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Abstract 

The textile industry has been gaining great interest in silver nanoparticles (AgNPs), and their 

use is expected to increase over time. As their presence in wastewater treatment plants is also 

expected to increase, concerns about the potential impact of their antimicrobial properties on the 

biological treatment of textile wastewaters, one of the main sources of water pollution worldwide, have 

been arising. The present study investigated the impact of 5.0 mg/L and 10.0 mg/L of AgNPs on the 

performance of an aerobic granular sludge (AGS) sequencing batch reactor system in the treatment of 

simulated textile wastewater, over the course of two operations. Additionally, while in Operation 1 

(5.0 mg/L AgNPs) the seed sludge was previously stored AGS, in Operation 2 (10.0 mg/L AgNPs) it 

was fresh flocculent activated sludge. Successful granulation was attained both in the presence and 

absence of AgNPs. Initially, these seemed to destabilize the system, but in the long-term they 

apparently contributed to granule enlargement and improvement of sludge settling ability and 

accumulation. Inoculation with stored AGS seems to have impaired sludge accumulation. Regarding 

decolourisation and organic matter degradation, which attained yields of ca. 80% in both reactors, the 

type of seed sludge and the presence of AgNPs did not reveal a negative impact either on short- or 

long-term. N-acyl homoserine lactone levels were monitored during granulation and the results 

suggested that these molecules promoted aerobic granulation and the maintenance of the granular 

structure, and that their production increased in the presence of AgNPs. 

 

Keywords: textile wastewater treatment; aerobic granular sludge; sequencing batch reactor; silver 

nanoparticles; granulation; N-acyl homoserine lactones. 
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Resumo 

As nanopartículas de prata (AgNPs) têm ganho muito interesse por parte da indústria têxtil e 

as previsões apontam para que a sua utilização aumente com o tempo. Assim, também a sua 

presença em estações de tratamento de águas residuais terá tendência a aumentar e o potencial 

impacto das propriedades antimicrobianas destas partículas no tratamento biológico de efluentes 

têxteis, um dos principais causadores de poluição da água, tem levantado preocupações. Neste 

trabalho foi investigado o impacto de AgNPs, no tratamento de água residual têxtil sintética utilizando 

um sistema de lamas granulares aeróbias num reactor descontínuo sequencial. Duas operações, 

diferindo em termos de concentração de AgNPs e no inóculo, foram monitorizadas. Na Operação 1 

(5.0 mg/L de AgNPs), os reactores foram inoculados com biomassa previamente armazenada e na 

Operação 2 (10.0 mg/L de AgNPs) foram utilizadas lamas activadas convencionais. Ocorreu 

granulação nas duas operações, independentemente da presença de AgNPs e, ainda que numa fase 

inicial estas pareçam ter provocado alguma instabilidade no sistema, a longo prazo promoveram o 

aumento da dimensão dos grânulos aeróbios e as capacidades de sedimentação e acumulação das 

lamas. A inoculação com lamas armazenadas à temperatura ambiente parece ter prejudicado a 

acumulação da biomassa, mas a descoloração e a remoção de matéria orgânica foram 

bem-sucedidas em ambas as operações (eficiências de 80%). Os níveis de N-acil homoserina 

lactonas medidos durante a Operação 2 sugerem que estas moléculas promovem a granulação e a 

manutenção da estrutura granular, e que a sua produção aumenta na presença de AgNPs.  

 

Palavras-chave: tratamento de água residual têxtil; grânulos aeróbios; reator sequencial 

descontínuo; nanopartículas de prata; N-acil homoserina lactonas. 
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1. Introduction 

1.1 The Textile Industry 

Nowadays, there is a large diversity of textile products, such as stain- and water-repellent 

textiles or non-iron products, but the world’s demands from the textile industry keep on rising. In order 

to respond to these demands, the textile industry ends up imposing major risks to the environment, 

since it uses large quantities of natural and energy resources, like water, in some cases as much as 

3 000 m
3
/day, fuel and electricity, and produces a large volume of wastewater. In a time when 

non-polluted water resources are growingly scarce, the textile industry acts as one of the main 

sources of water pollution problems worldwide. This is a consequence of the large volume of effluent 

generated, as previously stated, and also of its composition, mainly due to recalcitrant organic, 

coloured, toxic, surfactant and chlorinated compounds and salts. These effluents are characterized by 

extreme variations in several parameters, such as chemical oxygen demand (COD), biochemical 

oxygen demand (BOD), pH, colour and salinity.
1–3

  

1.1.1 Textile Operations  

Textile industries can be classified as wet and dry fabric manufacturing industries, which 

produce liquid and solid wastes, respectively. Several processes are used in the textile industry to 

transform raw-materials into textile products, and water consumption and wastewater generation 

depends on each considered step. This work focus on textile wastewaters, and therefore the various 

processes used in wet fabric manufacturing are considered and described next. In addition, Figure 1-1 

shows the pollutants discharged in the effluent after each step.
3,4

  

Sizing: This is the application of chemicals like polyvinyl alcohol (PVA), carboxymethyl 

cellulose (CMC), starch and polycyclic acids so that yarns can be wrapped to facilitate weaving, 

knitting and tufting processes. This step produces little to no waste, the major residues being fibre lint, 

yarn waste and a residual fraction of the sizing agents used. 

