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ABSTRACT 

Traditional wastewater treatment requires extensive surface areas, which are usually not 

available or are very expensive. A new technology for wastewater treatment is aerobic granular 

sludge, due to its capability to treat high chemical oxygen demand (COD) loads, and 

simultaneous nitrogen and phosphorus removal, demanding less space and investment cost. 

A major share of wastewater presents fairly complex compositions. For example, in the 

textile industry  azo-dyes are used to give colour to fabrics, and proteins are mostly used as 

enzymes for catalytic activity in some processes. 

In this work it was studied the influence of using protein as the only carbon source in 

aerobic granular sludge performance, and the granules ability to reduce azo-dyes. For this 

purpose, a Sequencing Batch Reactor with 2.7 L was used. 

The morphology of the granules was more filamentous and irregular at the surface when 

compared to fast-biodegradable substrates, yet the granules always showed good settleability. 

Measurements showed hydrolytic activity for protein both in aerobic and anaerobic periods, 

starting with 56% protein hydrolysis on day 1 and the maximum of 81% on day 69. Complete 

nitrification of ammonium was shown, but denitrification was only observed anaerobically, 

oscillating from 7% to 34%. The efficiency of phosphorus removal was initially 50%, however it 

decreased with the increase in anaerobic operation time. 

As for azo-dye reduction, 38% was observed initially, but 78% reduction was reached, due 

to both biomass adaptation and higher biomass concentration. 

Keywords: Wastewater Treatment, Aerobic Granular Sludge, Proteins, Azo-dyes 

  



ii 
 

RESUMO 

O tratamento tradicional de águas residuais requer áreas superficiais extensas que 

normalmente não estão disponíveis ou são dispendiosas. Os grânulos aeróbios são uma nova 

tecnologia de tratamento de águas residuais.Possuem uma enorme capacidade de tratar 

elevadas cargas de carência química de oxigénio e remover azoto e fósforo, ocupando menos 

espaço que as tecnologias tradicionais com menor investimento económico. 

Muitos efluentes têm uma composição relativamente complexa. Por exemplo, na 

indústria têxtil, os corantes azo e as proteínas representam uma fracção importante da 

composição dos efluentes. 

Neste trabalho foi estuda a influência das proteínas como única fonte de carbono na 

performance de grânulos aeróbios, bem como a capacidade destes grânulos para reduzir 

corantes azo, num reactor descontínuo sequencial de 2,7 L. 

A morfologia dos grânulos formados nestas condições foi mais filamentosa e irregular à 

superfície, comparativamente com substratos facilmente biodegradáveis, no entanto, os 

grânulos continuaram a apresentar boa capacidade de sedimentação. Foi observada hidrólise 

de proteína, tanto aerobicamente como anaerobicamente, com 56% da proteína hidrolisada 

no primeiro dia de operação, e um máximo de 81% no dia 69. Foi também observada 

nitrificação completa de amónia, no entanto a desnitrificação aparentemente apenas ocorreu 

durante os períodos anaeróbios, oscilando de 7% a 34%. A eficiência de remoção de fósforo foi 

inicialmente de 50%, no entanto desceu com uma maior duração de operação anaeróbia. 

Quanto aos corantes azo, foi observada inicialmente uma remoção de 38%, tendo-se 

obtido uma remoção máxima de 78%, devido a adaptação e maior concentração de biomassa 

no reactor. 

Palavras Chave: Tratamento de Efluentes, Grânulos Aerobios, Proteínas, Corantes Azo 
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1. INTRODUCTION 

1.1. BIOLOGICAL WASTEWATER TREATMENT 

With the increase of the world’s population and industry in the last centuries, and being water 

an essential but finite resource, the need for water management and treatment has become 

indispensable in our society. (1) 

Throughout history, liquid effluents have been thrown out into water courses that were later 

used for drinking. The risk comes essentially from the presence of possible pathogens. 

Sewages and rivers get overloaded by a broad spectrum of compounds, being, some of them, 

toxic to wild life and Humans. (2) 

However, other concerns are important in water management. When water bodies are 

overloaded with organic material, microorganism growth causes a depletion in oxygen to values 

that are insufficient for microorganisms responsible for organic matter degradation and other 

aerobic organisms. Even when organic matter is degraded, simple molecules containing 

nitrogen and/or phosphorous, can cause a demographic explosion of algae (Figure 1.1). This 

phenomenum is usually called eutrophication. (3) 

 

Figure 1.1 – Eutrophication in a water body (4) 

Algae then form aggregates that sink into the bottom and fuel the growth of bacteria which 

will consume oxygen. If the rate of oxygen consumption grows higher than rate of aeration, 

hypoxic or even anoxic conditions are created in the water body, which can be lethal to aquatic 

life. In addition, this will kill all new algae and bacterial biomass. As this biomass decomposes 

anaerobically at the bottom, it causes the release of unpleasant smells. (3) 

Different methods and emerging technologies have been developed for treatment of water 

and wastewater, and new research is in progress in order to increase efficiency and decrease 

costs. (1) 
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1.1.1. ACTIVATED SLUDGE SYSTEMS 

Biological processes play a crucial role on the removal of organic carbon and other nutrients 

that pollute water. It was in 1914 when Ardern and Locket discovered that the solid matter 

obtained from prolonged aeration of sewage, increasead enourmously the purification of simple 

aerating the sewage. This solid matter was named activated sludge. (5) 

Their research led to the development of the first activated sludge systems for water 

treatment. From the beginning, two different set-ups were tested. The first one used a 

continuous flow system and the second was a fill-and-draw system that nowadays is known as 

sequencing batch reactor. (6) From 1914 to 1920, almost every installation was using the 

continuous flow system, because it was found less disadvantageous than the fill-and-draw 

system. (1) 

Activated sludge systems are still the most common biological systems for wastewater 

treatment. They essentially consist in a mixed culture of biomass growing and removing organic 

carbon and other nutrients from influent water, accumulating them as new biomass. Two steps 

are involved in a continuous flow activated sludge system. Firstly, an aeration tank where 

biochemical processes take place. Secondly, the treated effluent goes into a settling tank where 

it is separated from the biomass. The biomass collected at the bottom (sludge) is partially 

recycled into the reactor, and the remaining sludge is sent into sludge treatment processes. (1) 

In Figure 1.2, a possible diagram for a system for activated sludge treatment is represented. 

 

Figure 1.2 – Activated Sludge System Diagram (7) 

The efficiency of these systems relies on a good selection and growth of different 

microorganisms that can biologically remove the pollutants, and on a good separation of 

biomass in the settling tank. (1) 

Removal of Organic Carbon 

Organic carbon in domestic sewage is mostly formed by carbohydrates, fats and proteins. It 

can be used by the majority of heterotrophic organisms, being oxidized to CO2 with oxygen, 

nitrite or nitrate as electron acceptor. It will also be partly assimilated into new biomass. As for 

mon-biodegradable organic carbon, it can be removed by adsorption in activated sludge flocs. 

(1) 
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Under certain circumstances, microorganisms are able to accumulate substrate in their cells, 

as internal storage products. These are usually glycogen, lipids, or polyhydroxyalkanoates 

(PHA). The selection of such microorganisms is made by assuring that the biomass experiences 

a situation where a high concentration of organic carbon is present (feast period), followed by a 

condition where no external carbon source is present (famine period). During the latter periods, 

organisms can oxidize stored substrates. (1) 

Removal of Nitrogen 

In sewage, it is frequent to find nitrogen present, mostly as ammonia, that needs to be 

removed. The way microorganisms remove ammonia involves two different steps: nitrification 

and denitrification. In the first step, nitrification, ammonium is oxidized into nitrite by some 

organims, and nitrite is oxidized into nitrate by other organims. (1) 

These two groups of bacteria use CO2 as carbon source and have a low growth rate. When 

optimizing the removal of nitrogen in wastewater treatment plants, this can be a great problem, 

since these bacteria will require a high solids retention time (SRT). (1) 

The following equations represent the mass and energy balance of reactions performed by 

Nitrosomonas and Nitrobacter: 

𝐍𝐇𝟒
+ +

𝟑

𝟐
𝐎𝟐 → 𝐍𝐎𝟐

− + 𝐇𝟐𝐎 + 𝟐𝐇+ + 𝟐𝟒𝟎 𝐤𝐉 

𝐍𝐎𝟐
− +

𝟏

𝟐
𝐎𝟐 → 𝐍𝐎𝟑

− + 𝟔𝟓 𝐤𝐉 

Denitrification of nitrite and nitrate into nitrogen gas (N2) completes the removal of nitrogen. 

In the absence of oxygen, some bacteria can use nitrite or nitrate as electron acceptor in the 

electron transport chain, for the oxidation of organic carbon. (1) 

Studies have revealed that nitrification and denitrification can be obtained simultaneously if 

the oxygen penetration depth inside flocs provides an anoxic region, and if there is enough 

substrate to be oxidized. (8; 9) 

The following equations represent the mass and energy balance of reactions performed by 

denitrifying microorganisms (1): 

𝟖𝑵𝑶𝟑
− + 𝟓𝑪𝑯𝟑𝑪𝑶𝑶− + 𝟏𝟑𝑯+ → 𝟒𝑵𝟐 + 𝟏𝟎𝑪𝑶𝟐 + 𝟏𝟒𝑯𝟐𝑶 + 𝟏𝟔𝟓. 𝟐 𝒌𝑱 

𝟖𝐍𝐎𝟐
− + 𝟑𝐂𝐇𝟑𝐂𝐎𝐎− + 𝟏𝟏𝐇+ → 𝟒𝐍𝟐 + 𝟔𝐂𝐎𝟐 + 𝟏𝟎𝐇𝟐𝐎 + 𝟑𝟐𝟑. 𝟑 𝐤𝐉 

In this reactions, the carbon source (in this case, acetate) donates electrons to nitrate or 

nitrite, that are reduced into nitrogen gas. 

Removal of Phosphate 

The growth of microorganisms incorporates phosphate in the biomass, which might not be 

sufficient to remove all phosphate. Therefore, enhanced biological phosphorous removal 

(EBPR) should be achieved. Achieving EBPR is possible by exposing polyphosphate 

accumulating organisms (PAO) sequentially to different conditions. Firstly, to an anerobic 

period, where easy degradable substrates, like acetate, are stored as polyhydroxyalkanoates 

(1) 

(2) 

(3) 

(4) 
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(PHA). The energy required to uptake and store carbon is provided by the hydrolysis of 

intracellular poly-P to orthophosphate (𝑃𝑂4
3−). Orthophosphate is then released into the liquid. 

(10) 

Finally, to an aerobic or anoxic phase, without the presence of an external substrate, where 

the cell uses PHA as substrate for growth and polyphosphate synthesis. Phosphate is then 

removed as polyphosphate with the extra sludge. (10) 

Biomass and Wastewater Separation 

After the aerobic reactor, treated wastewater must be separated from the biomass, in order 

to meet the standards required for discharge. For this purpose, typically the treated effluent 

goes into a settling tank that takes advantage of the higher densities of biomass to clarify the 

discharged effluent. (1) 

The sludge is then partially returned to the aeration reactor and partially discarded for sludge 

treatment. The rate of sludge returned can be used to control the sludge age of the system, 

which is an important factor to determine the characteristics of the treated wastewater. (1) 

Sludge age, or solids retention time (SRT), is the time that bacteria and solids remain in the 

bioreactor, and is calculated according to the following expression. (11) 

𝑆𝑅𝑇 =
𝑆𝑡𝑎𝑛𝑘𝑉𝑡𝑎𝑛𝑘

𝑆𝑐𝑙𝑎𝑟𝑖𝑓𝑖𝑒𝑑𝐹𝑐𝑙𝑎𝑟𝑖𝑓𝑖𝑒𝑑 + 𝑆𝑠𝑙𝑢𝑑𝑔𝑒𝐹𝑠𝑙𝑢𝑑𝑔𝑒

 

Where 𝑆𝑡𝑎𝑛𝑘 is the concentration of suspends solids inside the aeration tank, 𝑉𝑡𝑎𝑛𝑘 is the 

working volume of the aeration tank, 𝑆𝑐𝑙𝑎𝑟𝑖𝑓𝑖𝑒𝑑  is the concentration of solids in the clarified 

effluent, 𝐹𝑐𝑙𝑎𝑟𝑖𝑓𝑖𝑒𝑑  is the volumetric flux of clarified effluent, 𝑆𝑠𝑙𝑢𝑑𝑔𝑒 is the concentration of solids 

in the sludge and 𝐹𝑠𝑙𝑢𝑑𝑔𝑒 is the volumetric flux of discarded sludge. 

Ineffective settling can lead to low effluent quality, and uncontrollable low sludge ages, that 

can have impact on the efficiency of the aeration tank. (1) 

1.1.2. COMPACT WASTEWATER TREATMENT SYSTEMS 

Inside the settling tank, the suspended solids tend to aggregate in sludge flocs, which settle 

rather slowly (with velocities under 1 m/h). The result of this is that the retention time in the 

settling tank needs to be high, which requires large volume tanks with a large surface area. (1) 

Wastewater treatment plants require, therefore, a lot of space, especially in highly dense 

population regions, which is usually not available or very limited. Furthermore, existing 

wastewater treatment plants need sometimes to be extended, due to new industrial activity and 

other activities. For this reason, several compact treatment systems have been developed, or 

are under development (1) 

1.1.2.1. MEMBRANE BIO-REACTORS (MBRS) 

This technology is based on activated sludge systems, however, instead of a settler, an 

ultrafiltration or microfiltration membrane is used to clarify the effluent. The membrane can be 

(5) 
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located inside the reactor, or external via recirculation. (12) Since the settler is not needed, the 

required space is smaller than in conventional activated sludge systems. Additionally, sludge 

concentrations can be two or three times higher than the conventional system, leading to a 

much better quality of the clarified effluent. (1) 

With MBRs it is possible to obtain higher sludge ages, which can improve the retention time 

of the slow growing nitrifying organisms, enhancing nitrification, or microorganims capable of 

degrading complex organics. Moreover, membranes can be designed to remove all suspended 

solids, contaminants, bacteria or virus. (12) 

However, this technology has high costs, once membranes are still very expensive and 

experience a loss in permeability due to fouling. Also, higher concentrations of biomass in the 

system can cause aeration problems. Consequently, improvements in this technology must be 

made before it becomes more attractive. (13) 

1.1.2.2. ANAEROBIC WASTEWATER TREATMENT - UPFLOW ANAEROBIC SLUDGE BLANKET REACTOR (UASB 

REACTOR) 

The UASB reactor consists of two main parts: a column and a gas-liquid-solid separator. In 

Figure 1.3 the schematic of this type of reactor is shown. 

