH2PO4 (0.41), NH4Cl (0.3), CaCl2·2H20 (0.11), MgCl2· 

6H20 (0.10), and trace elements and vitamin solution(Stams et al. 1992). Sodium 

selenite, sodium hydrogen carbonate and sodium sulphide were not added, (Chapter 

2.). Medium pH was set to 7 with NaOH. 

5.2.3 Reduction of commercial SeS2 

The electron acceptor was commercial crystalline SeS2 from Sigma Aldrich. 

Experiments were performed in batch bottles (#1-1 to #1-8) and overview is given in 

Table 5.2. The following three controls were added; #1-3, without any biomass; #1-4, 

Eerbeek sludge without SeS2, and #1-7, Emmtec sludge without SeS2. Wet sludge 

density was assumed to be 1 g/L and the SeS2 volume was insignificant. The 

headspace was replaced by N2 (1500 mbar). The bottles were incubated onto a 

horizontal shaker (100 rpm) at 30°C for 36 days. 

 

During the experiment samples were taken with a needle and syringe. Liquid 

samples were centrifuged at 10,000 RPM for 10 minutes (Microlite Thermo ICE) and 

the supernatant was analysed for total sulphide concentration in the liquid (S2-
T(aq)) 

(=H2S(aq)+HS-(aq)+S2-(aq)). Pellets of Emmtec bottles with SeS2 were analysed on 

ratio S/Se. For SEM and EDX analyses a part of a pellet was redispersed in MilliQ 

water and air dried. 

At day 36 the headspace was analysed for pressure, CO2 and methane at room 

temperature (by GC). A liquid sample was used to measure the final S2-
T(aq)) and a 

sample of around 4 ml was directly stored in the freezer at -20°C. 

 

After opening the bottle, the pH was measured immediately and the liquid was stored 

in a closed 50 mL tube for 14 hours at 4°C. Next, granular biomass particles used as 

inoculum were separated with a sieve (1 mm). The liquid was centrifuged (2395 RPF 
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3660 RPM 20°C 10 minutes) and the pellet was disposed in 20 mL milliQ. Pictures of 

the precipitate were taken with a Nikon SMZ 800 macroscope and a Nikon Eclipse 

E400 microscope. Next, the 20 mL liquid was again centrifuged as described above 

and the pellet was air dried at room temperature. After three days drying, some 

samples still contained liquid and the drying process was accelerated by heating 

(estimated to be 60°C) for some hours. The colour of the pellet did not change during 

drying. One fraction of the dried pellet was used to determine the sulphur and 

selenium content. 

 

Another fraction of the dried pellet was re-suspended in MilliQ and dried on an object 

glass (VWR ECN 631-1550 76×26×1 mm) at room temperature for X-ray powder 

diffraction (XRD) analyses. The 60°C during pellet drying might have resulted in 

crystalline selenium, so 4 mL liquid samples (only Emmtec samples) immediately 

stored at -20 °C on day 36 were also analysed using XRD. Defrosted samples were 

washed with MilliQ, then the pellets were dissolved in <100μL MilliQ and finally dried 

at room temperature on an object glass. 

  



 
 

98 
 

 

Table 5.2: Overview of the SeS2 reduction experiments 

Bottl
e no. Label Lactate Fresh 

medium Eerbeek Emmtec Commercial 
Se-S 

synth
esise
d Se-

S 
Se-S Tot 

V 

#  (mL) (mL) (g ww) (g ww) (mg) 
(mL 
old 

medi
um) 

(mM 
Se) (mL) 

sequence #1:commercial crystalline SeS2 

#1-1 Eerbeek 
Commercial SeS2 

5 50 0.5  72.0  9.1 55.5 

#1-2 
Eerbeek 

Commercial SeS2 
duplicate (1-1) 

5 50 0.5  73.6  9.3 55.5 

#1-3 Control 
Commercial SeS2 

5 50   71.5  9.1 55.0 

#1-4 Control  
Eerbeek 5 50 0.5    0.0 55.5 

#1-5 Emmtec 
Commercial SeS2 

5 50  0.5 70.6  8.9 55.5 

#1-6 
Emmtec 

Commercial SeS2 
duplicate (1-5) 

5 50  0.5 73.0  9.2 55.5 

#1-7 Control  
Emmtec 5 50  0.5   0.0 55.5 

#1-8 
Emmtec & 
Eerbeek 

Commercial SeS2 
5 50 0.25 0.25 706.8  89.1 55.5 

 Sequence #2: synthesised amorphous SeS2 

#2-1 Emmtec 
prepared SeS2 

5   0.5  50 9.51 55.5 

#2-2 
Emmtec  

prepared SeS2 
duplicate (2-1) 

5   0.5  50 9.51 55.5 

#2-3 Control 
Prepared SeS2 

5     50 9.61 55.0 

#2-4 Emmtec 
Control 5 50  0.5   0.01 55.5 

 

1) Selenium content in synthesised Se-S solution was measured by ICP and corrected for the dilution 50 mL/total Volume mL). 

5.2.4 Synthesised SeS2 

Effluent from a bioreactor converting selenate to selenite at pH=6 and T=30°C was 

stored at -20°C. The reactor performance is described in (Chapter 2). After defrosting 

this effluent, solid particles were removed by centrifugation at 45000 RPM for 20 min 

with Firlabo SW12 centrifuge. The supernatant was filtered (Schleicher & Schuell 

Ref.no. 300012) and analysed for total selenium and selenite in duplicate, 11.6 ±0.2 

mM Se and 11.3 ±0.1 mM selenite. This solution (226 mL) was mixed in seconds with 

1.22 g Na2S·9H2O dissolved in 10 mL milliQ water. The sulphide beaker was rinsed 
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with 5 mL milliQ water and this water was added to the reaction mixture. The solution 

changed from colourless to red/brown and subsequently to an orange suspension. 

The pH rose to 12 and was adjusted by adding 3 mL 25% HCl, but an overshoot was 

created (pH=3.53) and this was compensated for with 0.6 mL 0.1 M NaOH to arrive 

finally at a pH of 5.9 at t=23 minutes. The solution was aerobically stored for 19 hours 

in a fume hood to remove unreacted sulphide. Orange precipitates were detected 

and some orange spheres floated at the meniscus of the reaction liquid (pH=6.1). 

The reaction solution contained 10.49 ± 0.42 mM Se and the supernatant (45000 

RPM 20 min Firlabo SW12) contained 1.14 ± 0.00 mM Se. Selenite and sulphide 

were not detected in the supernatant. The pellet was washed twice and the ratio of 

S/Se was 2.09 ± 0.01. The solid liquid separation (by centrifugation) was difficult: the 

pellet was partly fragile, and a part was stuck to the bottom of the centrifuge tube and 

was therefore difficult to suspend in the water. Consequently, 50 mL synthesised 

SeS2 suspension was directly used in the reduction experiments. Emmtec sludge 

was used since it had sufficient SeS2 reducing capacity with commercial SeS2. 

Synthesised SeS2 reduction experiments were performed as described in the 

procedure for commercial SeS2 reduction. An overview of these is listed in Table 5.2 

(bottle #2-1 to #2-4). 