Desizing: This is the elimination of sizing agents present in the fabric so that subsequent 

dyeing and printing are not compromised. This can be accomplished by enzymatic, dilute mineral acid 

or alkaline hydrolysis or by chemical oxidation. 

Scouring: This is the removal of cotton wax and other non-cellulosic cotton components. This 

is accomplished by using hot alkali, detergent or soap solutions like glycerol ethers and scouring 

solvents. 

Bleaching: This is the removal of natural coloured matter from the fabric to obtain a white 

fabric that enables the production of bright shades. This is performed using bleaching agents such as 

sodium hypochlorite, sodium silicate, hydrogen peroxide and organic stabilizers like peracetic acid and 

enzymes. 

Mercerizing: This is the treatment of cotton fabric with a high concentration (about 18-24% by 

weight) of sodium hydroxide. This process is performed so that fabric lustre and dye uptake are 

improved. 
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Dyeing and Printing: This is the application of dye in the form of solution or paste, in dyeing 

or in printing, respectively. Besides dyes, which are mostly synthetic, other chemicals like metals, 

surfactants, organic processing assistants, sulphide and formaldehyde may be added to improve dye 

fixation to fibres. 

Finishing: This is the application of one or various processes involving chemical compounds, 

such as nanoparticles (NPs), to confer special properties to the fabric, such as softening, 

waterproofing, antibacterial action and UV protection. 

 

Figure 1-1 – Processes used in the wet fabric manufacturing industry and pollutants generated and 

discharged in the effluent of each step. Figure adapted from Holkar et al (2016)
4
. 

1.1.2 Textile Dyes 

1.1.2.1 General Aspects 

Estimations suggest that over 10 000 different dyes and pigments are used in the textile 

industry and that over 7×10
5
 tons of synthetic dyes are produced worldwide every year.

3
 Textile dyes 

are composed by chromophores, groups of atoms responsible for the colour, and auxochromes, which 

are electron withdrawing or donating substituents that alter or intensify the colour of the 

chromophores. These dyes can be classified according to their chromophore groups, which can be 

azo (-N=N-), carbonyl (-C=O), methine (=CH-), nitro (-NO2), triarylmethane, phthalocyanine and 

quinoid, or according to their mode of fixation to the fabric as reactive, acid, direct, basic, mordant, 

disperse, pigment, vat, anionic and ingrain, sulphur and solvent dyes.
2,3

  

Dye fixation is highly dependent on the type of fibre being dyed. However, complete dye 

fixation is not attainable. The dyeing process is, therefore, inefficient and it is estimated that 10 to 50% 

of the dyes used are lost to the effluent. This corresponds to the release of about 200 000 tons of 

synthetic dyes in effluents during the dyeing and finishing operations every year. 
1,2

 

A large amount of the dyes used in the textile industry ends up polluting the environment 

because the conventional wastewater treatment methods, such as activated sludge, cannot efficiently 

remove them from the wastewater. The presence of dyes in the environment translates to serious 
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problems regarding human and environmental health. In fact, their presence in natural waterbodies 

leads to a decrease in light penetration, photosynthetic activity and dissolved oxygen concentration. In 

addition, some of these dyes are potentially toxic and mutagenic. This ends up compromising 

ecosystems and limiting downstream beneficial uses such as recreation, drinking water and irrigation. 

Some dyes may also be lethal to certain forms of marine life, due to the presence of metal 

components and chlorine in their molecular structures. On the other hand, it has been reported that 

dye compounds can be reduced in sediments of aquatic bodies, yielding potentially carcinogenic 

metabolites that spread in the ecosystem.
2–4

  