 

Figure 1.3 – Schematic for an Upflow Aerobic Sludge Blanket (UASB) Reactor (14) 

The reactor is initially inoculated with appropriate organisms. Influent comes from the bottom 

of the reactor with a certain velocity. Under proper conditions, lighter particles will be washed 

out, retaining the heavier particles that aggregate or form anaerobic granules. (14) 

This granules form a sludge bed with a high settleability, hence biomass can be kept 

efficiently in the system. As the influent comes in from the bottom of the reactor, it contacts with 
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the biomass bed, and biological reactions take place. The soluble organic compounds are 

converted mainly to methane and carbon dioxide. (14) 

This system requires little energy, because mixing is obtained through upflowing liquid and 

produced biogas. This biogas can also be collected and used for energy production/generation. 

(15) 

However, anaerobic treatment provides a rather high chemical oxygen demand (COD) 

concentration in the effluent and low ammonium and phosphate removal and low pathogen 

removal, thus requiring other steps. Also, the start-up of this system is very slow, due to the low 

growth rate of methanogenic organisms. (15) 

Despite its disadvantages, this system is still appropriate for industrial wastewater with high 

COD content, without nitrogen and other nutrients, or to be an economical step in sewage 

treatment in warmer climates. (1) 

1.1.2.3. CONTINUOUS BIOFILM REACTORS 

Biofilms grow attached to a solid surface. Some systems (trickling filters) use a static 

surface, and have typically a limited surface area (less than 300 m
2
 per m

3
). In other systems, 

biofilm is grown on small spheres, such as sand or basalt, which can increase greatly the 

surface area (3000 m
2
 per m

3
) and this way, overcome the limitations in mass-transfer in the 

biofilm. (16) 

The use of biofilms is very useful to retain slow growth organisms in the reactor, such as 

nitrifiers or methanogens. Moreover, with biofilms it is possible to have high biomass 

concentrations inside the reactor (up to 30 g biomass per liter), which result in high conversion 

capacities. Due to their greater settling velocities, it is possible to completely eliminate the need 

for an external settling tank, hence biofilms are a great alternative for a compact wastewater 

treatment plant. (16) 

In a biofilm airlift suspension reactor (Figure 1.4) air pushes the circulation throughout the 

riser in the reactor. The effluent and gas are collected at the top of the reactor, and there is 

recirculation of liquid in the downcomer. (16) 

In this type of reactor, substrate is mostly converted in the outside layers of the biofilm, 

therefore, there is competition for space. Heterotrophic organisms grow faster, hence they will 

occupy the outer layers faster, while slow growing autotrophic organisms will have to be situated 

in deeper layers, where there is limited access to substrate. (1) 

In order to obtain denitrification, particles have to circulate under anoxic conditions. During 

this process, substrate must be available in the deeper layers, allowing the autotrophs to reduce 

nitrate and nitrite into nitrogen gas, which will lead to good COD and nitrogen removal. (1) 

 Accomplishing this in continuous mode is very difficult, and requires a complex design for 

the reactor, such as a denitrifying CIRCOX reactor. This type of reactor can achieve good COD 

and nitrogen removal efficiencies. (17) 
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Figure 1.4 – Schematic Representation of a Biofilm Airlift Suspension Reactor (BAS) (17) 

1.1.2.4. SEQUENCING BATCH REACTOR (SBR) 

A sequencing batch reactor is a reactor operated discontinuously. Every step is performed in 

one reactor. As we can see from Figure 1.5, a cycle of operation begins with a fill phase, where 

the wastewater fills the operating volume of the reactor. Secondly, there is a reaction phase, 

that can be agitated with different gaseous mixtures, depending on the desired dissolved 

oxygen concentrations, such as air, a mixture of air and nitrogen or just nitrogen gas. (1) 

The reaction phase is followed by a settling phase, which precedes a drain phase, where the 

effluent is removed, and an idle phase, until the start of the next cycle. 

 

 

Figure 1.5 – Cycle configuration of a SBR (1) 

With this setup, there is no need for external settlers. Also, it is possible to change conditions 

through the reaction phase to enhance the efficiencies of nutrients removal. Moreover, this 

system consents the flexibility of working in time rather then in space. This means that by 

changing the different operation times, it is possible to take into account fluctuations in the 

incoming influent. (18) 
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1.2. AEROBIC GRANULAR SLUDGE 

With aerobic granular sludge it is possible to achieve good COD, nitrogen and phosphate 

removal. The mechanisms involved are essentially the same as for activated sludge, however, 

instead of different tanks or zones, granular sludge can enclose an aerobic region within its 

surface, and an anoxic or anaerobic region within its core. (19) 

Taking the SBR operations design, it is possible to grow aerobic granular sludge effectively, 

without the use of carriers, that successfully removes COD and nitrogen. Formation of aerobic 

granules relies on several important factors. Firstly, particles must be selected according to their 

settling velocity. In a SBR reactor, this is easily controlled by the settling time. (20) Secondly, 

the organisms’ growth rate is a very important factor. For instance, fast growing organisms, 

such as heterotrophs, produce less dense granules than slow growing organisms, such as 

nitrifiers, under the same conditions. (1) A method to decrease the growth rate of organisms fed 

with readily biodegradable substrate is to convert substrat into stored polymers, which can be 

accomplished with a feast-famine regime. (21) 

The feast-famine regime starts with a feast-phase, where high substrate concentrations are 

available and stored by microorganisms as polyhydroxybutyrate (PHB). If the feast phase is 

anaerobic, there will be a selection for phosphate accumulating organisms (PAO) and glycogen 

accumulating organisms (GAO), whereas, if it is aerobic, other heterotrophs will store the 

substrate. (1) An additional advantage in selecting PAO is that phosphate can be 

simultaneously removed from the wastewater. (21) The feast phase is followed by a famine 

phase, where no external substrates are available, forcing cells to grow on stored substrates. 

The growth rates from this substrates are generally lower than those with readily biodegradable 

substrates, improving granule density and smoothness. (1) 

Finally, the shear stress is very important to obtain dense granules. Particle/particle 

interactions, caused by sufficient superficial gas velocity, were found to be very important to 

form granules and to maintain density and smoothness. (20) 

An important remark is that biofilms and granules are microbiologically very similar. For this 

reason, a lot of known information about biofilms can be helpful to understand the behavior of 

granular sludge. (1) 
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Microbial Population Distribution in the Granules 

One important characteristic of granular sludge is the microbial population distribution. This  

distribution is in general due to differences in the growth rate and the distribution of metabolites 

within the granules. On one-hand, the fast-growing heterotrophic organisms will be located at 

the outer layers of the granule, whereas on the other hand, the slow-growing nitrifiers will 

struggle to occupy their space inside the granule with minimal oxygen diffusion limitations. 

Oxygen will be mostly consumed before it diffuses into the deeper layers of the granule, leaving 

an anoxic region at its core, where autotrophic organisms wil thrive. (22) 

In Figure 1.6 it is possible to see a schematic distribution of organisms within a granule and 

in Figure 1.7 it is observable a schematic representation of the concentration of PHB, oxygen 

and nitrite/nitrate within the granules during the famine phase.  

 

Figure 1.6 – Schematic distribution of heterotrophic and autotrophic organisms within a granule, and 
respective reactionsError! Reference source not found. (1) 

During the feast period, external substrate concentration is high, therefore this substrate will 

diffuse through the granule and will be internally stored. This way, during the famine period, 

stored polymers will be available in all areas of the granule. (1) 

 

Figure 1.7 - Schematic representation of the concentration of PHB, oxygen and nitrite/nitrate within the 
granules during the famine phase (1) 

This distribution of micro-organims and metabolites is very important, because this way 

simultaneous nitrification and denitrification can be obtained. Nitrifiers will convert ammonia into 

nitrite and nitrate near the surface of the granule, which in turn will diffuse to the core of the 

granule, where denitrifiers can reduce them into gaseous nitrogen, so long as there is enough 

stored substrate available to be oxidized. (1) 

Granule Formation with Complex Substrates 
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Complex substrates, such as big molecules of slowly biodegradable COD, have been 

reported to provide good granule formation, however, these granules tend to have more 

filamentous structures at the surface. Since the substrate cannot diffuse into the granule, there 

might be a relationship between the porous structure of the granule and the conversion of slowly 

biodegradable COD. (23) 

A study (23) used particulate and soluble starch as a model for slowly biodegradable COD 

degradation in aerobic granular sludge. It was found that particulate starch stimulated growth of 

protozoa, much more than soluble starch. 

This study revealed that the mechanism used for removal of starch (model for a polymeric 

substrate) was very similar to the mechanism in biofilm systems. Firstly, suspended particles 

adsorb to the surface and secondly they are hydrolysed by microorganisms. Moreover, there 

was some removal of starch performed by protozoa. 

An increase in irregular granule morphology was observed, with growth of filamentous 

organisms at the surface. These filamentous structures were very similar to a system operating 

with dairy industry wastewater, and with a full scale Nereda® plant containing approximately 

35% of suspended COD. (23; 24) 

It has been hypothesized that gradients inside sludge flocs and biofilms play an important 

role on competition between filamentous and non filamentous organisms, due to the fact that 

filamentous organisms have a higher growth rate due to their one-dimensional growth. Regular 

and compact structures are expected to be found in systems without substrate gradients, 

whereas in systems with these gradients, filamentous organisms will thrive. (25; 26) 

As it is observable from Figure 1.8, in activated sludge systems, polymeric substrate can be 

incorporated within the sludge flocs. This way, hydrolysis causes a constant release of substrate 

throughout the all floc, hence no substrate gradients are formed. 

In aerobic granules, polymeric substrates can only attach to the granule surface. Hydrolysis 

only takes place at the surface of the granule, causing a high release of substrate mostly at the 

surface. For this reason, a gradient of substrate is formed, thus filaments outgrow and irregular 

granule shapes are formed. 
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Figure 1.8 – Schematic representation of soluble substrate concentratin within an activated sludge floc (up) and 
an aerobic granule (bottom) during aerated phase (23) 

Despite the more filamentous structure, granules maintained their high settling 

characteristics with starch, and flocculation was not observed. There was a higher amount of 

protozoa when compared with systems fed with acetate, which can contribute to the removal of 

suspended particles. (23) 

Regarding nitrogen removal, there was no simultaneous nitrification and denitrification 

observed, which can be explained by low penetration of starch into the granule. For this reason, 

during aeration phase only a limited amount of electron donors is available for nitrate reduction 

in the anoxic core of the granule. (23) 

Biomass growth yields were lower when compared to activated sludge and to enriched 

phosphate accumulating organisms, and similar when compared to biologically phosphate 

removing aerobic granular sludge grown on acetate. The main difference is on sludge age, 

which is significantly higher in aerobic granular sludge systems. (23) 

1.2.1. APPLICATIONS 

Several studies have been published that account for examples of application of this 

technology in both domestic and industrial effluents.  

A pilot research was made with municipal wastewater located within 5 pilot plants, each with 

a capacity for 5 m
3
/h. Granulation was shown to be possible at pilot scale, and the system was 

proven to be very robust, enduring harsh conditions, like a chemical spillage. The pilot-scale 

tests confirmed various laboratory results, that aerobic granular sludge stability and robustness 

outperforms those of activated sludge. A stable biopolymer matrix protects biomass from short 

term toxic loads, and the higher biomass concentrations induce a quicker recovery for the 

biomass population. (23)  
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Granule formation with good settling properties was achieved using an industrial wastewater 

from a dairy analysis laboratory, with good COD and nitrogen removal efficiencies, and 

simoultaneous nitrification and denitrification (27) 

Granules were also successfully formed under brewery wastewater (28) and with wastewater 

from a slaughterhouse (29), with good COD and nitrogen removal efficiencies. 

Another study used malting wastewater with a high content of particulate organic matter. The 

results showed that smaller organic particles have a better COD removal efficiency, and that 

protozoa seem to be at least partially responsible for particle uptake from the wastewater. (30) 

The application of granular sludge to treat a textile wastewater in a sequential anaerobic-

aerobic phase with an SBR was also studied. Granules were produced successfully. Settling 

speed of granules increased with time of operation, which led to higher biomass concentrations 

in the reactor. Color removal, due to the present dyes, was observed, with a maxium removal of 

86.5%. It was shown that the increase in the Hydraulic Retention Time (HRT) had a positive 

impact in the removal. An increase was also observed when COD load increased, most likely 

due to the increase in microbial population. Moreover, by increasing the anaerobic period of 

operation, an increase in color removal was experienced. Likewise, the higher HRTs 

represented a better COD removal, with the maxium removal observed of 94.1%. (31) 

1.2.2. NEREDA TECHNOLOGY 

Activated sludge systems have been the water treatment standard for many years. With the 

right design, these systems are very flexible and can remove all sorts of organic carbon 

sources, nitrogen and phosphorus. (32) 

Nevertheless, activated sludge has low settling capabilities, thus they require large settling 

tanks. Also, the need to alternate aerobic, anoxic and anaerobic regions, increases complexity 

in design and operation. (32) 

The Nereda technology is a new technology that relies on aerobic granular sludge, and 

overcomes some of these drawbacks. The system works with a small change in a sequencing 

batch reactor, where filling takes place at the same time that effluent is drawn from the reactor. 

This technology requires significantly less energy than activated sludge systems, and is 

extremely compact, needing less investment and operational costs. In addition, this technology 

produces higher effluent quality. The remarkable settling characteristics of granules reduce 

considerably the treatment tank volumes. (32) 

Figure 1.9 represents a schematic for the Nereda technology system. (32) 
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Figure 1.9 – Schematic for the Nereda cycle (32) 

The first full scale plant using Nereda technology was launched in 2005, in a cheese 

production factory in The Netherlands, with a wastewater flow of 250 m
3
/day. Its success 

confirmed the applicability of the technology. (32) 

In 2008, a demonstration installation was made in South Africa, with the capacity to treat 

4000 m
3
/d of effluent, and the results were a high efficiency removal of COD, nitrogen, 

phosphorous and solids. (32) 

Taking into account the success from the first plant, a larger municipal treatment plant was 

installed in Epe, The Netherlands, in 2011. This plant can treat up to 1500 m
3
/d of a municipal 

wastewater that contains a contribution by an industrial effluent from slaughterhouses, with very 

demanding requirements for nitrogen and phosphorous removal. (32) 

Several other plants exist now worldwide with promising results. The successful applications 

for domestic wastewater are very important to confirm the added value of Nereda techonoly. 