5.2.5 Analysis 

Dr Lange LCK-653 was used to measure S2-
T(aq) in (mg/L). Results were obtained 

with a Hach Lange Xion 500 spectrophotometer. 

 

Prior to ICP-OES measurements, pellets or liquids were transferred to 10 mL aqua 

regia. This mixture was heat destructed (ETHOS 1; Advanced Microwave Digestion 

system, milestone. In 4 minutes to 90°C; in 5 minutes to 130°C; in 4 minutes to 

160°C and 15 minutes at 160°C). Subsequently, the volume was set to 100 mL with 

milliQ and resulted in 10% aqua regia. Samples were analysed using VARIAN 

VISTA-MPX CCD – Simultaneous ICP. 

 

XRD was performed with a PHILIPS SR 4160, 40 kV 30mA and data was analysed 

with HighScore (Plus) software. Method for peak search: 2nd derivate; Minimum 
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significance 1.00; Minimum tip width (°2ϴ) 0.01; Max. tip width (°2ϴ) 1.00 and peak 

base width (°2ϴ) 2.00. Peaks were analysed in Search and Match with the following 

settings: No restrictions, data source: peak data, multi-phase, demote unmatched 

strong and allow pattern shift. 

 

Samples were attached to scanning electron microscope (SEM) sample holders with 

spectral grade carbon adhesive tabs (EMS Washington USA) and coated with about 

10 nm of carbon (Emitech K950X, Quorum Technologies, East Grinstead, UK). 

Imaging was done with SE detection in a field emission scanning electron 

microscope (Magellan 400, FEI, Eindhoven, the Netherlands) at 2 KV, 13.2 pA and 

WD of about 4 mm. Energy dispersive X-ray (EDX) analyses were accomplished 

using an Aztec X-ray analyser (Oxford Instruments Analytical, High Wycombe, 

England) at an acceleration voltage of 15 KV. 

 

The IC system consisted of Autosampler AS-50, a Dionex ICS-2100 with an IonPac 

AS19 column (4mm 250 mm) at 30°C, an ASRS 4mm suppressor (75 mA) and an 

electrochemical conductivity detector at 35°C. Flow rate was 1.0 mL min and sample 

loop was 10ul, but used was partial loop mode, injecting 5 μl. 

 

The GC system consisted of a Shimadzu 2010 GC equipped with a Porabond Q 

(50m x 0.53mm; 10μm; Varian; Part.no. CP7355) Molsieve 5A (25m x 0.53mm; 

50μm; Varian; Part.no. CP7538) with a thermal conductivity detector. Helium was 

carrier gas (pressure – 1bar) and loop injections of 1.5 mL were used. GC oven temp 

75°C, Inlet temp 120°C; Detector temp 150°C. 

5.2.6 Calculations 

Methane, CO2 and H2S in the gas phase were calculated according to the gas law. 

The amount of sulphide and CO2 were also calculated with the equilibrium between 

the gas and water phase and between the first dissociation steps for H2CO3 and H2S 

in the liquid.  

The following constants are used: 

;  
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Ka H2S= 6.86 10-8 ;  

Henry coefficient for H2S = 0.0987 mol.L-1 Pa;  

Henry coefficient for CO2 = 0.03888 mol. L-1 Pa; 

Ka H2CO3 = 5.3 . 10-7 

  

 

 (-)        (8)

5.3 Results 

5.3.1 Reduction of commercial SeS2 
Commercial SeS2 was insoluble at the start. Some orange coloured SeS2 floats at 

the meniscus and some remains on the bottom. Commercial SeS2 is smooth in 

structure (Fig 5.4A) and crystalline according to XRD (Fig 5.5). The XRD pattern 

resembles the one observed by Geoffroy and Demopoulos (Geoffroy and 

Demopoulos 2011). 

 

During the experiment, commercial SeS2 starts to decolourise and almost all the 

material from the meniscus moved to the bottom. Already on day 15 orange and 

grey/black spots appeared on the SeS2 particles treated with Emmtec sludge and the 

particles in the control without biomass were only slightly less bright compared to the 

start (Fig 5.2). At 36 days, most of the orange or produced grey SeS2 was at the 

bottom of the bottles and the liquid was relatively clear. At the end of the control 

experiment without added biomass the SeS2 was darkened but still yellow to orange 

(Fig 5.3a). The decolouring effect from orange to black with Emmtec sludge is 

stronger than with Eerbeek sludge (Fig 5.3bc). The size of the particles is estimated 

from SEM and LM pictures to be in the range of 1-100 μm (Fig 5.2, 5.3 and 5.4). 
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Figure 5.2: Microscope pictures of the commercial SeS2 reduction experiment at 15 
days. 2A Treatment with Emmtec sludge (#1-6)   2B Without biomass.;  The 
brightness of the pictures is increased 25%. 
 

Without added biomass it seems that the SeS2 surface is roughened during 36 days 

of incubation and the ratio S:Se at 36 days is comparable to the ratio S:Se of the 

starting material (Fig 5.4B). The treatment with Emmtec also resulted in a roughened 

structure. Moreover some angular structures were also visible and the ratio S:Se had 

decreased (Fig 5.4c). The particles in Figure 5.4C were in the range of 5 μm, 

however particles of over 10 μm can also be seen (no EDX result), see Appendix 5A 

   
 

Figure 5.3 Macroscopic pictures of the commercial SeS2 precipitates at 36 days. 3A 

Without biomass,   3B Emmtec (#1-6),   3C Eerbeek (#1-1). The brightness of the 

pictures is increased 25%. The scale bar is 250 μm. 

  

2B 2A 

3A                       3B                         3C 
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Figure 5.4 SEM and EDX of commercial SeS2 reduction: All EDX results and their 

exact location in the SEM pictures are given in the Appendix 5A.  

 

At 36 days, both precipitates from SeS2 reduction with Emmtec as solely biocatalysts 

resulted in a XRD pattern of hexagonal selenium, all other precipitates have the 

 5.4A, Commercial SeS2 at the start of the experiment.  

5.4B, SeS2 treated without added biomass at 36 days. 

5.4C, Commercial SeS2 treated with Emmtec sludge for 36 days. 

EDX ratio S/Se:  
1.87  
2.06  
2.06 

EDX ratio S/Se: 
2.04  
2.10  
2.14  
0.46 
2.08  
1.73  

EDX Ratios S/Se: 
0.08  
0.08  
0.07  
0.09  
0.14 

        10μm       

        10μm      

         10μm      



 
 

104 
 

same XRD pattern as the commercial starting SeS2 material (Fig 5.5). The hexagonal 

structure might be formed by drying at 60°C, therefore unheated samples of both 

Emmtec experiments were also investigated using XRD (as a control). One of the 

control pellets was crystalline and the XRD software confirmed 77% hexagonal 

selenium. The XRD pattern of the other control pellet #1-5 was visually comparable 

with the reference selenium XRD pattern, but the software did not confirm the 

presence of hexagonal selenium. 