Since consumers look for textile products with good colour fixation regarding light, perspiration 

and washing, initially and after prolonged use, the colorants used to dye the fabrics are designed to 

have high durability, high affinity to the fibres, uniform colour and resistance to fading. Because of this, 

some of the dyes used in the textile industry are very stable in water, even when exposed to light and 

wide ranges of temperature, and are resistant to biodegradation, enabling them to persist in the 

environment for large periods of time when treatment processes are unable to remove them from 

wastewater.
2
 

1.1.2.2 Azo Dyes 

Azo dyes are complex aromatic compounds with significant structural diversity and properties 

that present a high level of chemical, biological and photocatalytic stability, resisting degradation by 

time and by exposure to sunlight, microorganisms, water and soap. These dyes have azo 

chromophore groups, i.e., their chemical structures are characterized by the presence of one or more 

azo bonds (-N=N-), and often have sulphonate (SO3
-
) or other electron withdrawing substituents that 

originate an electron deficiency and result in the dyes being less susceptible to microbial oxidation.
5,6

 

Around 3 000 different azo dyes exist and are widely used in several industrial sectors, such 

as textile, paper, food, leather, cosmetic and pharmaceutical, representing 60 to 70% of all organic 

dyes produced in the world. These are the most common colorants used in the textile industry, due to 

their properties, their easy and cost effective synthesis and their larger variety of colours when 

compared to natural dyes.
2,5

 

Many synthetic azo dyes and their metabolites are potentially toxic, carcinogenic and/or 

mutagenic. It has been reported that effluents containing textile dyes, including azo dyes, have toxic 

effects on the germination rates and biomass levels of several plant species. Thus, important 

ecological functions, such as providing a habitat for wildlife, protecting soil from erosion and providing 

organic matter to maintain the soil fertile, can be compromised by the discharge of coloured effluents.
5
 

Due to all their potential negative effects, it is important that wastewaters containing azo dyes 

are treated before entering aqueous ecosystems. Besides physicochemical methods, azo dyes can be 

removed by biodegradation or through biosorption, due to the strong attractive forces between some 

of these dyes and the cell wall of organisms such as algae, yeast, filamentous fungi and bacteria. Azo 

dyes that are not prone to biosoprtion, such as Acid Red 14 (AR14), can be degraded by biological 

reduction. The reduction of the azo linkage of azo dyes under anaerobic conditions leads to the 

production of colourless aromatic amines that are resistant to further anaerobic degradation. These 

amines are often more hazardous than the original dye, and therefore, the treatment of textile 
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wastewater should aim not only to dye degradation, but also aromatic amine mineralization. However, 

when these aromatic amines include sulphonate groups, their hydrophilic nature makes mineralization 

difficult. This is generally attributed to the lack of a microbial population capable of metabolizing these 

compounds. One example of azo bond reduction is represented in Figure 1-2, where Acid Red 14 

(AR14) is reduced and originates 1-naphthol-2-amino-4-sulphonic acid (1N2A4S) and 

4-amino-naphtalene-1-sulphonic acid (4A1NS).
3,6,7

 

 

Figure 1-2 – Azo bond reduction of azo dye AR14 with the formation of two aromatic amines, 

1-naphthol-2-amino-4-sulphonic acid (1N2A4S) and 4-amino-naphtalene-1-sulphonic acid (4A1NS).
7
 

1.1.3 Engineered Nanoparticles 

The special properties of engineered nanoparticles (ENPs) earned them wide application in 

various industries, such as textile, cosmetics, coatings, pharmaceutical, food, microelectronics and 

sports, amongst others. Textile industry, in particular, has found great interest in nanoparticles for 

rainwear, protective clothing and sportswear, for instance, for they enhance stain and water 

resistance, increase the ability of materials to absorb dyes, change their wettability and some of them 

possess antimicrobial and antibacterial effects.
8
 

Interest in antimicrobial finishing in the textile industry has grown in the last decade, since it is 

advantageous for medical, healthcare, hygiene and sports applications. Various antimicrobial agents 

have been successfully used in antimicrobial finishing in the textile industry, such as metal salts and 

peroxyacid, but their use has been compromised for economic, environmental and long-term efficiency 

reasons.
9
 Other alternatives, such as silver nanoparticles (AgNPs) were developed and found 

advantageous. 

AgNPs arose as a viable alternative for antimicrobial finishing of textile materials and are now 

the most commercialized ENPs. Silver presents bactericidal activity against more than 650 pathogens 

and unlike the ionic silver (Ag
+
), which also presents great antimicrobial activity, AgNPs do not stain 

the textile material when exposed to light, nor significantly alter the fabric breathability. Their high 

surface to volume ratio ensures an elevated reactivity, which means that even small quantities of 

AgNPs possess great antimicrobial activity.
8,9

  