(32) 

With the success from this full scale plants, many others are under planning worldwide, and 

even projects for food, beverages and chemical industries are under preparation. (32) 

This emerging technology is now considered to be the new generation of water treatment 

facilities, and it is expected to replace activated sludge in a near future. (32) 

1.3. TEXTILE INDUSTRY EFFLUENTS 

Textile industry is one of the major industries in the world and plays a really important role in 

the economy of numerous countries. It involves many different activities, from raw materials 

processing to the finishing of fabrics. (33) 

The textile dyeing industry consumes enormous quantities of water ( 80 to 150 m
3
 water/ton 

of finished textile) and produces huge volumes of wastewater, that contain both organic and 

inorganic compounds. (33) 
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Textile processing activities discharge around 90% of all chemicals used as textile effluent. 

There are reports where between only 50% and 90% of the dyes are fixed in the textile. (31) 

The result is an effluent rich in dyes and chemicals, whose characteristics depend on the 

type of textile manufactured, the chemicals used in the process and the process itself. The 

textile effluent varies very much in terms of pH, organic and inorganic chemicals, and dissolved 

oxygen. Typically, it has a high concentration of COD, biological oxygen demand (BOD) and 

suspended solids, high turbidity and an intense colour. (31) The composition has also normally 

high salts concentrations. (34) 

1.3.1. STARCH AND PROTEIN 

Both starch and protein are polymeric molecules that can be found in nature. These 

molecules are slowly biodegradable, because they need to be hydrolysed extracellularly before 

they can be accessible as substrate for bacteria. (23) Therefore, their presence in the effluent 

can have an impact in the water treatment quality. 

Among the different steps in textile processing, sizing and desizing operations account for 

almost 30% of water consumptions. Also, these operations contribute with about 50 to 80% of 

COD in textile wastewater. (35) 

During sizing, fibers are protected with a chemical (sizing agent), to make them endure the 

abrasive forces during weaving. Afterwards, the sizing agent is removed during desizing. (35) 

For natural fibers, such as cotton, starch or starch derivatives are used as sizing agents, 

however, starch does not provide good performances in synthetic fibers. The usage of soy 

proteins has been studied as a good biodegradable alternative sizing agent for such fibers. (35) 

Furthermore, enzymes can be applied in the textile industry. They already have catalytic 

roles in many different processes, and new applications are under development. (36; 37) 

1.3.2. AZO DYES 

Dyeing is one of the major polluting operations in the textile industry. Azo dyes are the most 

broadly used dyes representing more than 60% of the total dyes used in the industry. (38) 

Azo Dye Characterization 

The chemical structure of Azo dyes usually absorbs light strongly in the visible spectrum. 

Azo dyes contain one or more azo groups (-N=N-). The azo group is substituted with benzene 

or naftalene groups, which in turn can contain multiple substitutes, such as chloro, methyl, nitro, 

amino, hydroxyl or carboxyl. The presence of these different groups causes light absorption in 

different wavelengths of the visible spectrum. (39) 

Azo dyes are extremely versatile, and are the most used class of compounds in colouring 

industries. However, they are highly persistent and recalcitrant. Their discharge can cause 

esthetical problems, and may have a toxic impact on the environment. (40) 
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1.4. TEXTILE WASTEWATER TREATMENT 

1.4.1. COLOR REMOVAL 

Presently, textile wastewater treatment involves essentially physical and/or chemical 

processes. These processes range from coagulation, flocculation, precipitation, adsorption, 

membrane filtration, nanofiltration, ion exchange, ultrasonic mineralization and electrolysis. 

These operations are usually expensive and create disposal problems, and the chemicals used 

can also cause environmental problems. (31) 

There are some new upcoming techniques, such as ozonation, Fenton’s reagent, 

electrochemical destruction and photocatalysis that, despite their good potential, involve 

complex techniques and are not yet economically viable. (31) 

The general disadvantages of physical/chemical processes create a necessity for safer and 

cheaper processes. For this reason, biological treatment is a logical choice. 

Aerobic Treatment  

Results have shown that aerobic degradation of dyes is unlikely, however, some 

microorganisms have been found to be able do it. For instance, the lignin-degrading white rot 

fungus (Phanerochaete chrysosporium), known for its ability to degrade recalcitrant pollutants, 

has been reported as able to decolorize several azo-dyes under aerobic conditions. (41) 

Another fungus (Trametes versicolor) that produces laccase was found to degrade azo dyes. 

(41) 

Some bacteria have also been found to aerobically degrade azo dyes, such as Aeromonas 

hydrophilia and Pseudomonas cepacia, with the reduction of the azo bond via an enzymatic 

reaction. (41) Studies using Pseudomonas luteola also reported aerobic reduction of azo-dyes, 

yet the results could be caused by anaerobic reduction due to micro anaerobic zones within the 

aerobic system. (41) Conversely, some reports verified that some bacteria can mineralize 

several dyes under aerobic conditions. (41) 

Anaerobic Treatment  

Most research suggests that azo dyes treatment should be achieved anaerobically, where 

microorganisms use azo-dyes as electron acceptors, reducing them into aromatic amines. (39) 

Several bacterial species have been found to be able to reduce azo bonds. Decolourization 

of azo dyes under anaerobic conditions is therefore thought to be a non-specific process. (39) 

A significative amount of research has been made about azo-dye reduction under anaerobic 

conditions, using mixed cultures, in UASB type reactors and for SBRs. In a study using a UASB 

reactor, using mixed cultures high decolourization yields of azo dyes (85 to 92%) were obtained. 

(42) 

For a SBR (24h cycle, with 13h mixed react and 8h of aeration reaction), a particular study 

(43) showed in a similar way, color removal of up to 90%, for initial azo dye concentration of 90 

mg/L. One interesting remark was that the color removal went to an acclimatization phase. 
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However, once good color removal was achieved, the decolorization capacity remained even 

after 7 cycles without fed dye. 

Effect of presence of electron acceptors 

The presence of other sources of electron acceptors has been also studied. It has been 

reported for a pure culture of Pseudomonas Luteola that the presence of oxygen usually inhibits 

azoreduction, due to competition for the oxidation of reduced electron carriers. (44)  

In fact, some studies have been made with other electron acceptors. It has been found that 

nitrate and nitrite also inhibit the process. (40; 45) The inhibition by nitrate and nitrite is very 

important for the success of azo-dye removal, since azo-dyes are not decolorized until all nitrate 

and nitrite has been denitrified. (45) 

 On the other hand, it has been reported that the presence of the electron acceptor Fe
3+

 

enhances the reduction, which is still not fully understood. (40) 

Effect of carbon and nitrogen source 

Azo dyes are a poor carbon source, making the reduction of dyes without any additional 

carbon or nitrogen source very difficult. (39) 

It has been reported that many different carbon sources can be used by the cells to reduce 

azo dyes. In anaerobic conditions, feeding a carbon source, like glucose, starch, acetate and 

ethanol, or more complex substrates, such as whey or tapioca, can affect the decolourization. 

(39) 

As for nitrogen sources, it has been observed that their addition can regenerate NADH, 

which acts as an intermediate electron donor for the reduction of azo dyes, therefore enhancing 

decolourization. (39) 

Some other agricultural wastes have been studied, and it was found that rice husk and rice 

straw heighten decolourization because they act as nitrogen source. (39) 

Effect of Temperature 

Metabolism in microorganisms very is related to temperature. For this reason, temperature 

can be important in decolourization kinetics. It has been observed, in batch tests with a pure 

culture of Escherichia coli NO3, that in the normal operating temperatures range from 20 to 45 

°C, the decolorization rate of C.I. Reactive Red 22 increased with temperature, following the 

Arrehnius equation kinetics. (46) 

Similar results were obtained by a different research (47), using pure cultures of 

Rhodococcus erythropolis 24 and Alcaligenes faecalis 6132. However, at higher temperatures 

there there is a marginal reduction in decolorization activity, that could be attributed to the loss 

of cell viability or the denaturation of an azo reductase enzyme. 

Effect of pH 

Another important factor in microorganism methabolism is the pH. The ideal pH for 

decolorization is often between 6.0 and 10.0. In some studies no pH dependence was found in 

the range from 5.0 to 9.0. (39) 
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A research (46) showed an increase in reduction rate from pH 5.0 to 7.0, with almost no 

effect between 7.0 to 9.0. This suggests that neutral and basic pH values are the most helpful 

for decolorization of azo dyes. 

1.4.2. AROMATIC AMINES DEGRADATION 

Some of the amines produced by reduction of azo dyes can be toxic, being, in many cases, 

more toxic than the original dye. (38) The general perception is that these amines are not 

susceptible to anaerobic treatment. (41) However, it has been reported in literature that 

mineralization of aromatic amines is possible under aerobic conditions, by a a hydroxylation and 

ring opening mechanism. (43) Nevertheless, although it is usually assumed that the aromatic 

amines can be aerobically degradaded, a few studies that focus on aromatic amine degradation 

showed no effective biodegradation of the metabolites. (48; 49) 

1.4.3. REMOVAL OF SLOWLY DEGRADABLE SUBSTRATES 

Slowly degradable substrates are large molecules that need to be hydrolysed extracellularly 

into soluble molecules, to be used by bacteria in wastewater treatment systems. This step is 

often the limiting step on heterotrophic growth, since it occurs very slowly. (23) 

There have been several studies that use particulate and soluble starch as a model to study 

biodegradation (50; 51; 52; 53; 54). Studies using activated sludge showed that starch 

hydrolysis occurs after a fast adsorption to the sludge flocs. Alternatively, in biofilm systems, the 

hydrolytic activity occurred mainly within the biofilm, with activity in the bulk liquid being found 

only in unstable systems. Both in activated sludge systems and in aerobic granules, structure 

was rougher and less dense when medium was changed from glucose to starch. (23) 

1.5. MOTIVATION AND RESEARCH GOALS 

There is much interest in researching the suitability of the promising technology of aerobic 

granules in the textile wastewater treatment. Amont the relevant characteristics are the great 

resistence to toxicity and inhibition, the ability to operate under high organic loads, and the 

availability of simultaneous aerobic and anaerobic/anoxic regions that may allow not only 

simultaneous nitrification/denitrification, but simultaneous azo dye reduction/amines 

mineralization. 

Textile industry produces large amounts of wastewater. In these effluents it is typical to find 

high concentrations of COD, particularly with the presence of slowly biodegradable polymeric 

COD, such as starch and proteins. (35; 36; 37) 

Aerobic granular sludge is a relatively new method for wastewater treatment. Most studies 

regarding this method were performed in laboratory scale with easily biodegradable COD, such 

as acetate or glucose, and simple ammonium mixtures. (23) 

There is still a lack of publications on different polymeric substrates. Research on the 

behavior of aerobic granular sludge using protein as a partial source of substrate (20% and 40% 
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of COD) was started at the Enviromental Biotechnology Group at TU Delft. (55) The first goal of 

the present research is to carry on the advances made and explore, with greater detail, the 

kinetics and mechanisms involved in degradation of protein by aerobic granular sludge, and to 

follow a lab scale reactor for the possibility of simultaneous nutrient removal. 

Textile industry effluents are rich in dyes and other chemicals which are often non-

biodegradable and/or carcinogenic.  From all groups of dyes, azo dyes account for 60 to 70% of 

all dyes used. (33) Several studies indicate the possibility of using sequential anaerobic/aerobic 

steps to accomplish azo dyes removal. (38) 

Another goal of this research is to investigate the kinetics and mechanisms involved in the 

degradation of azo dyes by aerobic granular sludge and to follow azo dye degradation within the 

conditions created by the lab scale reactor. 

2. MATERIALS AND METHODS 

2.1. LAB-SCALE REACTOR 

2.1.1. REACTOR SET UP 

The tubular reactor used in the current work had an operating volume of  2.7 L and an 

internal diameter of 6.25 cm (Height over diameter of 27.6). Mixing was accomplished through a 

bubble aerator at the bottom, with a flow of 4 L∙min
-1

, which resulted in an up flow gas velocity of 

2.2 cm∙s
-1

. 

Dissolved oxygen (DO) was measured online with an electrode (827 pH lab), and controlled 

with the dosage of nitrogen gas, fresh air and recycled off-gas into the main air stream. The pH 

was also measured online with an electrode (Applisens Z010023520), and controlled through 

the dosage of an acid solution (1M HCl) or a basic solution (1M NaOH). 

The Lab-Scale reactor operated at room temperature, without any temperature control. 

2.1.2. REACTOR OPERATION 

The operation was performed in a sequencing batch mode. Each cycle begun with an 

anaerobic feeding period, in which influent entered from the bottom of the reactor, without air 

feeding and pH control. This period was initially 60 min and was later extended to 120 min. 

The next step consisted on an aerated period, with the control of DO at 50% of saturation (2 

mg O2/L) and pH at 7. These parameters were registered online with Microsoft Foundation 

Classes Software. 

Finally, there was a settling period and an effluent extraction period. In this last phase, 1.5 L 

were removed from the reactor, in the effluent stream, leaving 1.2 L inside. Therefore, the 

hydraulic exchange ratio was approximately 0.44. Different operational scenarios were tested 

and are described in Table 2.1. From phase I to phase II, the total cycle time was increased 

from 3h to 4h. Consequently, HRT was 5.4 h in phase I, and 7.2 h in the following phases. 
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For the duration of the experiment, operation was divided into 4 different phases. In phase I, 

the anaerobic feeding period had the duration of 60 minutes, total cycle time was 180 minutes, 

and protein was loaded into the reactor with a concentration of 300 mg/L. Furthermore, no azo-

dye was fed during this phase. 

In phase II, feeding period was extended to 120 minutes, to increase anaerobic contact time 

and improve the plug flow feeding, which led to a total operation time of 240 minutes. Moreover, 

azo-dye feeding started, with a load of 36 mg/L. 