 

Figure 5.5, XRD results of commercial available SeS2 bio-reduction. Except for the 

starting material, all XRD results were obtained from samples at 36 days. 

 

The ratio S/Se of the solids in the experiments with Emmtec sludge was followed (Fig 

5.6). It is clear from the figure that the sulphur content in the particles decreased 

during the 36 days of incubation, and this is in accordance with the EDX results (Fig 

5.4). 
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Eerbeek sludge  (#1-1) 
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Figure 5.6 The molar ratio S to Se in commercial SeS2 during reduction with Emmtec. 

Both series, (♦ #1-5) and (■ #1-6), are from bottles that contain Emmtec and 

commercial SeS2. At t=0 the theoretical value S to Se of 2 was assumed. At t=11 

days one measurement exceeded the theoretical ratio S/Se. 

5.3.2 Sulphide production during commercial SeS2 reduction 
The average S2-

T(aq) of the two bottles with Emmtec sludge reached 250 ± 19 mg S2-

/L on t=36 days. The sulphide production resembles linearity over 36 days, though at 

day 28 a lower value was measured (see Fig 5.7a). For Emmtec, based on duplicate 

measurements at 36 days, an estimated linear S2-
T(aq) production rate of 7 mg S2-/ L 

/ day was determined. When Eerbeek sludge was used the average final S2-
T(aq) of 

the two bottles was 35 ± 5 mg S2-/L only. Bottles with >0.3 mmol ΣH2S (≈9,6 mg) 

production at t=36 days revealed black/grey precipitates and bottles with <0.3 mmol 

ΣH2S (≈9,6 mg) production revealed a mixture of black and orange (spotted) particles 

(Table 5.3). 
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Figure 5.7: S2-
T(aq) accumulation during the experiments. 7A reduction of commercial 

SeS2. 7B reduction of synthesised SeS2. 

 

Sulphide production in controls without added SeS2 but with Eerbeek and Emmtec 

sludge was insignificant. Only with Eerbeek sludge was a S2-
T(aq) amount of 0.119 
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S2-mg/L detected after 24 hours, but during further incubation no sulphide could be 

detected. The Emmtec dry weight was 0.08 g per g wet weight and Eerbeek dry 

weight was 0.12 g per g wet weight. This means that the amount of sulphur added 

with the inoculum was <0.1 mg S for both sludges and this could contribute to a S2-
T 

(aq) of maximum 2 mg S2- /L in 50 mL of liquid. 

 

However, the control – without addition of any sludge – resulted in a S2-
T(aq) amount 

of 49 mg S2- / L at t=36 day. This was probably due to biological contamination that 

can reduce SeS2, since the medium and the bottles were not sterilised. This 

contamination is probably present in all bottles with SeS2 and could have contributed 

to some H2S production. 

5.3.3 Bioreduction of synthesised SeS2 
Synthesised SeS2 had a similar orange colour to commercial SeS2 and a smaller 

particle size than commercial SeS2. Dried synthesised SeS2 had an amorphous 

structure according to XRD (Fig 5.9). During the experiment the discolouration was 

stronger in the bottle with added biomass. At 36 days, the batch bottle solution was 

not as clear as with commercial SeS2 reduction. 

 

The particle size of the synthesised SeS2 was estimated by SEM to be smaller than 1 

μm (Fig 5.8A). The synthesised SeS2 particles were not stable and modifications in 

particle shape were detected in 24 hours (Fig 5.8B). At 36 days, acicular structures 

were detected both in the bottle with and without Emmtec sludge (Fig 5.8C and 

5.8D). 
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Figure 5.8: SEM and EDX results of synthesised SeS2 bio-reduction experiments. 

EDX spots combined with the SEM pictures are given in Appendix 5B. 

 5.8A, Synthesised SeS2 at the start of the experiment.  
 

 5.8B, Synthesised SeS2 at without biomass addition (1 day) 

 5.8D Synthesised SeS2 without Emmtec sludge at 36 days 

 5.8C, Synthesised SeS2 with Emmtec sludge at 36 days 
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XRD analysis of bio-reduced synthesised SeS2 indicated a hexagonal selenium 

structure (Fig 5.9). To investigate that the crystallinity was not due to heating, 

unheated samples were also analysed using XRD. The control pellet without Emmtec 

was crystalline and the XRD program confirmed the presence of hexagonal selenium 

(77%). The pellet with Emmtec also resulted in a visible diffraction pattern for 

crystalline selenium, but the pattern was not recognized by the software as elemental 

selenium. 

 

Figure 5.9: The XRD patterns of the synthesised SeS2 reduction experiments 

 

With synthesised SeS2 and Emmtec sludge an average S2-
T(aq) of 162 mg S2- /L was 

produced over 36 days (Fig 5.7B). Roughly this is 4.5 mg S2- / L / day. The 

measurements showed that the sulphide concentration increased over this 36-day 

period with the exception of at day 30 (Fig 5.7B). In the control – with no added 

synthesised SeS2  – no sulphide is detected. The control – with synthesised SeS2 

and without added biomass – revealed sulphide production from t=23 days and the 
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production continued till t=36 days (Fig 5.7B). Probably this bottle was contaminated 

with micro-organisms that can reduce SeS2 to sulphide. 

 

Table 5.3 Overall results 

Bottle no. Bottle label SeS2 added at t=0 
 
ΣH2S 

Colour % Se 
in 

pellet 

 (mmol) 
 

pH 
Ratio S/Se (-) (-) (mmol Se) (mmol) (-) (% 

W/W) 
(mmol) (mmol) (-)  (-) #1-1 Eerbeek  SeS2 A 0.50 0.09 Red black 59 0.71 0.88 6.85 1.42 

#1-2 Eerbeek  SeS2 B 0.51 0.06 Red black 56 0.71 0.69 6.78 1.67 

#1-3 Blank SeS2 0.50 0.10 orange 51 0.00 0.24 6.76 1.89 

#1-4 Blank Eerbeek 0.00 0.00 - - 0.74 0.73 7.05 - 

#1-5 Emmtec  SeS2 A 0.49 0.52 black 75 0.03 0.48 6.49 0.24 

#1-6 Emmtec  SeS2 B 0.51 0.61 black 85 0.02 0.50 6.44 0.35 

#1-7 Blank Emmtec 0.00 0.00 - - 0.29 0.38 7.10 - 

#1-8 Emmtec & Eerbeek 10 times SeS2 
4.94 0.20 orange 40 0.56 0.82 6.88 1.95 

          

#2-1 Emmtec + SeS2 0.53 0.40 black/brown 77 0.00 0.55 6.27 0.31 

#2-2 Emmtec + SeS2 (Duplicate) 0.53 0.35 black/brown 80 0.00 0.58 6.29 0.16 

#2-3 SeS2 0.53 0.08 red/brown/black 64 0.00 0.27 6.23 1.42 

#2-4 Emmtec 0.00 0.00 - - 0.56 0.57 6.76 - 
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5.4 Discussion 