The mechanism of AgNPs antimicrobial action has not been fully understood yet, but several 

hypotheses have been suggested. AgNPs show high affinity for sulphur and phosphorus compounds 

and it is possible that small AgNP’s (<10 nm) and Ag
+
, which is released when AgNPs are in contact 

with dissolved oxygen in water medium, enter bacterial cells. Thus, AgNPs may react with sulphur-rich 

proteins in the bacterial cell membranes and inside the cells, or with phosphorus-containing 

compounds, like DNA. In addition, Ag
+ 

is able to block DNA transcription and interrupt bacterial 
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respiration and adenosine triphosphate (ATP) synthesis. This will cause cellular enzyme deactivation, 

membrane permeability disruption and accumulation of intracellular radicals, which results in microbial 

growth inhibition, cell lysis and death.
9–11

  

With the growing utilization of AgNPs, it is important to understand the risks they may pose 

when released into the environment. Discharge may occur during the synthesis of these NPs, their 

incorporation into products, during said products exploitation and also while recycling or disposing of 

these goods. In addition, it has been suggested that NPs may escape from wastewater treatment 

plants and enter natural water bodies, where they can remain for large periods of time and interact 

with aquatic surfaces and biological species, possibly subjecting them to their toxicity. There is still 

little information regarding the risks of AgNPs, and even though there is no evidence that humans are 

being adversely affected by these NPs while using products that contain them, it is possible that 

problems arise in the future due to the growing resistance of bacteria to AgNPs and due to their 

entrance in the human food chain, a consequence of their bioaccumulation in the environment. Further 

research is needed in order to conclude about the toxicity of AgNPs and their implications for human 

health and the environment.
9,12

 

Another concern that has emerged is that due to the antimicrobial properties of AgNPs, the 

biological treatment of textile wastewaters may be compromised. It is known that Ag
+ 

inhibits enzymes 

for the cycles of phosphorus, sulphur and nitrogen of nitrifying bacteria, for instance. The way 

nanoparticles are retained by biomass and their effects on microbial growth in biological treatment 

processes have not yet been thoroughly investigated and are not consensual. It is likely that different 

types of sludge react differently to the presence of AgNPs, as it has been reported that sludge in 

biofilm is more tolerant to these nanoparticles than flocculent or dispersed sludge, thanks to the 

presence of higher EPS amounts that protect the cells.
10,11,13

  

1.2 Current Treatments for Textile Industry Wastewater  

The development of effective treatments for textile wastewaters can be challenging, since they 

contain a large variety of dyes and additives that vary seasonally, and present high levels of BOD and 

COD and also large pH variations. In addition, a growing concentration of nanoparticles, particularly 

AgNPs, is expected in these wastewaters.
1,2

  

Several methods have been used to treat textile wastewater, such as physicochemical 

methods, which include adsorption, oxidation, coagulation and flocculation, and biological treatments 

such as activated sludge. In conventional wastewater treatment plants (WWTPs), water-insoluble 

dyes, such as some of the disperse, vat and sulphur dyes, are currently removed in the primary 

settling tanks, while some water-soluble dyes, can be adsorbed by activated sludge in the aeration 

tanks. However, most of the water-soluble textile dyes are neither efficiently adsorbed nor 

biodegraded by sludge,  resulting in the discharge of coloured effluents.
5,14

 

 The different textile wastewater treatment methods are presented in Figure 1-3. 
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Figure 1-3 - Treatment methods for textile wastewater decolourisation. Figure adapted from 

Saratale et al (2011)
5
.  

1.2.1 Physicochemical Treatments 

Several physicochemical methods have been used to treat textile industry wastewater. These 

include coagulation/flocculation, adsorption, membrane separations, chemical oxidation and reduction, 

ion exchange, chemical precipitation, photolysis, cavitation and electrochemical treatment.
1,5

  

These methods present several drawbacks, such as including complex procedures and being 

economically unfeasible, as they require large amounts of energy and chemicals. Furthermore, 

regarding dyes in general, the current tendency is for an increase in their resistance to oxidising 

washing aids, thus hampering the efficiency of removal processes based on ozonation or peroxidation. 

In addition, physicochemical processes are unable to efficiently remove recalcitrant azo dyes and/or 

their organic metabolites, due to their colour fastness, stability and resistance to degradation, and 

some of these processes produce large amounts of sludge that may be responsible for secondary 

pollution problems. All these limitations prevent physicochemical methods to be adequate for the 

treatment of most textile industry effluents and, thus, biological treatment alternatives may be more 

suited.
14,5

 