After some problems in the reactor, with a great loss in biomass, phase III was started, 

where azo-dye feeding was stopped, and protein load was increased to 400 mg/L. 

Finally, with the increase of biomass in the reactor, phase IV was initiated, where azo-dye 

was again fed to the reactor, but with lower load than in phase II (20  mg/L). 

Table 2.1 – Operation times (in minutes) for the diferent phases in the reactor 

 Phase I Phase II Phase III Phase IV 

Feeding (min) 60  120  120  120  

Aeration (min) 111 111 109-111 110 

Settling (min) 4 4 4-6 5 

Effluent Extraction (min) 5 5 5 5 

Total Time (min) 180 240 240 240 

Experimental time (days) 0-50 50-76 76-111 111-133 

 

2.1.3. INFLUENT MEDIUM 

Influent medium was separated into two different sources. The first medium source 

contained protein, which provided the reactor with carbon and nitrogen. 

The protein used (LucoVitaal, functional food, protein) had a purity of 92% and the following 

aminoacid composition: 

Table 2.2 – Protein aminoacid composition in % w/w 

Component % w/w Component % w/w 

Arginine 7.5 Valine 4.7 

Histidine 2.5 Serine 5.5 

Isoleucine 4.7 Glutamic acid 19.2 

Leucine 8.0 Alanine 4.3 

Lysine 6.3 Glicine 4.1 

Methionine 14 Proline 5.2 

Fenylalanine 5.2 Asparagine 11.5 

Threonine 3.7 Tyrosine 3.8 

Tryptophan 1.1 Cystine 1.2 

 



20 
 

The second medium source contained other essential nutrients: MgSO4∙7H2O (J.T. Baker), 

KCl (EMSURE®), K2HPO4 (EMSURE®), KH2PO4 (EMPROVE®) and trace element solution 

according to Vishniac and Santer, 1957 (56). 

During the decolorization experiments, the azo-dye Acid Red 14 (Chromotrope FB, dye 

content 50%, Aldrich) was added to the second medium source, as a study model for azo-dyes 

in this thesis. In Figure 2.1 it is possible to see a schematic representation for the Acid Red 14 

molecule. 

 

Figure 2.1 – Schematic Representation of Acid Red 14 (57) 

The azo-dye Acid Red 14 has three absorbance peaks in the ultraviolet-visible (UV-Vis) 

region. One peak is present in the visible region with its maximum at 515 nm due to the azo 

linkage. The other two peaks are present in the UV region, with their maximum at 218 and 317 

nm, representing the absorption of each naphthalene ring bonded to the azo linkage. (58) 

In every cycle, the reactor was fed with 150 mL from each different medium source, along 

with 1.2 L of tap water, making the total fed volume of 1.5L. 

The composition of the first and second media sources provided to the reactor in each phase 

of operation are presented in Table 2.3 and Table 2.4, respectively. The final composition of the 

influent to the SBR is presented in Table 2.5. 

Table 2.3 – Concentrations of components in first medium source in each operation phase 

Component Phase I Phase II Phase III Phase IV 

Protein (g/L) 3.0 3.0 4.0 4.0 
 

Table 2.4 - Concentrations of components in second medium source in each operation phase 

Component Phase I Phase II Phase III Phase IV 

MgSO4·7H2O (mg/L) 880 880 880 880 

KCl (mg/L) 350 350 350 350 

K2HPO4 (mg/L) 735 735 735 735 

KH2PO4 (mg/L) 287 287 287 287 

Trace Elements (mL/L) 9.6 9.6 9.6 9.6 

Acid Red 14 (mg/L) - 360 - 200 
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Table 2.5 - Concentrations (mg/L) of COD, nitrogen, phosphorous and dye in the influent. 

Component Phase I Phase II Phase III Phase IV 

COD (mg O2/L) 388.5 429.8 503.1 526.0 

Nitrogen (mg N/L) 50.9 53.2 66.3 67.6 

Phosphate (mg P-PO4
3-) 19.6 19.6 19.6 19.6 

Acid Red 14 (mg/L) - 36 - 20 

 

2.2. BATCH EXPERIMENTS 

2.2.1. ANAEROBIC AMMONIUM AND ACIDS RELEASE BY GRANULES 

Biomass was collected from the reactor at the end of the cycle (day 111 of operation) and 

washed with tap water over a 180 µm sieve. Granules were sieved and some paper was added 

at the bottom. Wet granules were then weighted into a 250 mL bottle. A sample from wet 

granules was taken to measure dry weight content (0.087 g dW/g Wet Biomass). 

Medium was prepared, with 10 mM buffer KH2PO4/NaOH pH 7, 0.5 g/L of protein, 0.88 g/L of 

MgSO4·7H2O, 0.35 g/L of KCl, 0.735 g/L of K2HPO4, 0.287 g/L of KH2PO4, 9.6 mL/L of Trace 

Elements Solution, and a concentration of 5 mg/L N-NH4
+
 from NH4Cl, to facilitate 

measurement. The total volume used was 200 mL and 7.7 g of wet biomass were added. 

The experiment was run anaerobically for 250 minutes, and the mixture was agitated via N2 

gas. Samples with a 2 mL volume were taken regularly. 

2.2.2. ANAEROBIC AMMONIUM ADSORPTION BY GRANULES 

Biomass was collected from the reactor at the end of the cycle (day 110 of operation) and 

washed with tap water over a 180 µm sieve. Granules were sieved and some paper was added 

at the bottom. Wet granules were then weighted into a 250 mL bottle. A sample from wet 

granules was taken to measure dry weight content  (0.121 g DW/g Wet Biomass). 

The medium was prepared, with 10 mM buffer KH2PO4/NaOH pH 7 and a concentration of 

25 mg/L N-NH4
+
 from NH4Cl. The total volume used was 200 mL and 5 g of wet biomass were 

added. 

The experiment was run anaerobically for 160 minutes, and the mixture was agitated via N2 

gas. Samples with a 2 mL volume were taken regularly. 

2.2.3. ANAEROBIC AMMONIUM RELEASE IN BULK LIQUID  

After the anaerobic feeding phase, 300 mL of liquid were collected (day 110 of operation) 

from the lab-scale reactor and centrifuged (Multifuge 1 S-R; Heraeus) at 2500 RPM for 15 

minutes. 180 mL of clarified liquid were added into a 250 mL bottle, with 20 mL of buffer 
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KH2PO4/NaOH pH 7, making the final concentration of buffer 10 mM. Protein was added with 

the concentration of 1 g/L. 

The experiment was run anaerobically for 5 hours, and the mixture was agitated via N2 gas. 

Samples with a 2 mL volume were taken regularly. 

2.2.4. ANAEROBIC PROTEIN DEGRADATION WITH OXITOP 

Biomass was collected from the reactor at the end of the cycle and washed with tap water 

over a 180 µm sieve. A sample of granules was taken to make PHA measurements. Granules 

were sieved and some paper was added at the bottom. Wet granules were then weighted into a 

250 mL bottle. A sample from wet granules was taken to measure dry weight content (0.106 g 

DW/g Wet Cells). 

Medium was prepared, with 10 mM buffer KH2PO4/NaOH pH 7, 0.88 g/L of MgSO4·7H2O, 

0.35 g/L of KCl, 0.735 g/L of K2HPO4, 0.287 g/L of KH2PO4 and 9.6 mL/L of Trace Elements 

Solution. 

The total initial volume was 190 mL. After 24 h, volume increased to 200 mL, by adding 10 

mL of a protein solution (20 g/L) to experiment A, and 10 mL of milli-Q water to experiment B 

(control). The initial period without any extra carbon source allowed the pressure to stabilize. 

Pressure change was measured with the oxitop. In experiment A, 4.5 g of wet granules were 

added, and in experiment B, 4.7 g of wet granules were added. 

Experiments were run for 4 days, medium was agitated at 190 RPM and temperatures were 

kept constant at 25 °C. 

2.2.5. ANAEROBIC DYE REDUCTION 

Experiments were performed during phase II and IV of operation. Biomass was collected 

from the reactor at the end of the cycle and washed with tap water over a 180 µm sieve. 

Granules were sieved and some paper was added at the bottom. Wet granules were then 

weighted into a 250 mL bottle. A sample from wet granules was taken to measure dry weight 

content. Concentrations of dry weight were different for different days of experiment. (Table 2.6) 

Medium was prepared, with 10 mM buffer KH2PO4/NaOH pH 7, a carbon source, 0.88 g/L of 

MgSO4·7H2O, 0.35 g/L of KCl, 0.735 g/L of K2HPO4, 0.287 g/L of KH2PO4 and 9.6 mL/L of 

Trace Elements Solution. The total volume used was 200 mL. The different carbon sources 

used for each test and initial dye concentrations are represented in Table 2.6. 
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Table 2.6 – Different carbon sources, initial dye concentrations and dry weight concentrations used for the 
batch tests for anaerobic dye reduction 

Phase II 

Day 57    

Dye Test 1 0.3 g/L protein 36 mg/L azo dye 2.03 g DW/L 

Day 71    

Dye Test 2A 0.3 g/L protein 36 mg/L azo dye 2.62 g DW/L 

Dye Test 2B No extra carbon source 36 mg/L azo dye 2.62 g DW/L 

Phase IV  

Day 111    

Dye Test 3A 0.4 g/L protein 36 mg/L azo dye 2.18 g DW/L 

Dye Test 3B 0.4 g/L sodium acetate 36 mg/L azo dye 2.18 g DW/L 

Day 134    

Dye Test 4A 0.4 g/L protein 36 mg/L azo dye 4.33 g DW/L 

Dye Test 4B 0.4 g/L protein 20 mg/L azo dye 2.70 g DW/L 

 

Wet granules were added and the amount was weighted, being different for different 

experiments. 

The experiment was run anaerobically until no change in absorbance was observed, and the 

mixture was agitated via N2 gas. Samples with a 2 mL volume were taken regularly. 

2.2.6. ANAEROBIC DYE DEGRADATION IN BULK LIQUID  

After the anaerobic feeding phase, 300 mL of liquid were collected (day 115 of operation) 

from the lab-scale reactor (during phase IV) and centrifuged (Multifuge 1 S-R; Heraeus) at 2500 

RPM for 15 minutes. 180 mL of liquid were added into a 250 mL bottle, with 20 mL of buffer 

KH2PO4/NaOH pH 7, making the final concentration of buffer 10 mM. Initial dye concentration 

was 36 mg/L. 

The experiment was run anaerobically for 90 minutes, and the mixture was agitated via N2 

gas. Samples with a 2 mL volume were taken regularly. 

2.2.7. ANAEROBIC BATCH TESTS ON GRANULES FROM FULL-SCALE PLANT - EPE 

Granules were obtained from a full scale SBR with granular sludge located in Epe, The 

Netherlands, and the experiments were started within 24 hours after collection. The granules 

were washed with tap water over a 180 µm sieve. Granules were sieved and some paper was 

added at the bottom. Wet granules were then weighted into a 250 mL bottle. A sample from wet 

granules was taken to measure dry weight content (0.093 g DW/g Wet Granules) 

Medium was prepared, with 10 mM buffer KH2PO4/NaOH pH 7, (one with 1 g/L of protein for, 

other with 1 g/L of acetate and the last one with no extra carbon source), 0.88 g/L of 

MgSO4·7H2O, 0.35 g/L of KCl, 0.735 g/L of K2HPO4, 0.287 g/L of KH2PO4 and 9.6 mL/L of 
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Trace Elements Solution. The total volume used was 200 mL and 6.8 g of wet granules were 

added to each flask. Initial dye concentration was 36 mg/L. 

The experiment was run anaerobically until no change in absorbance was observed, and the 

mixture was agitated via N2 gas. Samples with a 2 mL volume were taken regularly. 

2.3. ANALYTICAL METHODS 

Analysis in the reactor were performed by online measurements (pH (Metrohm 827 ph lab), 

Dissolved Oxygen (DO) (Applisens Z010023520), daily to weekly measurements and cycle 

measurements, including the analysis of COD, ammonium, nitrite, nitrate and phosphate 

concentrations. Other analysis were performed on samples from batch experiments, such as 

volatile fatty acids and PHA content.  

Dry weight, or total suspended solids (TSS) were determined by filtering mixed liquor or 

effluent samples in a glass fiber filter (type A/E; Pall Life Sciences), and drying the filter for at 

least 24h at 150 °C. Ash content was measured by placing the filter with the dry weight for at 

least 2h at 550 °C. 

Bulk mixed liquor samples from the reactor were clarified by filtration using a Millex®-HV 

filter (Low protein binding durapore, 0.45 µm; Merck Millipore Ltd.). COD, N-NH4
+
, N-NO2

-
, N-

NO3
-
 and P-PO4

3-
 concentrations were determined spectrophotometrically (DR2800, Hach 

Lange) by using standard test kits (Dr. Lange type LCK; manufacturer: Hach Lange, Düsseldorf, 

Germany; LCK 339 and LCK 340 for ammonium, LCK 341 and LCK 342 for nitrite, LCK 339 and 

LCK 340 for nitrate, LCK 314 for COD, LCK 348, LCK 349 and LCK 350 for phosphate). 

Acid Red 14 concentrations were determined spectrophotometrically (DR 2800 

spectrophotometer; Hach Lange). The blank solution used was milli-Q water. The calibration 

curve was established by measuring the absorbance at 515 nm of different dye solutions with 

known concentrations. (Figure 2.2) 

 

Figure 2.2 – Calibration Curve Obtained For the Azo Dye Concentration and Absorbance at 515 nm 
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To measure the accumulation of PHA, samples of aerobic granules were taken, and stored 

in the freezer at -20 °C. After pre-freezing, samples were freeze-dried for 24 h at -40 °C and 0.1 

atm. The samples were then sent for external analysis.(Break cell wall, hydrolysis and 

esterification of PHA, free fatty acids extraction, followed by determination of PHA content with 

gas chromatography). 

The concentration of organic acids was measured using a HPLC, with a BioRad Aminex 

HPX-87H column and a UV/RI detector (Waters 2489). The mobile phase was 1.5 mM of 

H3PO4 in Milli-Q water at 60 °C. The used flow rate was 0.6 mL/min. 

Spectrophotometric scan tests for UV-Visible light absorption for the azo-dye and the 

aromatic amines were made in a spectrophotometer Hewlett Packard 8453. 