5.4.1 Mechanism to bio-reduce SeS2 to hexagonal selenium 
particles 

The results show that commercial and synthesised SeS2 are bio-reduced to sulphide 

and the remaining selenium transforms to hexagonal selenium at T=30°C and a pH 

between 6 and 7. Prior to hexagonal selenium formation the sulphur and the 

selenium are segregated from each other. The micro-organisms are able to drive the 

process with electron donor oxidation. For a summary of the process see Fig 5.10. 

eO3
2-SeO3
2-

Bio-
sulphide

Bio-
sulphide

SeSnSeSn
SeHexagonal (s)SeHexagonal (s)

e-donore-donor

Oxidized
e-donor

Oxidized
 e-donor

11
22

33

44

 

Fig 5.10. Selenium production process via SeS2. Selenite is reduced by (bio-) 

sulphide to SeSn (1). From SeSn sulphur is bio-reduced to sulphide, the remainder 

selenium transforms to hexagonal selenium (2). To be able to reduce the sulphur (3), 

the micro-organism uses an electron donor (4) 

5.4.2 Explanation formation of hexagonal selenium 

The formation of crystalline selenium as a result of the high selenium purity has been 

confirmed by others: Xu and Barton discovered that the bio-removal of sulphur at 

pH=7.4 and T=35°C in biological selenium and sulphur micro-particles resulted in 

poly-crystalline selenium particles (Xu and Barton, 2013). Geoffroy and Demopolous 

showed that with an abiotic stability test at pH=12.2 and T=23°C SeS2 segregated in 

elemental sulphur and hexagonal elemental selenium (Geoffroy and Demopoulos 
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2011). Boctor and Kullerud demonstrated a crystalline selenium structure at roughly 

more than 83% molar Se and a temperature of >25°C in a condensed Se-S system 

(Boctor and Kullerud 1987). However, instead of the formation of crystalline selenium 

as a result of high selenium purity, several researchers (Wang et al. 2010, Tejo 

Prakash et al. 2009) observed that bio-selenium particles from selenate and selenite 

bio-reduction stay amorphous. It has been suggested that the amorphous structure is 

stabilized by biomolecules (Wang et al. 2010). In our study high purity selenium and 

the absence of biomolecules allowed the formation of hexagonal selenium. Moreover, 

it allowed selenium particles to grow to larger crystals, which is beneficial for the 

recovery of selenium. 

 

5.4.3 Possible H2Se production 
SeS2 is available for micro-organisms near the surface of the SeS2 particles and in 

the water phase. The latter is confirmed by leaching tests with SeS2 carried out by 

Geoffrey and Demopoulos (Geoffroy and Demopoulos 2011). They indicate that SeS2 

slowly dissolves at pH=3 and pH=5 but remains stable at pH=7 (<0.005 mg 

Se/L)(Geoffroy and Demopoulos 2011). When the bioavailable sulphur is reduced by 

micro-organisms, the leaching equilibrium of SeS2 probably restores and as a result 

SeS2 instability increases. So the leaching process continues. Additionally, though 

the production of bio-selenide from elemental selenium has been reported (Herbel et 

al. 2003, Nelson et al. 1996), the production of sulphide is more likely in SeS2 bio-

reduction. The reason for this is that bacteria gain more energy from sulphide 

production (Table 5.1: lines 1 and 2). Also it has been noticed that in some cases of 

microbial reduction, hexagonal selenium was less bio-reactive compared to 

amorphous selenium (Herbel et al. 2003). In our experiment selenide production 

could not be excluded because selenide is a substitute for the remaining sulphur 

atoms in the SeS2 particles. As a result solid selenium forms (Nelson et al. 1996) 

(Table 5.1:lines 3 and 4). 

 

5.4.4 Selenium and sulphur exchange reactions (flux) 
The separation of selenium and sulphur clusters in SeS2 is energetically a 

spontaneous process at 30°C (Table 5.1), but without biological interference this 
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separation process is slow (Geoffroy and Demopoulos, 2011). During biological 

treatment of SeS2, biomolecules with thiol and selenol groups can be produced. 

These groups can substitute for sulphur or selenium with other selenium or sulphur 

compounds. Several exchange reactions have been described in detail (Kessi and 

Hanselmann 2004, Steinmann et al. 2010, Wessjohann et al. 2007). This implies that 

these sulphur and selenium substitute reactions probably result in an exchange flux 

between S and Se in SeS2. This increases the probability of sulphur and selenium 

separation and the probability of crystallization to hexagonal selenium. Possibly the 

black selenium parts appearing in our SeS2 particles (Fig 5.2) are the result of 

separation and crystal formation. With commercial SeS2 it seems unlikely that the 

particles would have passed the cell membrane because of their size. This confirms 

extracellular selenium particle formation. 

5.4.5 Biological H2S production rate 

The biological sulphide production rate of Emmtec sludge was estimated to be 7 mg 

S2-/ L / day for commercial SeS2 and 4.5 mg S2- / L / day for synthesised SeS2. The 

difference in rate can be explained by three factors. 1. The dissimilarity between 

commercial and synthesised SeS2 such as the size, the (non)crystallinity, the 

morphology, the hydrophobicity and the ratio S to Se. These SeS2 properties affect 

the bioavailability and thus the bioconversion rate. 2. The difference in medium: the 

synthesised SeS2 medium was already altered during selenite production from 

selenate (Chapter 2) and by the SeS2 syntheses reaction, whereas the commercial 

SeS2 medium was fresh. Components that might affect biological activity could 

therefore be present in different concentrations. 3. The pH in both experiments 

differed and this could have affected the biological activity and the bioavailability of 

SeS2. 

5.4.6 SeS2 reduction and methane production 

Emmtec sludge tended to reduce SeS2 rather than produce methane (Table 5.3: 

compare lines 1#5, 1#6 with 1#7 and compare 2#1, 2#2 with 2#4), The calculated 

Gibbs free energy per electron for SeS2 reduction to sulphide is comparable with 

methane formation (Table 5.1). This tendency with Emmtec sludge is important, 
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because methane formation costs electron donor. With Eerbeek sludge the presence 

or absence of SeS2 (Table 5.3) appears not to change the amount of methane 

produced. Additionally, the microbial community composition of the inoculum had an 

impact on the metabolism in these short-term experiments. 

5.4.7 The importance of SeS2 synthesis 

In the precipitation step selenite can quickly be removed from the wastewater stream 

to form a selenium concentration of 0.005 mg Se / L (Geoffroy and Demopoulos, 

2011). Adequate process conditions for reducing selenite by sulphide have to be 

determined to minimize selenium losses and to produce a bio-convertible SeS2 

product. SeS2 bio-convertibility can be affected by among other factors, rate of 

precipitation, stoichiometry and particle size. SeS2 is unstable at high pH and 

colloidal selenium and sulphur particles might have been formed (Geoffroy and 

Demopoulos 2011) during our synthesis (temporarily pH=12). Selenium was detected 

in our supernatant (<11% of starting Se). This indicated the presence of selenium 

bearing particles that are difficult to remove. Because of the high pH level and the 

sulphide, other components in our medium (Chapter 2) could also have co-

precipitated and thus have affected the SeS2 precipitate properties and bioavailability. 