1.2.2 Biological Treatments 

Biological wastewater treatment processes have proven to be more advantageous than 

physicochemical methods, since most of them do not require the addition of chemicals, their water 

consumption is lower, the amount of sludge they produce is smaller and has a lower chemical content, 

making these processes more eco-friendly and also cost competitive.
1,4

 These treatments are based 

on the stimulation of degradative capabilities of microorganisms for the removal of pollutants from  

wastewater, and, regarding the use of oxygen or other final electron acceptors, they can be classified, 

as aerobic, anaerobic, anoxic or facultative or a combination of these.
3
  

Even though biological treatments present advantages over physicochemical methods, most 

of the conventional biological procedures available are not suited for textile wastewater treatment due 

to the presence of recalcitrant compounds in these wastewaters.
1
 Concerning textile dyes, besides 

enzymatic degradation, colour can also be removed by biosorption of dye molecules by live or dead 

microbial cells, or by a combination of biodegradation and biosorption. However, the performance and 

Treatments for Textile Effluents 

Chemical Methods 

Oxidation Electrolysis Ozonation 

Physical Methods 

Reverse 
Osmosis 

Filtration 
Coagulation
/Floculation 

Adsorption 

Biological Methods 

Microorganisms Enzymes 
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efficiency of the decolourisation methods depend on dye structures and on the  physicochemical 

characteristics of the wastewater, such as pH, temperature, salt content and the presence of organic 

pollutants.
6,14

 Examples of biological wastewater treatment processes are presented next. 

Aerobic Processes 

Conventional aerobic systems are based on activated sludge technology and consist of 

wastewater treatment in an aerated tank, where flocs of active biomass oxidize organic carbon, 

followed by a secondary clarifier, where the effluent is separated from the biomass sludge by gravity 

settling. The effluent is then discharged or directed to tertiary treatment, depending on its future use, 

and part of the sludge can be recycled back to the reactor. The sludge composition depends on the 

wastewater, the environment and the reactor design, but aerobic bacteria represent the majority of the 

organisms.
15

 

Conventional aerobic wastewater treatment methods are considered ineffective for the 

treatment of textile wastewater because, although they are able to efficiently remove organic matter, 

little or no colour removal has been obtained for the majority of dyes, especially azo dyes.
3,16

 In 

addition, this type of treatment requires a large footprint, due to the relatively poor settling 

characteristics of activated sludge, which results in low permissible biomass concentrations in aeration 

tanks and in a low maximum hydraulic load of secondary sedimentation tanks. Furthermore, this 

treatment is more effective for large volumes of wastewater in which characteristics do not present big 

fluctuations, thus preventing it to be adequate for textile wastewater treatment.
15,17

 

The basic activated sludge design can be modified to achieve specific effluent goals for 

Biochemical Oxygen Demand (BOD), nitrogen and phosphorus. One of these modifications is the 

sequencing batch reactor (SBR), which has been used by several researchers to combine aerobic and 

anaerobic stages to treat textile wastewater, as it is discussed later on. 

Within the aerobic methods, biofilm processes, such as trickling filters and rotating biological 

contactors, have also been used for wastewater treatment and present advantages over conventional 

activated sludge systems, since the biofilm structure allows microorganisms to adapt to and withstand 

effluent fluctuations. Specifically regarding textile wastewater treatment, Šíma et al (2016)
18

 used a 

laboratory scale rotating drum biological contactor randomly filled with particulate carriers covered by 

white rot fungus Irpex lacteus mycelium to decolourise dye Reactive Orange 16, both in batch and 

continuous processes. Removal yields over 90% were achieved within 48 hours in the batch process, 

and over 80% in the continuous experiments with a liquid mean residence time of 33.3 hours. To 

achieve these yields it was necessary to provide glucose, which may compromise the large-scale 

process feasibility for economic reasons. Organic matter degradation was not mentioned in this study. 

Anaerobic Processes 

Generally, the aerobic processes for wastewater treatment are used preferentially to the 

anaerobic, because the latter are more time-consuming and can produce odours. In addition, an 

anaerobic treatment is only economically advantageous if the energy needed to heat the wastewater, 

so that the process is faster, can be recovered through the combustion of the produced biogas. This 

means that anaerobic treatment should only be used to treat high-strength wastewater, because 
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wastewaters with low organic content will result in low biogas production and, therefore, insufficient 

energy to compensate the energy spent in heating the wastewater.
19

  

Anaerobic processes using granular sludge were first developed in upflow anaerobic sludge 

blanket (UASB) reactors for the treatment of industrial wastewaters at the end of the decade of 1970.
20

 

Anaerobic granules are composed mainly by methanogenic, syntrophic acetogenic and various 

hydrolytical-fermentative bacteria and have been applied in full scale anaerobic reactors for 

wastewater treatment since the decade of 1980.
20

 In 2000, over 65% of all anaerobic digesters 

installed to treat industrial wastewater around the world were UASB reactors using anaerobic granular 

sludge.
21

 Anaerobic granular technology presents a few drawbacks, such as the need for a long start-

up period, a relatively high operation temperature, unsuitability for low strength organic wastewater 

and also the inability to adequately remove nutrients (nitrogen and phosphorus) from wastewater. In 

addition, regarding AgNPs, it has been proved that these nanoparticles have an inhibitory effect on 

microbial growth in anaerobic granular sludge, slowing the growth of specific microbial populations 

within anaerobic granules.
13,22

  