3. RESULTS 

3.1. REACTOR OPERATION 

The reactor has been operated for 133 days and the important parameters were controlled 

and measured through timeThe dry weight concentration inside the reactor and the average 

sludge age in the reactor, through the 133 days of operation are presented  in Figure 3.1 and 

Figure 3.2, respectively. 

 

Figure 3.1 – Dry Weight Concentration (g/L) through time inside the reactor 
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Figure 3.2 – Average sludge age (days) through time inside the reactor 

On day 36 of operation, a significant amount of biomass had washed out from the SBR, 

possibly due to a failure in the protein feeding system, since the tubes used to feed the protein 

were clogged. In the following days, even though this problem was solved, it was noted that the 

feeding system was not operating in plug flow mode anymore, and the biomass was getting less 

dense. Therefore on day 50, the feeding phase was changed from 1 to 2 hours, making a total 

cycle duration of 4 hours. Dye feeding was initiated, with a concentration of 36 mg/L. The 

change in inlet time increased the contact time in the anaerobic phase. During the following 

days, an increase in the biomass concentration was observed. 

However, again on day 76, there was a drastic decrease in the biomass concentration, and 

the monitoring measurements could not be made for several days due to the low bed height in 

the SBR. The cause of this failure was difficult to identify, therefore, some operational changes 

were made in order to solve the problem. Protein feeding was changed from 0.3 g/L to 0.4 g/L 

to increase COD load, and dye feeding was stopped (phase III). Nevertheless, it was also found 

that the concentration of cobalt and manganese in the trace elements solution was two times 
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the trace solution was solved and again, a clear improvement in the retention of biomass was 

observed. 

With the reactor operating well, dye was re-fed to the reactor, but with a lower concentration 
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long in the reactor and are not growing anymore. So, on day 130 settling time was again 

decreased to 4 minutes. 

During the 133 days of operation, several problems were encountered and therefore the 

reactor was never working in a stable operation. The system was not very stable or robust, 

which is a main characteristic found on aerobic granules, and this suggests that even though 

there is formation of granules with protein as the only source of carbon and nitrogen, the 

presence of easy-biodegradable COD is important for the granules. 

3.1.1. NITROGEN REMOVAL 

Normally nitrogen is present in wastewater mainly as ammonium nitrogen. However, in the 

working system, nitrogen is mostly supplied in the fed medium as protein. Moreover, there was 

nitrogen in the feeding that came from a recalcitrant component present in the trace solution 

(EDTA) and during phases II and IV, from the azo dye. 

During the operating period in the reactor, it was observed an increase in the ammonium 

concentration. The reason for this increase is that proteins were first being hydrolysed into 

aminoacids, and aminoacids were then being hydrolysed to their volatile fatty acid and 

ammonium. 

After the initial increase in ammonium concentration, this concentration started to decrease, 

due to nitrification of ammonium into nitrite, and nitrite into nitrate. The nitrification was followed 

by denitrification, where nitrogen was reduced into N2 and released in the air. 

Nitrogen removal was calculated according to the following equation, dividing ammonium, 

nitrite and nitrate present in the effluent by theoretical fed nitrogen: 

𝑵𝒊𝒕 𝑹𝒆𝒎𝒐𝒗𝒂𝒍 =
([𝑵 − 𝑵𝑯𝟒

+]𝒕𝒇 + [𝑵 − 𝑵𝑶𝟑
−]𝒕𝒇 + [𝑵 − 𝑵𝑶𝟐

−]𝒕𝒇) ∙ 𝑽𝒆𝒇𝒇

𝑵𝒊𝒏 ∙ 𝑽𝒊𝒏

 

Where [𝑁 − 𝑁𝐻4
+]𝑡𝑓 is the concentration of ammonium in the effluent, [𝑁 − 𝑁𝑂3

−]𝑡𝑓 is the 

concentration of nitrate in the effluent, [𝑁 − 𝑁𝑂2
−]𝑡𝑓 is the concentration of nitrite in the effluent, 

𝑉𝑒𝒇𝒇 is the volume of effluent, 𝑁𝑖𝑛 is the nitrogen concentration in the feeding, and 𝑉𝑖𝑛 is the 

volume of the feeding. 

In Figure 3.3 it is possible to observe the nitrogen removal in the reactor. Removal reached 

86% in day 108, however, at day 108 there was a problem with protein feeding, therefore 

nitrogen fed was less than the theoretical nitrogen, so the removal appears higher than it really 

is. For this reason, a peak in nitrogen removal was observed at day 115 with 68%. 

(6) 
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Figure 3.3 – Nitrogen Removal in Reactor through time 

Nitrogen removal reached its minimum at day 95 with 42%. This parameter is rather constant 

considering all the changes made. 

However, this approach is not flawless, because if there is no complete hydrolysis of protein 

during the operation period, there is still nitrogen in the effluent that comes as non-hydrolysed 

protein. Since the protein concentration in the effluent is not available, a different method was 

tryied, making estimations on nitrification and denitrification, instead of overall nitrogen removal. 

For the porpose of these calculations, nitrogen consumed for biomass growth was not taken 

into account, but only nitrogen removed by the nitrification/denitrification mechanism. 

Furthermore, it was assumed that denitrification occurred only in anaerobic mode. 

3.1.1.1. NITRIFICATION 

Nitrification occurs only in the presence of oxygen, hence in the aerobic mode. In the 

beginning of each cycle there is a remainder of nitrite and nitrate that comes from the previous 

cycle, that needs to be taken into account. Additionally, the amount of ammonium available for 

nitrification, comes from aminoacid hydrolysis, that takes place not only in the anaerobic mode, 

but continues from the beginning of the aerobic mode. 

Nitrification was estimated as the total increase in nitrate and nitrite in aerobic mode, divided 

by all ammonium available for nitrification, according to the following equation. 

%𝑵𝒊𝒕 =
[𝑵 − 𝑵𝑶𝟑

−]𝒕𝒇 − [𝑵 − 𝑵𝑶𝟑
−]𝒕𝒊 + [𝑵 − 𝑵𝑶𝟐

−]𝒕𝒇 − [𝑵 − 𝑵𝑶𝟐
−]𝒕𝒊

[𝑵 − 𝑵𝑶𝟑
−]𝒕𝒇 − [𝑵 − 𝑵𝑶𝟑

−]𝒕𝒊 + [𝑵 − 𝑵𝑶𝟐
−]𝒕𝒇 − [𝑵 − 𝑵𝑶𝟐

−]𝒕𝒊 + [𝑵 − 𝑵𝑯𝟒
+]𝒕𝒇

× 𝟏𝟎𝟎% 

Where [𝑁 − 𝑁𝑂3
−]𝑡𝑓 is the concentration of nitrate at the end of the cycle, [𝑁 − 𝑁𝑂3

−]𝑡𝑖 is the 

concentration of nitrate at the beginning of the anaerobic step in the reactor, [𝑁 − 𝑁𝑂2
−]𝑡𝑓 is the 

concentration of nitrite at the end of the cycle, [𝑁 − 𝑁𝑂2
−]𝑡𝑖 is the concentration of nitrite at the 
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beginning of the anaerobic step in the reactor and [𝑁−𝐻4
+]𝑡𝑓 is the concentration of ammonium 

at the end of the cycle. 

The nitrification of ammonium observed in the reactor was represented in Figure 3.4. 

 

Figure 3.4 - % of Nitrification of Ammonium in reactor 

Nitrification of ammonium was almost 100% during the entire operation, however, at day 78 

there was significantly less nitrification with only 25%, which suggests that there had been a 

huge loss in nitrifying organisms. During the following days there was an increase in nitrification, 

and at day 115 there was already 96% nitrification, which indicates that nitrifyers were most 

likely back in the reactor. 

3.1.1.2. DENITRIFICATION 

In the cycle measurements made to the aerobic mode, there were no evidences of 

denitrification, thus for the purpose of calculations, it was assumed that denitrification occurred 

only in the anaerobic mode. 

At the beginning of the cycle there is nitrite and nitrate present, that stays in the reactor from 

the previous cycle. These metabolites are reduced into gaseous nitrogen in a mechanism called 

denitrification, which was estimated as the decrease in nitrate and nitrite divided by initial nitrate 

and nitrite, according to the following equation. 

%𝑫𝒆𝒏𝒊𝒕 =
([𝑵 − 𝑵𝑶𝟑

−]𝒕𝒇 + [𝑵 − 𝑵𝑶𝟐
−]𝒕𝒊) ∙ 𝑽𝟎 − ([𝑵 − 𝑵𝑶𝟑

−]𝒕𝒊 + [𝑵 − 𝑵𝑶𝟐
−]𝒕𝒊) ∙ 𝑽𝒇

([𝑵 − 𝑵𝑶𝟑
−]𝒕𝒇 − [𝑵 − 𝑵𝑶𝟑

−]𝒕𝒊) ∙ 𝑽𝒇

× 𝟏𝟎𝟎% 

Where [𝑁 − 𝑁𝑂3
−]𝑡𝑓 is the concentration of nitrate at the end of the cycle, [𝑁 − 𝑁𝑂3

−]𝑡𝑖 is the 

concentration of nitrate at the beginning of the anaerobic step in the reactor, [𝑁 − 𝑁𝑂2
−]𝑡𝑓 is the 

concentration of nitrite at the end of the cycle, [𝑁 − 𝑁𝑂2
−]𝑡𝑖 is the concentration of nitrite at the 

10,0%

20,0%

30,0%

40,0%

50,0%

60,0%

70,0%

80,0%

90,0%

100,0%

0 20 40 60 80 100 120 140

%
 N

it
ri

fi
ca

ti
o

n
 

Time (days) 

Phase I

Phase II

Phase III

Phase IV

(8) 



30 
 

beginning of the anaerobic step in the reactor, 𝑉0 is the volume in the reactor after the discharge 

of effluent and 𝑉𝑓 is the reaction volume in the reactor. 

The denitrification of nitrite and nitrate into gaseous nitrogen was represented in Figure 3.5. 

 

Figure 3.5 – % of Denitrification of Ammonium in reactor 

The results obtained show that nitrite and nitrate are only partially denitrified. As a result, 

nitrogen removal is not optimal. This is possibly due to the fact that there is not sufficient 

substrate available for denitrifiers, or there is not a significant population of denitrifiers. 

3.1.2. COD REMOVAL 

COD in the operated reactor comes essentially from protein, but there is also some COD 

from EDTA and from the azo-dye. The fed COD is used by the micro-organisms as an energy 

source for metabolism and for growth. COD is removed with the extra biomass produced and as 

CO2 released to the atmosfere. COD removal was estimated as measured COD in the effluent, 

divided by theoretical COD in the feeding. 

Theoretical COD in the feeding was calculated according to the feeding composition, and 

effluent samples were used to measure COD content. The results indicate very good COD 

removal, however, they may be biased, because filtered samples from the effluent were used, 

whereas suspended protein might be traped in the filter. Since the main source of COD is 

protein, a relationship between protein degradation and nitrogen (ammonium) was tried, since 

the limiting step on protein uptake by cells seems to be amminoacid degradation.  

The average molecular formula for protein was made according to the composition (provided 

by the manufacturer), and the following was obtained: 𝐶𝐻1,62𝑂0,38𝑁0,25𝑆0,08. 
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3.1.2.1. ANAEROBIC HYDROLYSIS OF PROTEIN 

Considering that there is no nitrification occurring anaerobically, it was possible to estimate 

the anaerobic hydrolysis of protein in the reactor, using the average molecular composition for 

protein and anaerobic ammonium release. Protein hydrolysis was calculated according to the 

following equation:  

%𝑯𝒚𝒅𝒓𝒐𝒍𝒚𝒔𝒊𝒔 =
([𝑵−𝑵𝑯𝟒

+]
𝒕𝒊

∙𝑽𝒇−(𝑵−𝑵𝑯𝟒
+

𝒕𝟎
))∙𝑴𝑴𝒑𝒓𝒐𝒕

𝑴𝑴𝑵∙#𝑵𝒑𝒓𝒐𝒕
× 𝟏𝟎𝟎% 

Where [𝑁 − 𝑁𝐻4
+]𝑡𝑖 is the concentration of ammonium at the end of the anaerobic mode, 𝑉𝑓 

is the final volume in the reactor, 𝑁 − 𝑁𝐻4
+

𝑡0
 is the total ammonium present in the beginning of 

the cycle, 𝑀𝑀𝑝𝑟𝑜𝑡 is the average molecular mass of protein, 𝑀𝑀𝑁 is the molecular mass of 

nitrogen and #𝑁𝑝𝑟𝑜𝑡 is the number of nitrogen atoms in each average protein molecule. 

The fraction of hydrolysed protein during the anaerobic mode of operation in the reactor was 

represented in Figure 3.6. 

 

Figure 3.6 – Hydrolysis of Protein in the anaerobic mode in the reactor 

As it is observable, there is not complete hydrolysis in the anaerobic mode of operation. 

Therefore, some hydrolysis is taking place aerobically, which can cause a fluffier and 

filamentous outside layer. (23) 

3.1.2.2. AEROBIC HYDROLYSIS OF PROTEIN 

In order to estimate aerobic hydrolysis of protein in the aerobic mode of operation, two 

important assumptions were made. The first assumption was that there is no denitrification 

occurring aerobically in the reactor. It was observed in aerobic cycle measurements that as 

soon as ammonium concentration decreases to a minimum, there is a plateau in nitrate 
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concentration in the reactor, which suggests that aerobic denitrification is either absent or very 

slow. The second assumption was neglecting nitrogen uptake for biomass growth. 