For example, EDX scans of precipitation mixtures by Hocking and Gadd (Hockin and 

Gadd 2003) confirmed the presence of S, Se, Ca, and Fe. In general, the waste 

stream properties and precipitation settings are important steps in designing a 

biological SeS2 reduction process. 

5.5 Conclusion 

Selenium from wastewater streams containing selenate or selenite can be recovered 

through SeS2 bio-reduction. Commercial SeS2 is crystalline (as shown by XRD) and 

has poor solubility in water, whereas in our experiment synthesised SeS2 was 

amorphous and remained suspended. Commercial SeS2 and synthesised SeS2 were 

bio-reduced by Emmtec sludge to sulphide and selenium. Sulphide can be re-used 

for SeS2 synthesis. Selenium transforms to a hexagonal structure at T=30°C and a 

pH around 6 to 7. The atomic S/Se ratio in commercial SeS2 decreased from 2 to 

0.24 in 36 days. The reduction of synthesised SeS2 proves the possibility of bio-
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reducing SeS2 originating from an aqueous stream. The main advantage is a 

crystalline, extracellular elemental selenium product. This is important to implement 

SeS2 bio-reduction in the treatment of wastewater streams containing selenite. The 

pure and expected high yield of selenium makes this bio-reduction process suitable 

for bio-recovery of selenium. 
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Appendix 5A: Commercial SeS2 bio-reduction 
 

 

  Eerbeek      Eerbeek     SeS2       Eerbeek     Emmtec     Emmtec     Emmtec     Eerbeek 
  SeS2            SeS2                                             SeS2           SeS2                             Emmtec 

SeS2 

Photo of the start of the experiment. 
 

Photo of the end of the experiment at 36 days.  

  Eerbeek      Eerbeek     SeS2       Eerbeek     Emmtec     Emmtec     Emmtec     Eerbeek 
  SeS2            SeS2                                             SeS2           SeS2                             Emmtec 

SeS2 
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SEM and EDX of commercial SeS2 mixed in MilliQ and dried in air at room 
temperature. 

10 μm  2 μm  

10 μm  

27                            28                                 29 
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30        31     32          33 

SEM and EDX of commercial SeS2 at t = 1 day. (bottle 1-8) 

10 μm  10 μm  

2 μm  2 μm  



119 
 

34            
SEM and EDX of commercial SeS2 without sludge at 36 days 

34   35       36         37       38        40 

 
10 μm  2 μm  

2 μm  
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2 μm  

2 μm  

10 μm  

10 μm  

SEM and EDX of commercial 
SeS2 and Emmtec at 36 days 
(#1-6) 

10 μm 

41        42             43               44                45 
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Appendix 5B: Synthesised SeS2 bio-
reduction

 

Start and end of the experiment with synthesised 
SeS2.The upper photo shows the start and the lower 
photo shows the end of the experiment. 

Emmtec     Emmtec  No Emmtec  No SeS2  

Emmtec     Emmtec  No Emmtec  No SeS2  
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2 μm  

1    2                              6          7 

SEM and EDX of synthesised SeS2 at the start of the experiment 

10 μm  10 μm  
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8    9                          11     12 

2 μm  

2 μm  10 μm  

SEM and EDX of synthesised SeS2 with no biomass at t = 1 day 



124 
 

 

 

13    14                    15             18                     19 

SEM and EDX of synthesised SeS2 reduced by Emmtec at t=36 days (#2-1) 

2 μm  

2 μm  

10 μm  
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21                22                23                 24                  25               26 

SEM and EDX of synthesised SeS2 without biomass at t = 36 days 

2 μm  2 μm  

10 μm  
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6 General Discussion and Outlook 
 

The process of biological removal of selenium from wastewater has previously been 

researched by Lenz in the sub-department of Environmental Technology at 

Wageningen University (2008c). As a follow-up to that work, this thesis focuses on 

improving the volume of recoverable solid selenium particles in a biological way. As a 

basis for the discussion, I first summarize the main findings of this thesis. Then the 

following paragraphs highlight results and reflections on improvement. Further, in 6.6 

the two reduction systems are compared and paragraph 6.7 gives main 

recommendations for further research. The chapter closes with the concluding 

remarks. 

6.1 Summary of main results 
 

Chapter 1 describes the complexity of biological and chemical control of selenium 

reduction processes. Besides biological reduction, product formation (selenite or solid 

selenium) should be stable and controlled. The selenite or selenium produced should 

also be recoverable. Control of biological selenium production is limited by process 

conditions: temperature and pH. The process is challenged by the following factors: 

the reactivity of selenite, the particle formation of selenium, and the discharge limits 

of the different selenium waste streams such as total selenium concentration. 

 

Chapter 2 demonstrates that it was possible to convert selenate to (mainly) selenite 

at relatively low electron donor concentrations. The yield was relatively high (79-

95%). 

 

Chapter 3 shows that selenium particle properties can be influenced by temperature 

and pH and that at a higher pH and higher temperature more acicular crystalline 

hexagonal selenium can be produced (fig 6.1 BC). The effect of the pH and 

temperature on the formation of particles was more effective during the selenium 

particle formation than post modification (fig 6.1 D). 

 

In an attempt to increase the size of acicular selenium particles at 50°C in a 
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continuous system (Chapter 4), acicular selenium particle clusters appeared (Fig 

6.1E). Unfortunately, the selenate-reducing biomass did not develop at 50°C and 

selenate reduction capacity remained poor. It was also clearly not possible to grow 

the selenium particles to a larger size than the particles obtained during the 

experiments as described in chapter 3. 

 
Figure 6-1: Two routes for recovering selenium from wastewater. Selenate containing 
wastewater starts with biological selenate reduction to either elemental selenium or 
selenite. Reactor A, conversion of selenate to solid elemental selenium. B, red 
amorphous particles. C, hexagonal acicular particles. D, crystalline selenium particles 
formed by post-treatment. E, acicular selenium clusters. F, conversion of selenate to 
selenite. G, reactor chemical selenite precipitation with sulphide. Reactor H, biomass 
converts SeS2 to sulphide and selenium (hexagonal). 
 

Selenite 
SeO3

2-
 

Chapter 3 & 4 
Acicular 
particles 
  

 

Chapter 3  
Se (s) 
Amorphous 
pH=6 to 7 
T = 30°C 

Selenate 
SeO4

2-
 

H2S 

 
SeS2 

Selenium (s) 
Trigonal 
pH 6 to 7 and T = 30°C 

Chapter 2 

Chapter 4 
Clustered acicular 
selenium particles 

Chapter 5 

Chapter 3 
Stabilization 
T=50°C 

F  

C B 

A  

E  

D  

G  

Chapter 2
F 
 

G 

Chap
H 

  = Amorphous spherical selenium           
 

= Hexagonal/Trigonal selenium 

 

 



 
 

129 
 

Produced selenite (Chapter 2) reacts with sulphide to form amorphous SeS2. In 

Chapter 5, the produced amorphous SeS2 and a commercially purchased crystalline 

SeS2 were both reduced to selenium and sulphide by bacteria present in Emmtec 

sludge, resulting in a viable recovery system for selenium (Chapter 5). 