Anaerobic processes also include biofilm technologies to treat wastewater, such as the 

anaerobic filters. These processes are able to withstand and adapt easily to effluent changes, such as 

in pH, temperature and concentration of toxic substances, due to the biofilm characteristics. Also, they 

present a lower footprint than conventional activated sludge processes. There are, however, several 

limitations of these wastewater treatment technologies, such as the long start-up times that stem from 

biofilm growth and the elutriation of particles due to biofilm overgrowth. Also, it is complicated to 

control biofilm thickness and liquid distributors for fluidized systems in large-scale bioreactors present 

high costs and pose problems regarding clogging and uniform fluidisation.
23

 

On the other hand, anaerobic bioreactors present significant advantages that make them 

adequate to treat textile wastewaters, even if only partially. Besides the fact that these bioreactors are 

able to treat waste streams with high organic loads, like the effluents originated by the desizing and 

scouring operations, the reducing conditions of anaerobic processing allow the degradation of several 

dyes, which are generally resistant to degradation under aerobic conditions. Decolourisation efficiency 

is dependent on the anaerobic community responsible for the reducing conditions necessary for azo 

dye degradation, which is sensitive to toxic shocks, from the dye itself and from other effluent 

components such as heavy metals, sulphide and salts that are potentially inhibitory. Researchers have 

found that both acidogenic and methanogenic bacteria contribute to dye degradation and since dye 

decolourisation under methanogenic conditions requires an organic carbon/energy source, addition of 

co-substrates such as glucose, starch, acetate, ethanol, raw municipal wastewater and yeast extract, 

amongst others, has been reported to be essential for colour removal.
3,14

 

Regarding textile wastewater in particular, Somasiri et al (2008)
16

 reported over 90% of COD 

removal and over 92% of colour removal through biodegradation for real textile wastewater treatment 

in a UASB reactor. Gnanapragasam et al (2010) 
24

 used a hybrid biphasic UASB reactor, which 

consists of an UASB reactor coupled to an anaerobic digester, with different recycling ratios of effluent 

from the methanogenic reactor to treat real textile wastewater. Colour and COD removal yields of 93% 

and 96% and gas production of 355 L/day were obtained for the treatment of 6.81 kgCOD/(m
3
.day), 
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using starch industry wastewater as co-substrate and an effluent recycling rate of 30%. In addition, 

Sen et al (2003)
25

 removed 82% of COD and 59% of colour from real textile wastewater using an 

anaerobic fluidized bed reactor. 

Combination of Aerobic and Anaerobic Processes 

As reported by Delée et al (1998)
14

 , anaerobic processes are advantageous for the partial 

treatment of textile wastewaters, due to their ability to degrade dyes and treat waste streams with high 

organic loads, and should be followed by an aerobic post-treatment so that pollutants, such as dye 

metabolites, surfactants and residual BOD and COD can be completely mineralized and nutrients can 

be removed. The two processes are thus usually combined for textile wastewater treatment, enabling 

azo dye biodegradation, which is carried out in two stages. The first stage is performed under 

anaerobic conditions and consists of reductive cleavage of the azo bond and production of aromatic 

amines, and the second stage consists of mineralization of these amines in an aerobic process.
26

  

An example of this type of processes is the experience carried out by Mohanty et al (2006)
27

, 

in which the authors used acclimatized activated textile sludge in a two-stage anaerobic-aerobic 

reactor to decolourise azo dye Reactive Black-5. In a reaction period of two days, they were able to 

attain a colour removal yield of above 90% in the anaerobic tank and mineralisation of 46% of the 

aromatic amines in the aerobic treatment, which promoted oxidation of these metabolites. Another 

example is the experience performed by Kapdan et al (2005)
28

, where real textile wastewater was 

treated using an anaerobic packed column reactor followed by an activated sludge unit. With 48 hours 

of anaerobic stage and 10 hours of aeration, this process was able to attain colour and COD removal 

yields of 85% and 90%, respectively. No aromatic amine mineralisation was mentioned, but these 

authors further confirmed the advantages of a sequential anaerobic-aerobic process. 