Aerobic hydrolysis of protein was then estimated according to the following equation:  

%𝑯𝒚𝒅𝒓𝒐𝒍𝒚𝒔𝒊𝒔 = (([𝑵 − 𝑵𝑯𝟒
+]𝒕𝒇 + [𝑵 − 𝑵𝑶𝟑

−]𝒕𝒇 + [𝑵 − 𝑵𝑶𝟐
−]𝒕𝒇 − [𝑵 − 𝑵𝑯𝟒

+]𝒕𝒊

− [𝑵 − 𝑵𝑶𝟑
−]𝒕𝒊 − [𝑵 − 𝑵𝑶𝟐

−]𝒕𝒊) ∙
𝑴𝑴𝒑𝒓𝒐𝒕 ∙ 𝑽𝒇

𝑴𝑴𝑵 ∙ #𝑵𝒑𝒓𝒐𝒕

) × 𝟏𝟎𝟎% 

Where [𝑁 − 𝑁𝐻4
+]𝑡𝑓 is the concentration of ammonium at the end of the cycle, [𝑁 − 𝑁𝐻4

+]𝑡𝑖 is 

the concentration of ammonium at the end of anaerobic mode, [𝑁 − 𝑁𝑂3
−]𝑡𝑓 is the concentration 

of nitrate at the end of the cyce, [𝑁 − 𝑁𝑂3
−]𝑡𝑖 is the concentration of nitrate at th end of the 

anaerobic mode, [𝑁 − 𝑁𝑂2
−]𝑡𝑓 is the concentration of nitrite at the end of the cycle, [𝑁 − 𝑁𝑂2

−]𝑡𝑖 

is the concentration of nitrite at the end of the anaerobic mode, 𝑉𝑓 is the final volume in the 

reactor, 𝑀𝑀𝑝𝑟𝑜𝑡 is the average molecular mass of protein, 𝑀𝑀𝑁 is the molecular mass of 

nitrogen and #𝑁𝑝𝑟𝑜𝑡 is the number of nitrogen atoms in each average protein molecule. 

The fraction of protein hydrolysed aerobically in the reactor was represented in Figure 3.7. 

 

Figure 3.7 – Hydrolysis of Protein in the aerobic mode in the reactor 

3.1.2.3. TOTAL HYDROLYSIS OF PROTEIN 

Anaerobic and aerobic hydrolysis was summed, and total hydrolysis of protein was 

estimated and represented in Figure 3.8 
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Figure 3.8 – Total Hydrolysis of Protein in the reactor 

As it is possible to see from Figure 3.8, protein hydrolysis is rather constant (except for the 

point at day 108 where only dissolved protein was being fed, due to poor mixing in the protein 

solution container), even when protein feeding increases, which suggests that some aminoacids 

can’t be hydrolysed. It is also possible to verify from Figure 3.6 and Figure 3.7 that when 

hydrolysis is higher in the anaerobic mode, there is less hydrolysis in the aerobic mode. 

Therefore, longer anaerobic periods can induce smoother granules since there is less 

extracellular substrate available in the aerobic mode. (23) 

3.1.3. PHOSPHATE REMOVAL 

PAOs release phosphate anaerobically and store substrate as PHA. Figure 3.9 represents 

the anaerobic realease of phosphate in the reactor, which indicates the presence of PAO 

activity. At day 108 there was a problem with protein feeding, and this caused a decrease in 

phosphate release, most likely because there was less substrate to be uptaken. 
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Figure 3.9 – Anaerobic Phosphate Release in Reactor through time 

To try to figure out PAOs activity, the ratio between P realease and total dry weight in the 

reactor was calculated and represented in Figure 3.10. 

 

Figure 3.10 – Ratio between phosphate release and total dry weight in reactor through time 

The longer duration of feeding operation (anaerobic), caused a higher phosphate release, 

maybe because the higher contact time causes a better uptake in protein. 

Phoshate removal was also calculated and represented in Figure 3.11. 
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Figure 3.11 – Removal of phosphate through time in reactor 

At day 108 it was observed that there was more phosphate in the effluent than in the 

feeding, possibly due to PAOs death during this period. This may have been caused by a 

problem in the protein feeding, where only dissolved protein was fed. 

It was observed again at day 130 that there was a possibility of a wash out of PAOs, which 

coincided with a sludge age of 19 days. The settling time was changed from 5 minutes to 4 

minutes, decreasing sludge age, hence improving phosphate removal. This shows that in order 

to optimize phosphate removal, it is very important to control sludge retention time in the 

reactor, considering that it is very important to maintain the PAOs population growing. 

Nevertheless, the results obtained show that PAOs can grow on a medium fed with protein as 

the only souce of carbon and nitrogen. 

3.1.4. AZO-DYE REMOVAL 

3.1.4.1. ANAEROBIC AZO-DYE REDUCTION 

Azo-dye was fed to the reactor during phase II (36 mg/L) and phase IV (20 mg/L) of 

operation. Azo-dye reduction through time in phases II and IV is represented in Figure 3.12. 

During the first cycle feeding in phase II, dye concentration in effluent was 12.4 mg/L. In this 

cycle, the expected concentration without dye reduction was 20 mg/L due to dilution, therefore 

the azo-dye reduction was 38.24%, with 1.28 g/L of dry weight in the reactor. 

In the next points, results were obtained considering that an equilibrium in the reactor was 

achieved. A significant amount of biomass was lost, so when dye feeding was stopped at day 

76, azo-dye reduction had reduced to 30.0%. 
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During the first cycle with dye feeding in phase IV, dye concentration in effluent was 4.5 

mg/L. In this cycle, expected concentration without dye reduction was 11.11 mg/L due to 

dilution, therefore the azo-dye reduction was 59.3%. Again, in the next point, results were 

obtained considering that the reactor was operating in steady state. 

 

Figure 3.12 – Azo-Dye Reduction in Reactor through time in phases II and IV 

3.1.4.2. AEROBIC MINERALIZATION OF AROMATIC AMINES 

A UV-Visible scan was made to evaluate the presence of aromatic amines. In Figure 3.13 

are represented the results of the scan. The dye showed the presence of 3 different peaks. This 

peaks represent the azo bond (516 nm) and the aromatic rings (217 and 322 nm). 

After 120 min of anaerobic feeding, absorption in the first peak increased more than two 

times, which suggests the formation of a new compound. 

However, after another 120 minutes of aerobic reaction, there was no decrease in the new 

peak, which suggests that there is no aerobic mineralization of this compound. 

In Table 3.1 are represented the peaks and respective absorbances of each sample. 

Table 3.1 – Peaks obtained with UV-Vis Spectrophotometer with: 20 mg/L of Acid Red 14 Dye (A); Sample from 
reactor after 120 min anaerobic feeding (B); Sample from effluent (C) 

Sample A B C 

1st peak (nm) 217 205 208 

Absorbance 1.50040 3.30470 3.33470 

2nd peak (nm) 322 302 302 

Absorbance 0.43555 0.46624 0.42502 

3rd peak (nm) 516 507 507 

Absorbance 0.68945 0.19896 0.17492 
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Figure 3.13 – Scan tests in UV-Vis Spectrophotometer with: 20 mg/L of Acid Red 14 Dye (A); Sample from 
reactor after 120 min anaerobic feeding (B); Sample from effluent (C) 
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3.1.5. CYCLE MEASUREMENTS IN AEROBIC MODE 

To understand the behavior of metabolites during the aerobic mode, several cycle 

measurements were made through the reactor operation and the concentration of metabolites 

(NH4
+
, NO3

-
, NO2

-
, COD, PO4

3-
) were represented, for days 13, 28, 78, 108, 113, 124 and 130 of 

operation. 

From these cycle measurements, nitrate concentration never showed a decrease, even 

when ammonium was no longer detected, which suggests that during the aerobic mode there is 

no denitrification. Using this important result, it was possible to assume that an increase in 

nitrogen as ammonium, nitrate or nitrite was due to protein hydrolysis. For this reason, total 

nitrogen concentration as ammonium, nitrate or nitrite was represented through time. Assuming 

a direct relationship between nitrogen release and protein hydrolysis, it is possible to see that 

protein is hydrolysed in a fairly constant rate, that decreases near the end of the cycle. 

For the azo-dye feeding phases (phases II and IV), dye concentration was also measured. It 

was observed that the concentration of dye remained constant, which was expected, because in 

the presence of oxygen, cells rather use it as electron acceptor than the azo dye. 

3.1.5.1. DAY 13 

In Figure 3.14 is possible to see the concentration of different metabolites during the aerobic 

mode in the reactor, on the 13
th
 day of operation (Phase I). 

 

Figure 3.14 – Concentration of N-NH4
+
, N-NO2

-
, N-NO3

-
 and COD during the aerobic mode in reactor on day 13 of 

operation 

Concentration of ammonium was initially 6 mgN/L, and it decreased through time until it 

reached approximately 0. On the other hand, nitrate concentration increased from 7 mgN/L to 

18 mg/L, and became steady after 150 minutes total operation (90 minutes in the aerobic 
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mode). The increase in nitrate was higher than the decrease in ammonium, suggesting that 

there was still protein hydrolysis in the aerobic mode, releasing ammonium into the bulk liquid. 

When ammonium concentration reached 0, nitrate concentration remained constant, 

therefore there are no evidences of denitrification in the aerobic mode. 

The sum of nitrogen in ammonium, nitrite and nitrate in the reactor through time was 

represented in Figure 3.15. It is possible to see that there was an increase in concentration with 

a rather constant rate until 150 minutes of operation, hence a regression was made to estimate 

the rate of nitrogen release to the bulk liquid in the aerobic mode as 0.0527 mgN/(L·min). 

 

Figure 3.15 – Total concentration of nitrogen as ammonium, nitrite and nitrate in the reactor during the aerobic 
mode, on day 13 of operation 

3.1.5.2. DAY 28 

In Figure 3.16 is possible to see the concentration of different metabolites during the aerobic 

mode in the reactor, on the 28
th
 day of operation (Phase I). 
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Figure 3.16 – Concentration of N-NH4
+
, N-NO2

-
, N-NO3

-
 and COD during the aerobic mode in reactor on day 28 of 

operation 

Concentration of ammonium was initially 4 mgN/L, and just like in the previous cycle 

measurement from 2 weeks before, it decreased through time until it reached approximately 0. 

On the other hand, nitrate concentration increased from 5.5 mgN/L to 20.4 mg/L. Just like 

before, the increase in nitrate was higher than the decrease in ammonium, which means that 

there was still protein hydrolysis in the aerobic mode, releasing ammonium into the bulk liquid. 

In contrast to the previous cycle, when ammonium concentration reached 0, there was still 

increase in nitrate concentration, which suggests that there was still ammonium being released 

to the bulk liquid, and immediately being converted to nitrate. This indicates that the limiting step 

for nitrification is protein hydrolysis. 

the sum of nitrogen in ammonium, nitrite and nitrate in the reactor through time was 

represented in Figure 3.17. It is possible to see that there was an increase in concentration with 

a rather constant rate until 160 minutes of operation, hence a regression was made to estimate 

the rate of nitrogen release to the bulk liquid in the aerobic mode as 0.0992 mgN/(L·min). 
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Figure 3.17 – Total concentration of nitrogen as ammonium, nitrite and nitrate in the reactor during the aerobic 
mode, on day 28 of operation 

3.1.5.3. DAY 78 

In Figure 3.18 is possible to see the concentration of different metabolites during the aerobic 

mode in the reactor, on the 78
th
 day of operation (Phase II). 

 

Figure 3.18 – Concentration of N-NH4
+
, N-NO2

-
, N-NO3

-
, COD and P-PO4

3-
 during the aerobic mode in reactor on 

day 78 of operation 

Concentration of ammonium was initially 18.2 mgN/L, but unlike the previous cycle 

measurements, ammonium concentration increased to 20.8 mgN/L at the end of the cycle. 

Furthermore, it is still possible to observe that nitrate concentration increased from 3.3 mgN/L to 

10 mgN/L, which shows that there was some nitrification, but it decreased significantly. This was 

y = 0,0992x + 4,6931 
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most likely caused by the loss in biomass that occurred at day 76 with effects extended for 

several days. 

In this cycle measurement, it was observed that phosphate concentration decreased from 

22.6 mg/L to 13.8 mg/L, so there was presence of PAO. 

 In Figure 3.19 was represented the sum of nitrogen in ammonium, nitrite and nitrate in the 

reactor through time. In spite of the complications with denitrification, the increase in nitrogen 

concentration in the aerobic mode was still rather constant until 220 minutes of operation (100 

minutes in aerobic mode), hence a regression was made to estimate the rate of nitrogen release 

to the bulk liquid in the aerobic mode as 0.0968 mgN/(L·min). 

 

Figure 3.19 – Total concentration of nitrogen as ammonium, nitrite and nitrate in the reactor during the aerobic 
mode, on day 78 of operation 

3.1.5.4. DAY 108 

In Figure 3.20 is possible to see the concentration of different metabolites during the aerobic 

mode in the reactor, on the 108
th
 day of operation (Phase III). 
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Figure 3.20 – Concentration of N-NH4
+
, N-NO2

-
, N-NO3

-
, COD and P-PO4

3-
 during the aerobic mode in reactor on 

day 108 of operation 

On day 108, there was a problem in the stirring of the protein feeding medium, hence only 

dissolved protein was being fed, while non-dissolvable protein was settling in the bottom of the 

solution container. Nevertheless, it is possible to observe that ammonium concentration 

decreased from 3.5 mgN/L to 0, and nitrate concentration increased from 2.9 mgN/L to 8.1 

mgN/L, which shows that nitrification in the reactor had been recovered. 

However, phosphate concentration only decreased slightly, from 24 mg/L to 21.6 mg/L. 

Perhaps the lower substrate concentrations have caused a decrease in PAO activity. 

the sum of nitrogen in ammonium, nitrite and nitrate in the reactor through time was 

represented in Figure 3.21. The increase in nitrogen concentration in the aerobic mode is rather 

constant until 210 minutes of operation (90 minutes in aerobic mode), hence a regression was 

made to estimate the rate of nitrogen release to the bulk liquid in the aerobic mode as 0.018 

mgN/(L·min). The rate of nitrogen release is much lower than in previous days, maybe due to 

less protein concentration available for hydrolysis. 
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Figure 3.21 – Total concentration of nitrogen as ammonium, nitrite and nitrate in the reactor during the aerobic 
mode, on day 108 of operation 

3.1.5.5. DAY 113 

In Figure 3.22 it is possible to see the concentration of different metabolites during the 

aerobic mode in the reactor, on the 113
th
 day of operation (Phase IV). 