 

In conclusion, two routes for recovering bio-selenium are possible. One involves 

direct reduction of selenate to elemental selenium (Fig 6.1 reactor A) and the other 

route is to produce selenium via SeS2 (Fig 6.1 reactors FGH). Both routes have 

advantages in terms of product stability, selenate reduction rate and electron donor 

costs. 

 

6.2 properties of the produced selenium particles 

6.2.1 Comparing the properties of the produced  selenium particles  
After biological reduction of selenate to elemental selenium, different kinds of 

selenium particles were detected: acicular particles and spherical particles (Chapter 

3). Intermediate particles were also detected and these were mostly observed under 

process conditions in which acicular selenium particles were also formed. The 

acicular particles were made visible by light microscopy, and the size of these 

particles (around 10 μm long) suggests that these were extracellular. The amorphous 

spherical particles were smaller (roughly estimated to be up to half a micron in 

diameter, SEM pictures (Chapter 3). 

 

In some cases, selenium acicular particle clusters were detected (Chapter 4 and Fig. 

6-1). The clustering of these selenium particles might stimulate transformation or 

particle growth, because the selenium particles are close together. 

 

Hexagonal selenium particles were formed at T=30°C and pH=7 via SeS2 and 

amorphous spherical particles were formed via direct reduction of selenate to 

elemental selenium. This implies that the mechanism or route affects the stability of 

the non-hexagonal particles with high selenium content. The amorphous selenium is 

stabilized by biomolecules such as proteins from, for example, Geobacter 
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sulfurreducens (Pierce et al. 2009). These biomolecules might prevent the phase 

transformation to the hexagonal selenium structure and selenium particles via SeS2 

were not stabilized by these molecules. 

 

 
6.2.2 Biomass attached to selenium particles 
In most of the experiments in which the amorphous selenium spherical particles were 

identified by SEM and XRD, light microscopy showed that the whole micro-organism 

was coloured red. It was thus clearly not possible to see separate amorphous 

selenium particles. This suggests that the amorphous selenium particles were very 

tightly connected to the biomass, whereas the bigger selenium acicular particles were 

detected extracellularly. 

 

Selenite can be precipitated with S2- to SeS2 and an average particle size of 6.3 μm 

can be obtained (Geoffroy and Demopoulos 2011). Regarding the size of some SeS2 

particles, it appears that the particle formation of the hexagonal selenium compounds 

is extracellular. The black spots on the SeS2 particles suggest this (Chapter 5, Fig. 

2A). 

 

6.2.3The effect of the particle properties on the recovery 
Amorphous spherical selenium particles are up to 0.5 μm in diameter and this 

corresponds with a globular volume of about 0.07 μm3. The biggest acicular particles 

are in the range of 10 μm in length and 0.5 μm thick, corresponding with a cylindrical 

volume of about 2 μm3. This means that the particles in the reactors were more or 

less equal in volume (30-fold). In the SeS2 reduction experiment the selenium 

particles were sometimes over 125 μm3 (cube 5 μm). (Particles over 10 μm could 

also be detected; however in this case no EDX result is available, see Appendix 5A.) 

See particle volumes and sedimentation velocities in Table 6.1. The amorphous 

spherical compared with a crystalline 125 μm3 particle resulted in much increased 

sedimentation velocity (over 150-fold) and increased particle volume (over 1750-fold). 
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Table 6-1: Sedimentation velocities of the particles produced 
Process conditions Particle 

description 

Volume 

(μm3) 

Radius 

according to 

spherical 

particle 

(μm) 

Sedimentation 

velocity 

(according 

Appendix 1A) 

(m s-1) 

1 Amorphous particles using 

Eerbeek sludge at T=30°C and 

pH =7 (Chapter 3) 

Amorphous 

Spherical 

0.07 0.3 5.9 10-7 

 

2 Crystalline particles no mass 

growth in the calculation. 

(Chapter 3) (Stability test) 

Crystalline 

Spherical 

0.06 0.2 7.8 10-7 

3 Crystalline particles at 

T=50°C and pH=7 or T=30°C 

and pH=9 (Chapter 3 and 4) 

Acicular 

(long 

cylindrical) 

2 0.8 3,5 10-5 

4 Crystalline particles at 

T=30°C and pH=7 (Chapter 5) 

via SeS2  

(rock-like) 

125 3.1 8.4 10-5 

In line 1 amorphous density is used, whereas in lines 2, 3 and 4 crystalline density is 

used. 

6.2.4 Possibility to avoid the formation of red amorphous selenium 
 
Since elemental selenium is insoluble, the reduction rate of selenate and selenite to 

elemental selenium equals the precipitation rate. In all of the experiments it seemed 

to be impossible to skip the red phase of amorphous selenium. Even in the batch 

experiments at 50°C and a high pH (Chapter 3), a red phase was noticed. This 

shows that the formation of red amorphous selenium is fast compared to the 

transformation to a hexagonal structure in our biological experiments. 

 

In the chemical reduction experiment performed by Harañczyk et al. (2002) at a 

temperature of 84°C no red colour was detected at a high initial pH of 8.3. This 

indicates that the amorphous selenium phase was skipped in this chemical 

experiment. A lower pH in this chemical reduction led to a red phase during the 

process. Skipping the formation of red-coloured selenium in Harañczyk’s chemical 

(selenite reduction with HSO3
-) experiments is partially explained by the fact that a 
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higher pH reduces the reaction rate and consequently changes the morphology of 

the selenium deposits. However, Harañczyk at al. (2002) used 250 mM of Se4+ at 

357K and the reaction lasted 300 minutes. Thus, the reaction rate was much higher 

than in our biological experiments. The difference in the chemical reaction rate 

cannot explain the difference in particle structure and morphology in our experiments. 

However, both our experiments and those carried out by Harañczyk confirm that the 

red phase of selenium formation is less noticeable at a higher pH. 

 

Now the question arises as to whether it is possible to skip the red amorphous phase 

in biocrystalisation, since it is limited by the temperature of the water and the pH 

value at which the micro-organisms can reduce selenate or selenite. At the borders of 

these conditions (a higher temperature and higher pH) selenate reduction might be 

limited, but the transformation can be stimulated. This would perhaps result in direct 

crystalline hexagonal selenium particle formation. 

6. 3 Reflection on lactic acid as electron donor 
 

6.3.1 Electron donor balance  
In nearly all experiments the molar ratio lactic acid to selenate was 0.55 to 1. In the 

continuous reactor (Chapter 4) around 5% of the selenate is converted and around 

80% of the electron donor is used. This means that the yield of selenium on electron 

donor is roughly 6%. The fed-batch experiments yielded 14% elemental selenium 

from the selenate at 50°C. This difference (5% and 14%) can be explained by the fact 

that there was proportionally more inoculum in the continuous reactor (50 g for the 

continuous reactor and 5 g for the fed-batch reactor). The electron donor 

concentration was 0.55 mM for the continuous reactor and 13.75 mM for the fed-

batch reactor. Probably relatively more electron donor was used for biomass 

maintenance in the continuous experiment.  