As previously mentioned, sequencing batch reactors (SBRs) are a modification of the basic 

activated sludge design, operating in time, rather than in space. This process sequence usually 

involves five stages: filling, reaction, which may include aerobic and anaerobic stages, settling, 

draining and idle. This technology presents a reduced footprint when compared to the conventional 

design and cycles within this system can be easily modified, which makes it flexible to adapt to 

regulatory changes for effluent parameters, such as nutrient removal. SBRs are, therefore, an 

attractive technology for wastewater treatment and have been successfully applied to treat municipal 

and industrial wastewater.
29,15

  

Several researchers have reported the use of this technology for the treatment of coloured 

textile wastewater. Shaw et al (2002)
30

 used a six phase anaerobic/aerobic sequencing laboratory 

scale batch reactor to treat a synthetic textile effluent containing azo dye Remazol Black, obtaining 

colour and COD removal yields of 94% and 66%, respectively, and aromatic amines were partially 

mineralized in the aerobic stage. Lourenço et al (2003)
31

 used a sequencing batch reactor to degrade 

azo dye Remazol Brilliant Violet 5R, obtaining 90% of decolourisation yield after 13 hours of anaerobic 

stage, but mineralization of dye intermediates, even after changing inlet concentrations and aeration 

times, was not achieved. Gonçalves et al (2005)
32

 have used this technology to treat wool dyeing 

effluent with azo and anthraquinone dyes. The authors tested different conditions, and the best result, 

85±6% COD removal, was obtained with fast fill, 8 hours of anaerobic processing and 12 hours of 
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aeration, with most of the COD uptake occurring in the aerobic stage. Dye reduction was not 

quantified, but the authors noticed a significant decrease of the absorbance measured in the 

UV-visible range. The treated effluent, however, presented residual COD levels with recalcitrant 

pollutants that would need to be eliminated in order to meet the legislation requirements. 

Anaerobic-aerobic sequential treatment using SBR have, thus, shown to be a promising option for the 

treatment of textile effluents, as is supported by many researchers. 

1.3 Aerobic Granular Sludge Technology 

1.3.1 Basic Characteristics 

Conventional activated sludge systems drawbacks are mainly associated with the poor settling 

properties of activated sludge flocs, which result in inefficient separation of treated wastewater from 

sludge. The need to overcome conventional activated sludge drawbacks promoted research towards 

the development of aerobic granules. These were first developed in continuous aerobic upflow sludge 

blanket reactors in the early 1990’s.
22

 Later, in 1997 Morgenroth et al (1997)
33

 reported aerobic 

granulation in sequencing batch reactors (SBRs) and since then, several other researchers have 

studied this system. 

Aerobic granules were defined at the First Aerobic Granule Workshop 2004, Munich, 

Germany, as ―… aggregates of microbial origin, which do not coagulate under reduced hydrodynamic 

shear, and which subsequently settle significantly faster than activated sludge flocs.‖
34

 These granules 

are considered a special form of bacterial biofilm with a three-dimensional and more complex structure 

that grows in suspension, comprising millions of organisms per gram of biomass, which are attached 

to each other and embedded in an extracellular matrix.
11,35

  

When compared to conventional flocculent activated sludge, aerobic granules present a more 

regular, smooth round shape and a clearer outer surface. Their structure is dense and strong and 

provides good settling properties. This enables high biomass retention in bioreactors and increases 

the capacity to withstand high-strength wastewater and shock loadings. Since granular sludge 

reactors are able to maintain a high number of organisms in their interior, the contaminant 

transformation should be fast and concentrated, which means each reactor should be capable of 

treating large volumes of wastewater.
22

 

Aerobic granular sludge (AGS) is developed under aerobic conditions and is composed mainly 

by aerobic and facultative bacteria. The granulation process is described in more detail in section 

1.3.2. These agglomerates allow for anaerobic, aerobic and anoxic conditions to coexist, enabling the 

activity of different organisms in different regions within each granule, such as phosphate 

accumulating organisms (PAO), nitrifiers, denitrifiers and glycogen accumulating organisms (GAO). A 

representation of an aerobic granule structure and the location of some organisms within it can be 

seen in Figure 1-4.
34

 The major appeal of the AGS-SBR system is its ability to treat high-strength 

wastewaters containing nitrogen and phosphorus and toxic substances.
22,33
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Figure 1-4 – Aerobic granule structure. In this representation it is possible to distinguish the aerobic 

region from the anoxic one. The locations for phosphate accumulating organisms (PAO), nitrifiers, denitrifiers 

and glycogen accumulating organisms (GAO) within the aerobic granule are also represented. Figure adapted 

from Giesen et al (2012).
34

 

As any other immobilized-cell system for wastewater treatment, the performance of the 

AGS-SBRs depends on the concentration of active biomass, the overall biodegradation rates, the 

reactor configuration and the feeding rates of the pollutants and dissolved oxygen.
20,22,36