 

Figure 3.22 – Concentration of N-NH4
+
, N-NO2

-
, N-NO3

-
, COD and P-PO4

3-
 during the aerobic mode in reactor on 

day 113 of operation 

By day 113 the reactor was again operating well. Concentration of ammonium was initially 

7.9 mgN/L, and just like in the first 2 cycle measurements, it decreased through time until it 

reached approximately 0. On the other hand, nitrate concentration increased from 7.2 mgN/L 

to 24 mg/L. Furthermore, phosphate concentration decreased from 16.3  mg/L to 9 mg/L. 
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the sum of nitrogen in ammonium, nitrite and nitrate in the reactor through time is 

represented in Figure 3.23. It is possible to see that there is an increase in concentration with a 

rather constant rate until 160 minutes of operation, hence a regression was made to estimate 

the rate of nitrogen release to the bulk liquid in the aerobic mode as 0.1011 mgN/(L·min). 

 

Figure 3.23 – Total concentration of nitrogen as ammonium, nitrite and nitrate in the reactor during the aerobic 
mode, on day 113 of operation 

At day 113, dye concentration in the aerobic mode was also measured and represented in 

Figure 3.24. 

 

Figure 3.24 – Concentration of Azo-Dye during the aerobic mode in reactor on day 113 of operation 

Concentration of azo-dye remains constant through the aerobic mode of operation. This 

result is expected, because there is presence of oxygen and nitrate, that are used preferably by 

micro-organisms as electron acceptors than the azo-dye. 
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3.1.5.6. DAY 124 

In Figure 3.25 is possible to see the concentration of different metabolites during the aerobic 

mode in the reactor, on the 124
th
 day of operation (Phase IV). 

 

Figure 3.25 – Concentration of N-NH4
+
, N-NO2

-
, N-NO3

-
, COD and P-PO4

3-
 during the aerobic mode in reactor on 

day 124 of operation 

On day 124, concentration of ammonium was initially 7 mgN/L, and decreased through time 

until it reached approximately 0. On the other hand, nitrate concentration increased from 4.5 

mgN/L to 21 mg/L. Furthermore, phosphate concentration decreased from 30 mg/L to 17.9 

mg/L. 

the sum of nitrogen in ammonium, nitrite and nitrate in the reactor through time is 

represented in Figure 3.26. It is possible to see that there was an increase in concentration with 

a rather constant rate, hence a regression was made to estimate the rate of nitrogen release to 

the bulk liquid in the aerobic mode as 0.0807 mgN/(L·min). 
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Figure 3.26 – Total concentration of nitrogen as ammonium, nitrite and nitrate in the reactor during the aerobic 
mode, on day 124 of operation 

At day 124, dye concentration in the aerobic mode was measured and represented in Figure 

3.27. 

 

Figure 3.27 – Concentration of Azo-Dye during the aerobic mode in reactor on day 124 of operation 

The same as on day 113, concentration of azo-dye remains constant through the aerobic 

mode of operation, which was expected due to the presence of oxygen and nitrate, that are 

used preferably by micro-organisms as electron acceptors than the azo-dye. 

3.1.5.7. DAY 130 

In Figure 3.28 is possible to see the concentration of different metabolites during the 

aerobic mode in the reactor, on the 130th day of operation (Phase IV). 
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Figure 3.28 – Concentration of N-NH4
+
, N-NO2

-
, N-NO3

-
, COD and P-PO4

3-
 during the aerobic mode in reactor on 

day 130 of operation 

On day 130, concentration of ammonium was initially 14.3 mgN/L, and decreased through 

time until it reached 3.4 mgN/L. On the other hand, nitrate concentration increased from  2.7 

mgN/L to 22.4 mg/L. Furthermore, phosphate concentration decreased from 37.2 mg/L to 20.6 

mg/L. 

In Figure 3.29 is represented the sum of nitrogen in ammonium, nitrite and nitrate in the 

reactor through time. It is possible to see that there was an increase in concentration with a 

rather constant rate, hence a regression was made to estimate the rate of nitrogen release to 

the bulk liquid in the aerobic mode as 0.0807 mgN/(L·min). 
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Figure 3.29 – Total concentration of nitrogen as ammonium, nitrite and nitrate in the reactor during the aerobic 
mode, on day 130 of operation 

At day 124, dye concentration in the aerobic mode was measured and represented in Figure 

3.27. 

 

Figure 3.30 – Concentration of Azo-Dye during the aerobic mode in reactor on day 130 of operation 

Just like it had been observed in prevous cycle measurements, concentration of azo-dye 

remains constant through the aerobic mode of operation, which was expected due to the 

presence of oxygen and nitrate, that are used preferably by micro-organisms as electron 

acceptors than the azo-dye. 
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From the rate of nitrogen release to the bulk liquid and the amount of dry weight in the 

reactor, it was possible to estimate the aerobic protein hydrolysis rate for each day. The rates 

are represented in Table 3.2. 

Table 3.2 – Aerobic Protein Hydrolysis Rate estimated from the Aerobic Nitrogen Release to the Bulk Liquid in 
the Cycle Measurements 

Day Protein Hydrolysis Rate (gprot/(gDW∙h)) 

13 0.71 

28 1.68 

78 - 

108 0.20 

113 2.14 

124 2.36 

130 2.66 

 

On day 78 there was not enough biomass to measure dry weight content, so it was not 

possible to calculate protein hydrolysis rate. It is interesting to note that the rate increases until 

the end of the operation, possibly due to cell adaptation. On day 108 there was an exception, 

but this was possibly due to the fact that only soluble protein was fed (Less protein 

concentration). 

3.1.6. GRANULE MORPHOLOGY 

During the time reactor was operated, microscope pictures were taken twice. First time on 

day 60 of operation (phase II), represented in Figure 3.31 and second time near the end of the 

experiment on day 125 of operation (phase IV), represented in Figure 3.32. 

Relative smooth granules point towards good anaerobic conversion of COD, otherwise 

aerobic conversion would promote the growth of filamentous bacteria due to competition for 

COD and O2. (23) 

 

Figure 3.31 – Sterozoom Microscopic pictures (7.8x – 160x) from granules taken from reactor on day 60 of 

operation (phase II). Scale is 1000 μm 
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Figure 3.32 – Sterozoom Microscopic pictures (7.8x – 160x) from granules taken from reactor on day 125 of 

operation (phase IV). Scale is 1000 μm 

3.2. BATCH EXPERIMENTS 

3.2.1. ANAEROBIC PROTEIN HYDROLYSIS 

3.2.1.1. ANAEROBIC AMMONIUM AND ACIDS RELEASE BY GRANULES 

Granules were taken from the reactor on day 111 of operation at the end of the aerobic 

mode. In order to determine if acids are being released from aminoacids, an HPLC analysis was 

performed. It was found in some samples the presence of lactate and acetate, but the 

concentration was very small which seems to indicate that the limiting step is the hydrolysis of 

aminoacids and not the uptake of acids by cells. 

In Table 3.3 are represented the concentrations of each component in each sample. 
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Table 3.3 – Concentrations (mmol/L) of acids through time in anaerobic experiment with granules and protein. – 
represents that the acid was not detected. 

Time (min) 0 17 40 73 108 145 174 210 249 

Succinate - - - - - - - - - 

Lactate - - - 0.032 - 0.095 0.094 0.103 - 

Formate - - - - - - - - - 

Acetate - 0.029 0.201 - - 0.003 0.090 0.248 - 

Propionate - - - - - - - - - 

Butyrate - - - - - - - - - 

Valerate - - - - - - - - - 

 

In order to study protein hydrolysis by granules, release of ammonium from protein was 

tracked in a batch experiment. Concentration of ammonium increased through time, as we can 

see from Figure 3.33. 

 

Figure 3.33 – Release of ammonium from protein by granules through time in anaerobic mode 

Initial concentration of 5.4 mg/L was due to NH4Cl added to be within the test kit range. The 

release rate of ammonium was estimated from the slope of the curve. 

Taking into account that aminoacid hydrolysis is the limiting step in protein degradation,  

average molecular formula for protein was used (𝐶𝐻1,62𝑂0,38𝑁0,25𝑆0,08) to estimate protein 

degradation rate from release rate of ammonium. Results are shown in Table 3.4. 
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Table 3.4 – Slope, Dry Weight Concentration, Release Rate of Ammonium, Protein Degradation Rate 

Slope 0.0341 mg N-NH4
+/(L·min-1) 

Dry Weight Concentration 3.35 g/L 

Release Rate of Ammonium 0.611 mg N-NH4
+/(g DW·h-1) 

Protein Degradation Rate 4.52 mg protein/(g DW·h-1) 

3.2.1.2. ANAEROBIC AMMONIUM ADSORPTION BY GRANULES 

There was the possibility that ammonium produced was partially adsorbed by granules, thus 

an experiment to test ammonium adsorption was devised to measure anaerobic ammonium 

adsorption by granules. This experiment was performed on 110 of operation, with granules 

taken at the end of the aerobic mode in the reactor. 

As we can see from Figure 3.34, concentration of ammonium did not decrease though time, 

which indicates that ammonium is most likely not being adsorbed by granules. 

 

Figure 3.34 – Concentration of ammonium through time in ammonium adsorption by granules experiment 

3.2.1.3. ANAEROBIC AMMONIUM RELEASE IN BULK LIQUID 

Since ammonium was being released by the granules and the release rate was obtained, an 

experiment was devised to find out if there was some enzymatic activity in the bulk liquid that 

hidrolised protein, in anaerobic operation. Bulk liquid from the end of anaerobic phase was 

taken on the day 110 of operation and concentration of ammonium was measured in the 

presence of protein. 

As we can see from Figure 3.35, concentration of ammonium did not increase, which 

suggests that hydrolytic activity takes place mainly at the surface of the granules. 
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Figure 3.35 – Concentration of ammonium through time, in anaerobic batch with bulk liquid 

3.2.1.4. ANAEROBIC PROTEIN DEGRADATION WITH OXITOP 

An oxytop experiment was devised to search for PHB storage mechanisms and CO2 release. 

The granules were taken from the reactor on day 126 of operation at the end of the aerobic 

mode. In Figure 3.36 was represented the evolution of pressure in the anaerobic oxitop 

experiment A and experiment B. In both experiments, measurements started after 24h of batch, 

so that all oxygen is consumed. Afterwards, 10 mL of a protein solution were added in 

experiment A, while in experiment B, 10 mL of milliQ water were added for control. 

It is observable that in the control experiment B, there is a steady increase in pressure, due 

to the maintenance of the cells using internally stored substrate. In experiment A, there is a 

greater increase in pressure for the first 13 hours, that is followed by a pressure decrease until 

27 hours of experiment. Next, pressure increase behaves similarly to what was observed in the 

control. 

The initial increase in pressure could be explained by release of CO2. The decrease in 

pressure was unexpected, but it could be explained with the presence of CO2 fixating 

organisms. It has been previously reported that the genome of the PAO A.Phospatis contains 

the genes for CO2 fixation. (59) 
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Figure 3.36 – Evolution of pressure through time in the anaerobic oxitop experiment A and experiment B. 
Experiment  A (red) was initiated with 10 mL of protein solution with 20 g/L. Experiment B (blue) was the 
control, with 10 mL of milliQ water added 

The final concentration of ammonium in experiments A and B was  measured. Moreover, 

it was estimated the total ammonium concentration if all nitrogen present in fed protein was 

converted into ammonium. This results were represented in Table 3.5. 

Table 3.5 – Estimated and measured ammonium concentration in anaerobic oxitop experiments A and B 

Experiment Final N-NH4
+ Conc. (mg/L) Estimated N-N4

+ Conc. (mg/L) 

A 123 135 

B 19.8 0 

 

In experiment B, there is a final ammonium concentration of 19.8 mg/L, higher than the 

expected concentration (0 mg/L). Possibly, there is degradation of endogenous proteins, or 

death and degradation of biomass. In experiment A, final expected ammonium concentration 

was 135 mg/L, but final concentration was only 123 mg/L, so perhaps some aminoacids cannot 

be hydrolysed anaerobically by bacteria, or the reaction time was not enough to completely 

hydrolyse all the aminoacids. 

PHA initial and final composition in the granules was also determined for experiments A and 

B. Results are represented in Table 3.6. 
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Table 3.6 – PHA composition in the granules both initially and at the end of the oxitop, for experiments A and B 

Experiment Initial PHA Final PHA (%) 

A 19.7% 26.3% 

B 19.7% 21.0% 

The content of PHA in experiment A increases from 19.7% to 26.3%, which was expected if 

there is uptake of substrate by the cells. In the control (experiment B)  there was also an 

increase, though lower than in experiment A. However, it was expected that this concentration 

would decrease, due to the consumption of internally stored substrate for maintenance. Perhaps 

this is the result of the consumption of different storage components (eg. Glycogen). 

3.2.2. ANAEROBIC DYE REDUCTION 

Batch tests were made with the purpose of understanding the characteristics and kinetics of 

dye reduction by granules. 

3.2.2.1. ANAEROBIC BATCH TESTS DURING PHASE II 

The first batch test (Dye Test 1) was made just before starting to feed dye inside the reactor 

in phase II (initial dye concentration of 36 mg/L). A concentration of 0.3 g/L protein was used, 

the same used to feed the reactor. Total concentration of dry weight was 2.03 g/L. 

Concentration of dye decreased slowly, and reached 5.5 mg/L after running anaerobically for 

8.5 hours. In Figure 3.37 the decrease of concentration of dye inside Dye Test 1 with time is 

shown. 

 

Figure 3.37 – Evolution of concentration of dye with time in Dye Test 1 

After two weeks of adaptation to the new dye medium, two batch tests were performed 

simultaneously (Dye Tests 2A and 2B). In Dye Test 2A, the dry weight concentration used was 

2.62 g/L, and the protein concentration was again 0.3 g/L. 

Concentration of dye reached 3.6 mg/L after running anaerobically for 6.6 hours. 
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In Dye Test 2B, the dry weight concentration was also 2.62 g/L, but no protein or other 

carbon source was used. Dye degradation was slower than in Dye Test 2A, and concentration 

of dye reached 6.3 mg/L after running anaerobically for 6.6 hours. 

In Figure 3.38 the decrease of concentration of dye in Dye Tests 2A and 2B is shown. 

 

Figure 3.38 – Evolution of concentration of dye with time in Dye Tests 2A and 2B 

To make the results independent on dry weight concentration and compare them with Test 1, 

the ratio between rate of consumption of dye (mg·L
-1

·min
-1

) and dry weight concentration (g·L
-1

) 

through time of run were represented in Figure 3.39. This ratio was calculated as the slope 

between 2 sample concentrations divided by the time between samples, and represented for the 

average time between the 2 measurements. 
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Figure 3.39 – Evolution of ratio Consumption dye rate (mg·L
-1
·min

-1
)/Dry weight concentration (g·L

-1
) with time, 

in Tests 1, 2A and 2B 

The ratio shows that after two weeks (Test 2A), consumption of dye is faster than before no 

granule adaptation (Test 1). 