 

 

In fed-batch systems at 30°C around 20% of the selenate was converted to 

elemental selenium (Chapter 2, Table 2.2). This means that roughly 20% of the 
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electron donor was effectively used for selenium recovery since the amount of 

electron donor was balanced with the amount of selenate. 

 

In the route via SeS2, a maximum of 40% of the electron donor was effectively used 

in the first step to convert selenate to selenite (Chapter 2, Table 2.2). In the next step 

0.5 mmol lactic acid was used to reduce 0.5 mmol of SeS2. Roughly 75% of the 

sulphur was removed from the SeS2. This means that 25% of the lactic acid was 

used for sulphur reduction. However, regarding the carbon balance with CO2, CH4 

and lactic acid, it is likely that more electron donor was still present in the SeS2 

reduction bottles. Only one third of the carbon was converted to CO2 (Emmtec bottles 

table 5.3). This means that in the SeS2 reduction process the electrons from the 

electron donor were used very effectively. 

 

Overall, comparing the electron donor costs based on the experiment performed the 

production of selenium directly cost an equivalent 5 times the electron donor. Via 

SeS2 this would now be 2.5 times only. Still the yield on electron donor should be 

improved for both systems and reactor design and electron donor type could be 

specialised. 

6.3.2 Usage of lactic acid as electron donor for selenate to elemental selenium 
reduction 
In almost all experiments in Chapter 2 and most of the time during the long-term 

experiment described in Chapter 4, lactic acid and selenate was added in the molar 

ratio 0.55 to 1. In both reactors propionic acid was detected, thus is seems that lactic 

acid was first reduced instead of oxidized and this oxidation step could not have 

contributed to selenate reduction. An alternative might be to use propionic acid and 

acetic acid directly in the bioreactor. Astratinei et al., 2006 tested 0.5 mM selenate 

reduction using Eerbeek sludge with several electron donors at 20 mM. The selenium 

removal rate of soluble selenium to insoluble selenium increases with the electron 

donor in the following order: acetate, propionate, lactate and ethanol. So apparently, 

lactate has a positive effect on the selenium reduction rate compared with propionate 

and acetate. However, 20 mM ethanol resulted in the best selenium removal 

according to Astratinei et al., 2006 experiments with Eerbeek sludge. This means that 
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the type of electron donor influences the recovery on electron donor. 

 

During this PhD research, ethanol was also tested as an electron donor for selenium 

removal in the fed-batch reactors (Chapter 2). The molar ratio ethanol to selenate 

was 0.55 to 1. However, selenate reduction using Eerbeek sludge was poor in our 

experiments with ethanol as the electron donor. This was probably caused by the gas 

removal system in the reactors used. This result suggests that the combination of 

electron donor type and reactor design must be optimised.  

6.4 Options for optimizing selenite production 

6.4.1  Effect of selenite on the particle formation 
Selenate was originally used as a substrate and selenite had been accumulating 

during the reduction process (Chapter 2). Acicular particles were produced both with 

(pH=8 and T=30°C) and without selenite accumulation (pH=9 and T=30°C). In the 

Fed-batch experiments (chapter 3) at which amorphous particles were produced, 

selenite was detected. One question I considered is whether selenite production 

affects particle formation. When yeast extract was added to a solution with selenite 

an orange colour appeared at 25 and 30oC, but not at 50 and 70oC (Fig. 6-2). This 

implies that selenite (when produced) can chemically react with organic compounds 

from biomass or that it reduces relatively fast compared to biological selenate 

reduction. This could perhaps result in selenium seeds and this affects particle 

formation. As a result, more – and smaller – selenium particles can be obtained, and 

also selenite yield is reduced. 

 
Fig 6-2:  Preliminary results after 19 hours: selenite and selenate addition with yeast 
extract.  pH ranges between 6.1 and 7.1,   The medium was as used in all chapters, 
with 3 mM selenate or selenite and 0.25 g/L yeast extract. 
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6.4.2 Acetate as possible electron donor for selenate to selenite 
conversion 
In this research, the selenite yield from selenate was relatively high (chapter 2), but 

the yield of selenite reduction on the electron donor could have been improved. It 

would be interesting to repeat the experiments with propionic acid or acetate acid to 

determine whether propionic or acetate oxidizing bacteria are responsible for the 

selenate reduction. Moreover, lactic acid, which is converted rapidly in these 

experiments, can contribute to the selenate reduction. For example, this was 

demonstrated by Oremland et al., 1994 for Sulfurospirillum barnesii strain SES-3 that 

converts lactate to acetate and CO2 via dissimilatory selenate to selenite.  

Interestingly, after increasing the COD concentration in the continuous experiment 

(Chapter 4), around 40 mg/L of COD (mainly acetate) and around 0.9 mM of selenate 

was collected in the external settler. When half of the selenate is reduced to selenite 

in the external settler, then one third of the electron donor was used to convert 

selenate to selenite (eq 4.1 and 4.2). With this in mind, it would be interesting to 

research the use of acetate as an electron donor to convert selenate to selenite. 

 
6.5 Recovery from waste streams with low concentrations of selenium 
Probably selenium removal has a threshold, like at relatively high electron donor 

concentrations, the total amount of selenium removed is limited. The selenium 

effluent concentration in a sulphate-reducing reactor was 0.24 μg/L and in a 

methanogenic reactor it was 8 μg/L, (Lenz et al., 2008a). 

In this research (see Chapters 2, 3 and 4) relatively high selenium concentrations of 

10 to 1 mM were used, so it would also be interesting to obtain acicular selenium 

particles at low selenate concentrations.  

To grow selenium particles (for example particles of 2 μm3) for recovery of selenium, 

the ratio of biomass to selenium should be as low as possible to enhance the 

crystallization process. So in waste water with low selenium concentrations also a 

small amount of biomass should be used. But this probably means that the bioreactor 

will have a lower volumetric selenium reduction capacity and it can become difficult to 

remove all the selenium. The question raises now when the concentration is too low 

for efficient bio-recovery through growing selenium particles. 
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6.6 Comparing the two recovery systems 
The two routes for selenium bio-recovery are summarized in Table 6.2 and Fig. 6.1. 

Selenium waste streams may vary in composition and nature such as groundwater, 

metal processing wastewater, and oil and coal wastewater. The two systems are 

compared in terms of several wastewater properties with a focus on selenium 

recovery from selenate (Table 6-2). 

 

Table 6-2: Selenium recovery from selenate, both directly and via SeS2 

 Direct 
  

Via SeS2 Remark 

 
Equipment 

Reactors 
and 
settlers 

1 bioreactor 
1 settler 

2 bioreactors 
1 settler and 
1 H2S mixer 
1 sludge treatment 
 

via SeS2 the 
reactor size 
is smaller, 
due to a fast 
reaction  

Electron 
donor 
costs 

Selenate to elemental 
selenium costs 6 electrons 

- selenate reduction to 
selenite costs 2 electrons 
- converting S in SeS2 to S2- 
costs 4 electrons for one 
Se0 

Equal in both 
situations 
under optimal 
conditions 

HRT 
(reactor 
size) 

Long HRT up to days HRT expected to be shorter 
since selenite can 
accumulate during selenate 
to selenium reduction 

Short HRT 
means 
smaller 
reactors 

 
Product quality 

Product 
size 

Amorphous or crystalline 
particles up to 2 μm3 

crystalline particles 125 μm3
  

Product 
concen-
tration 

Depends on nuclei and 
selenium concentration in 
the waste stream 

Concentrated selenium 
stream due to sedimentation 
steps 

 

 

6.6.1 Comparing Equipment costs 
The equipment cost of the two processes is based on reactors and settlers or other 

solid liquid separation processes (Table 6-2). A single bioreactor is used for direct 

conversion to elemental selenium, while two bioreactors and one mixing step with 

H2S are needed for selenate conversion via SeS2. Because of the gaseous hydrogen 

sulphide used, safety requirements are also an issue. On the one hand, it seems that 
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the total equipment costs of the SeS2 removal system represent a disadvantage. On 

the other hand, the HRT of biological selenate reduction could be shorter for selenite 

production compared to elemental selenium production. The HRT of the selenite 

waste stream is also short due to the fast reaction of selenite with sulphide. These 

short HRTs result in smaller chemical and biological reactor size and reduce the 

investment costs for selenium removal systems using SeS2. 

 

6.6.2 Control of process conditions 
Selenate removal starts with biological conversion in both processes. So the effect of 

process conditions on the process routes is more or less the same. Often the 

temperature and the pH conditions are limited by control options. This means that the 

use of hyperthermophilic bacteria stimulates selenium particle formation, but it 

increases the heating cost. The presence of nitrate and sulphate or other elements is 

estimated to have the same effect on the first biological reduction. The elements 

Zn2+, Fe2+ , Ag+ , Pb, Hg2+, Hg+ and Cu2+ will be precipitated by sulphide. 

 

6.6.3 SeS2 recovering has an advantage regarding equipment and product 
quality 
Overall, from Table 6-2, it can be concluded that selenium as selenate can be 

recovered with SeS2. The first biological step, selenate reduction to selenite is faster 

than selenate to selenium reduction under certain process conditions (Chapter 3). 

The main advantages are a higher product quality and a higher concentration, as the 

selenium product is larger and more dewatered. After both of the biological treatment 

steps, selenium is obtained. To re-use the selenium thus obtained, a percentage of 5-

25% of selenium is required. This is the amount that is also used in selenium 

refinement industries (Hoffmann 1989). With particles over 125μm3 in size these 

concentrations must be feasible. 

6.7 Main recommendations for further research 

Direct selenium particle formation 
Selenate reduction using Eerbeek sludge was sometimes inhibited by the process 
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conditions we chose. Temperatures were 20°C and 50°C (Chapters 2, 3 and 4), and 

pH range limits were 6 and 9 (Chapter 2 and 3). The electron donor concentration in 

the reactor could have been limited for the reduction processes. In follow-up research 

it is advised to use another sludge that can handle a higher temperature or higher pH 

and to see if pH and temperature could be raised further during the selenium 

reduction experiments to directly promote acicular selenium particle formation. 

Selenium particle formation via SeS2 
The selenium particles obtained in the direct route for selenium production are in the 

range of several tenths of μm long. It would be interesting to study the 

recrystallisation process from SeS2 to Se. It would also be interesting to determine 

whether SeS2 can adsorb low concentrations of selenite. The main challenge is the 

rigorous requirements: removal efficiency (5ppb) and low concentrations (1000ppb) 

combined with Se recovery. 

 

Selenium particle formation at high ethanol concentrations 
Since the addition of compounds can alter the selenium particles, the electron donor 

could have the same effect. This means that the electron donor itself can act as a 

stabilizing agent. However, it is known that ethanol has a positive effect on selenium 

recrystallization (Li et al., 2006). Thus, when relatively high concentrations of ethanol 

are used in a selenium reduction process, crystallisation towards the hexagonal 

structure can be stimulated.  

6.8 Concluding remarks 
To remove selenate, the first step should be biological, because of the microbes’ 

selectivity. Reducing selenate to elemental selenium, directly or indirectly via SeS2, 

results in different selenium particle properties under comparable pH and 

temperature conditions. Finally, the selenium particles in the route via SeS2 resulted 

in the largest crystalline selenium product free from biomass. For re-use the route via 

SeS2 therefore seems to be the most promising approach. 
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Summary 

Selenium in the form of selenate or selenite in wastewater needs to be removed due 

to its potential toxicity in the environment. Also, selenium is a valuable element that is 

used in several industries and current selenium resources are likely to be exhausted 

in less than 50 years. Waste streams containing selenium can therefore be used as a 

source of selenium. This requires conversion of the selenium in wastewater into a 

form that can be recovered. Biologically induced selenate reduction to recoverable 

selenium has the advantage that it uses the selective reduction capacities of biomass 

and a renewable electron donor. 

 

To improve the recoverability of selenium the conversion of selenate to selenite was 

seen as an interesting opportunity. Selenite is more reactive than selenate and can 

be removed in a second step. As described in Chapter 2, it proved possible to 

convert selenate to mainly selenite at a low electron donor concentration. 

 

Another method which is reviewed in this thesis is direct biological reduction of 

selenate to elemental selenium. After reduction the solids can be removed by a liquid 

solid separation process. Previously amorphous selenium particles were produced, 

which hampered recovery. In this research it is demonstrated that at a higher 

temperature, around 40 - 50°C, and at a higher pH, around pH 8 - 9, a more 

hexagonal selenium structure can be produced (Chapter 3). Crystalline acicular 

selenium particles of different sizes were thus obtained. This implies that selenium 

particles formation can be controlled and that selenium particles can grow. Large 

selenium particles make the separation process economic. 
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To grow larger selenium particles, a long-term experiment was performed at 50°C 

(Chapter 4). The reduction rate was poor, but selenium acicular particles were 

produced. These particles were also detected as clusters. These clusters open up 

new recovery opportunities. With Eerbeek sludge the optimal conditions for selenate 

conversion are around pH=7 and 30°C. To enlarge the selenium particles it is 

strongly recommended to use a different sludge since the optimal conditions with 

Eerbeek sludge do not match the conditions needed for acicular particle formation. 

 

When selenate is converted to selenite, the selenite can be precipitated by sulphide 

to form selenium sulphide. Emmtec sludge was used to reduce the sulphur 

compounds to sulphide, leaving selenium as the sole remaining element. This 

process was performed at T=30°C and a pH between 6 and 7. The selenium thus 

recovered had a crystalline hexagonal structure (revealed by x-ray diffraction) and 

the particles were as large as 125μm3. 

 

Future research on the two routes that are explored in this thesis can give insights 

into selenium reduction mechanisms and the formation of large selenium particles. 

The recoverability of biological selenium particles has also been improved (as 

discussed in this thesis). In conclusion, this thesis has resulted in a new, bio-

selective, renewable selenium recovery method via selenium sulphide. 
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