In Test 2B, the rate of consumption of dye is lower than in Test 2A, thus the carbon source 

seems important on dye removal by granular sludge. 

At the start of batch tests, there seems to be some inhibition and dye consumption rate is 

lower. It was observed that after an initial period, the consumption rate reaches a maximum. 

Finally, when concentration of dye decreased, rate of consumption also decreased. 

3.2.2.2. ANAEROBIC BATCH TESTS DURING PHASE IV 

After 1 month, reactor was working well and dye was again fed to the reactor, with a lower 

initial concentration of 20 mg/L (phase IV). 

More batch tests were performed during phase IV, taking granules from the reactor. Dye 

Tests 3A and 3B were made simultaneously just before starting to feed dye inside the reactor in 

phase IV (initial dye concentration of 20 mg/L). 

In Dye Test 3A, a concentration of 0.4 g/L protein was used, the same used to feed the 

reactor. Total concentration of dry weight was 2.18 g/L. Concentration of dye decreased slowly, 

and reached 2.34 mg/L after running anaerobically for 15 hours. 

In Dye Test 3B, the source of carbon was acetate, with a concentration of 0.4 g/L of sodium 

acetate. Total concentration of dry weight was 2.18 g/L, the same used for Dye Test 3A. 

Concentration of dye decreased slowly, and reached 2.41 mg/L after running anaerobically for 

15 hours. 

In Figure 3.40 the decrease of concentration of dye in Dye Tests 3A and 3B with time is 

shown. 
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Figure 3.40 – Evolution of concentration of dye with time in Dye Tests 3A and 3B 

Since the same Dry Weight concentration was used, it is possible to see that in the presence 

of protein, dye reduction is slightly faster, however, the difference is not too significant. 

After 3 weeks running with dye (phase IV), another two batch tests were made. In Dye Test 

4A, a concentration of 0.4 g/L protein was used, the same used to feed the reactor. Total 

concentration of dry weight was 4.33 g/L. The initial concentration of dye used was again 36 

mg/L. Concentration of dye decreased slowly, and reached 2.48 mg/L after running 

anaerobically for 8.7 hours. 

In Dye Test 4B, a concentration of 0.4 g/L protein was used, the same used to feed the 

reactor. Total concentration of dry weight was 2.70 g/L. The initial concentration of dye used 

was 20 mg/L. Concentration of dye decreased slowly, and reached 1.39 mg/L after running 

anaerobically for 8.7 hours. 

In Figure 3.41 the decrease of concentration of dye in Dye Tests 4A and 4B with time is 

shown. 
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Figure 3.41 – Evolution of concentration of dye with time in Dye Tests 4A and 4B 

To understand better the different consumption rates, they were represented in Figure 3.42. 

 

Figure 3.42 – Evolution of ratio Consumption dye rate (mg·L
-1
·min

-1
)/Dry weight concentration (g·L

-1
) with time, 

in Dye Test 4A and Dye Test 4B 

As it can be seen, consumption rate was higher with higher initial concentration, which can 

indicate that initial concentration of dye induces a higher enzymatic activity. 

3.2.2.3. ANAEROBIC DYE REDUCTION IN BULK LIQUID 

An experiment was made to evaluate if there was enzymatic azo-dye reduction activity in the 

bulk liquid. Bulk liquid was taken on day 115 of operation at the end of anaerobic mode. As we 

can see from Figure 3.43, concentration of dye remains constant for the 1.5 hours of the 

experiment. 
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Figure 3.43 – Dye Concentration through time in anaerobic dye reduction in bulk liquid 

3.2.2.4. ANAEROBIC BATCH TESTS ON GRANULES FROM FULL-SCALE PLANT – EPE 

In order to verify the possibility of using aerobic granular sludge as a source for dye removal, 

three batch tests were run with granules taken from a full scale plant (Epe, The Netherlands). 

Initial concentration of dye in was 36 mg/L and they operated with a concentration of dry 

weight of 1.52 g/L. 

In Dye Test 5A, operation was performed with 1 g/L of protein, in Dye Test 5B with 1 g/L of 

acetate and in Dye Test 5C with no extra carbon source provided. The results were interesting, 

because dye reduction was achieved with higher rates of comsuption of dye/Dry weight than 

granules from lab-scale reactor, which suggests that the greater diversity of granules in a real 

wastewater plant benefits dye reduction. 

In Figure 3.44, we can see the profiles of dye reduction in all three experiments. The profiles 

in all three experiments are very similar. 

For Dye Test 5A it takes 5 hours to achieve the concentration of 4.11 mg/L. A concentration 

of 3.97 mg/L is achieved in Dye Test 5B and 3.91 mg/L is achieved in Dye Test 5C within just 5 

hours. 
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Figure 3.44 – Dye Concentration through time in Dye Tests 5A, 5B and 5C. 
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4. DISCUSSION 

This study has shown that aerobic granules can be formed with SBR, using protein as the 

only carbon and nitrogen source for growth. Protein hydrolyzation occurred both on anaerobic 

and aerobic mode of operation. This includes breakage of peptide bonds into the different 

aminoacids and breakage of  aminoacids into ammonium and volatile fatty-acids. The volatile 

fatty-acids become then available for the biomass to be stored as PHA. 

The formed granules were not as stable as granules grown under other carbon sources, 

since small perturbances cause the system to lose a lot of biomass and reduce their capacity to 

remove nutrients. After this perturbances the system struggled to recover. It can be 

hypothesized that easily biodegradable substrates are required to improve the stability of the 

aerobic granular sludge system. 

4.1. GRANULE MORPHOLOGY 

In a previous protein removal study, when acetate was gradually replaced with protein in the 

feeding to the reactor, filamentous bacteria dominated. (55) Smoother granules were observed 

on day 60 and on day 125 of operation, for complete protein feeding. By microscopic 

examination, protozoa (vorticella) were found to dominate the surface of the granules, much 

similar to what was observed with particulate starch. (23) 

It has been suggested that micro-substrate-gradients play an important role in competition 

under filamentous and non-filamentous organisms, because filamentous organisms have a 

higher outgrow velocity due to their preferencial growth in one direction. (24; 25) 

Since not all protein is hydrolysed anaerobically, there is still protein hydrolysis at the surface 

of the granule during the aerobic mode, hence substrate is mostly available at the surface of the 

granule. Organisms compete for this substrate and filamentous growth has advantage because 

filamentous organisms grow faster. Substrate is therefore mostly consumed locally. 

Despite the filamentous growth in the outer layers, the granule was not porous and were not 

aggregating, which allowed for the high settling velocity. The Sludge Volume Index (SVI) in the 

reactor was relatively low, and the SVI 5 minutes after settling was very similar to the SVI 30 

minutes after settling, which indicates good granulation. However, there was a propensity for the 

granules in the granule bed to attach together, which caused a struggle in maintaining a plug 

flow during the anaerobic feeding. 

4.2. NUTRIENTS REMOVAL 

4.2.1. NITROGEN REMOVAL 

In the operated reactor, nitrogen removal requires three steps. Firstly, proteins must be 

hydrolyzed into aminoacids, and aminoacids must be hydrolyzed into ammonium and their 

volatile fatty acid. Protein hydrolysis was observed both in the anaerobic and aerobic modes of 
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operation. It was also verified that hydrolysis takes place at the granule surface, since no 

hydrolytic activity was observed in the bulk liquid. In total, hydrolysis of protein started with 56% 

in the first day and ended with 57% at day 133, having a maximum of 81% on day 69. This 

indicates that perhaps biomass can’t hydrolyse bigger aminoacid molecules, maybe due to 

stechiometric inavailability for enzymes. 

Secondly, nitrification must occur, to convert ammonium into nitrite, and nitrite into nitrate. 

During the time the reactor was operated, full nitrification was observed during phases I, II and 

IV. On phase III the reactor was operating very poorly and there was probably a loss on 

nitrifying organisms. By the end of phase III, full nitrification of ammonium was restored. 

Complete nitrification by aerobic granular sludge using 40% of dissolved oxygen has also been 

observed in literature (19) (50% dissolved oxygen in the present study). 

Thirdly, nitrate and nitrite must be reduced into nitrogen gas in a process called 

denitrification. In order to achieve denitrification, nitrate and nitrite must reach anoxic areas. 

With aerobic granular sludge, simoultaneous nitrification and denitrification is possible, as long 

as nitrifyiers are present in the outer layers, and oxygen is depleted before reaching the core of 

the granule, creating a anoxic region for denitrification. However, simoultaneous denitrification 

was not observed in this system. Hydrolytic activity and growth near the granule surface should 

create an anoxic region, thus it is possible that the limiting factor is the lack of substrate 

diffusion into the granule core. 

Denitrification was observed only during the anaerobic feeding, oscillating between 7% and 

34%. Overall, nitrogen removal was not very efficient in this system. Nonetheless, there is still 

the possibility that particulate unhydrolysed protein is removed by protozoa, thus increasing 

nitrogen removal. 

4.2.2. PHOSPHATE REMOVAL 

Phosphate is removed by polyphosphate accumulating microorganism (PAO’s) in a two-step 

sequence. Firstly, substrate is stored anaerobically as PHA, using the energy provided from the 

hydrolysis of poly-P to PO4
3-

. Finally, in an aerobic mode, the cells uses stored PHA to grow and 

poly-P synthesis. In order to efficiently remove phosphate, there needs to be a growth in PAO’s 

population. A high phosphate removal efficiency (94%) has been shown to be possible in 

aerobic granular sludge, with high enrichment in PAOs population. (19) 

The results presented in this work show that the presence of protein doesn’t inhibit the 

growth of PAOs. In fact, the efficiency of phosphate removal started at 50% in phase I. During 

this phase, anaerobic feeding step takes only 60 minutes, thus there is less phosphate release 

into the bulk liquid. With the change in feeding time to 120 minutes, it was observed that 

phosphate release increased, and there was a decrease in phosphate removal efficiency. With 

the phosphate release it was possible to verify that substrate was successfully being uptaken by 

the biomass. Phosphate release was strongly affected by sludge retention time. In order to 

improve phosphate removal, sludge retention time must be controlled. 
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4.2.3. COD REMOVAL 

Protein fed contains soluble and suspended protein. Soluble protein was gone almost 

completely at the end of each cycle, which shows good COD removal efficiency. It was 

observed that protein is hydrolysed in contact with the granule, and there was hydrolytic activity 

both aerobically and anaerobically. 

Other mechanisms might have been envolved in protein removal by the granules. As it was 

previously observed with particulate starch (23) and particulate protein (55), protozoa can be 

responsible to adsorb suspended particles at the granule surface. 

4.3. AZO-DYE REMOVAL 

4.3.1. ANAEROBIC REDUCTION OF AZO-DYE 

It was shown that anaerobic reduction of azo-dye is possible with aerobic granular sludge. 

Reduction occurred only in the anaerobic mode of operation. The plug-flow feeding is an 

advantage because it allows the dye to be present in an anaerobic environment, without the 

interference from nitrate and nitrite from the previous cycle. 

In the reactor, initial reduction was 38% in phase II, and in phase IV it was shown a 

maximum reduction of 78%. The main reason for such a discrepancy is the amount of biomass 

in the reactor. It was also noted that anaerobic reduction of azo-dye improves after an initial 

adaptation period. Enzymatic activity was found to be related to the surface of the granule, 

since no hydrolytic activity was found in the bulk liquid. Color removals of 76.5% were observed 

a similar system (31), using mixed culture granular sludge in a sequential anaerobic-aerobic 

phase for textile wastewater treatment, with lower biomass concentrations, by increasing the 

anaerobic reaction time. In fact, the most important factor seems to be time of operation, since 

in every batch test performed, dye concentration decreased and reached a plateau. In future 

reactor operation, a longer feeding time should be tried in order to improve dye removal 

efficiency (denitrification is not complete, which can affect the dye reduction). 

The influence of different carbon sources was also analyzed in batch tests. It was verified 

that batch tests running with granules from the lab-scale reactor and using protein as carbon 

source, reduced the azo-dye faster then batch tests running with no extra carbon source (only 

intracellular stored substrate) and using acetate. It can be hypothesized that since the granules 

are fully adapted to using protein as the only carbon source, it is easier to start reducing the 

azo-dye. In batch tests run with granules taken from the full scale treatment plant in Epe, no 

significant difference in reducing rate was observed between protein, acetate or no extra carbon 

source, which might be because this granules are subject to many different carbon sources. 

Initial concentration of dye seems to be also an important factor in azo-dye reducing activity, as 

higher initial dye concentrations showed higher rates of reduction in batch tests, which indicates 

that the kinetics for dye-reduction is dye-limited. 
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4.3.2. AEROBIC MINERALIZATION OF AROMATIC AMINES 

Aromatic amines were formed by azo-dye reduction during the anaerobic period of 

operation. However, there was no aerobic mineralization observed for this amines during the 

aerobic period, hence an alternative process should be deviced. This result has been shown in 

previous reports (48; 49) In order to achieve aerobic mineralization, amine-degrading aerobic 

bacteria may be required to be added to the mixed culture. 

5. CONCLUSIONS 

During this work it was found that Aerobic Granular Sludge would be suitable for a 

wastewater provenient from a textile industry. The granules could be formed even in a medium 

containing only protein as the source of carbon and nitrogen, which can be important due to the 

addition of proteins as adjuvants in the industry. Granules presented a filamentous outgrowth at 

the surface, but still had good settling capabilities. 

Good COD removal was achieved, due to protein hydrolysis at the surface of the granule, 

and possibly due to adsorption of particulate protein by protozoa growing in the outside layer of 

the granule. There was growth of PAO’s, thus it is possible to optimize phosphate removal in 

one single step using Aerobic Granular Sludge. It was observed full nitrification, however, in the 

operated conditions, simultaneous denitrification was not possible. 

The typically used azo-dye was reduced anaerobically by granules as it was fed to the 

reactor. It was noted that reduction rate improved after an initial adaptation period. It was 

observed however, that aromatic amines were not mineralized, which can be a problem when 

implementing the technology. 
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