 

The scale-up of this technology is recent, with the first full-scale municipal plant being 

implemented in Epe, Netherlands, in 2011. Since then, it has been implemented to treat domestic 

wastewaters, as is the case of wastewater treatment plant in Frielas, Portugal, and effluents from the 

food industry in the Netherlands. In addition, another 40 plants in countries such as Australia, 

South Africa and Brazil are in various stages of design, construction and commissioning.
34

 

The AGS-SBR plants already functioning have proved to be more advantageous than 

conventional activated sludge processes, with improvements regarding process stability, effluent 

quality and energy savings. The good settling ability of aerobic granules ensures better biomass 

retention and concentration inside the reactor, and along with the unique granular structure, this allows 

an easy and better separation of the effluent from the biomass and enables the process to withstand 

high load variations. These properties enable a compact reactor design that can significantly reduce 

plant footprints, when compared to conventional wastewater treatment plants.
34

 

There is still little information about the use of AGS-SBRs for textile wastewater treatment, but 

some authors, such as Lourenço et al (2015)
37

 support the potential application of this system as an 

effective alternative to the conventional anaerobic/aerobic SBR technology using flocculent sludge. 

These authors compared the performance of two anaerobic/aerobic SBR systems, in which one 

contained flocculent sludge and the other used AGS, for the treatment of dye-laden textile wastewater 

and while similar colour removal was obtained in both systems, higher COD removal was attained 

when using AGS. Also, regarding detoxification potential, better performance of the AGS-SBR system 

was observed. Franca et al (2015)
7
 obtained dye removal yields above 90% and 77% of COD removal 

in the 1.5 hour-long anaerobic stage, while treating synthetic textile wastewater using this system. 

These authors observed complete mineralization of one of the aromatic amines formed during the 

anaerobic process in the 3.5-hour long aerobic stage and demonstrated the AGS-SBR system 

capacity to withstand shocks of high dye concentration and organic load, further confirming the 

potential of the AGS-SBR system to treat dye-laden textile wastewater. 



12 
 

1.3.2 Aerobic Granulation 

Mechanisms underlying granulation are still unknown, but several hypotheses have been 

suggested. Aerobic granulation may start with microbial self-adhesion, but bacteria do not aggregate 

naturally due to the repulsive electrostatic forces and hydration interactions between them. Thus, it is 

believed that microbial aggregation is a response from the microorganisms to selective pressure, 

where they bind and form easily settleable granules to avoid wash out. In SBRs, selective pressure 

results in the exit of less dense biomass from the reactor and in the retention of fast settling biomass, 

which in turn will impose selective pressure towards microbial growth and enrichment of fast settling 

aggregates. Cell surface hydrophobicity may also play an important role in granulation induction, 

which is also dependent on substrate composition and extracellular polymeric substances (EPS). The 

latter form a matrix that bridges bacterial cells together and maintains the granular structure. Various 

factors influence aerobic granulation and for it to happen, a number of conditions need to be satisfied. 

Some of these factors are briefly discussed next.
33,22

  

Cell Surface Hydrophobicity 

Cell surface hydrophobicity plays an important part in the self-immobilization and attachment 

of cells to a surface. In a thermodynamic sense, the increase in cell surface hydrophobicity results in a 

decrease in the excess Gibbs energy of the surface. This will favour solid-liquid phase separation and, 

therefore, microbial aggregation. The higher the hydrophobicity of the cell surface, the stronger the 

cell-to-cell interactions should be, and thus the denser and more stable the structure. Hydrophobicity 

is important for the maintenance of the stable microbial structure of the granules, and might actually 

be the main inducing force for the start of granulation.
36

 

Extracellular Polymeric Substances (EPS) Production 

EPS are metabolic products that accumulate on the surface of bacterial cells, therefore 

altering cell surface physicochemical characteristics such as hydrophobicity and charge, amongst 

others. These products include proteins, polysaccharides, humic acids and lipids secreted by bacteria. 

EPS promote cohesion, facilitate the attachment of cells to surfaces and also enable the transport and 

fixation of nutrients. This way, EPS is able to form a network where microorganisms, along with 

organic and inorganic particles, attach and become embedded, thus promoting granulation. This 

network is essential to ensure the growth and stability of microbial granules.
13,38

  

Settling Time 

Settling time acts as a major hydraulic selection pressure on the microbial population. When a 

short settling time is imposed, sludge with poor settling ability is washed out and the growth of fast 

settling bacteria is promoted. In addition, the cell surface hydrophobicity is significantly improved and 

the production of extracellular polysaccharides is stimulated. Therefore, short settling times promote 

aggregation and researchers have reported that mature aerobic granules tend to settle within one 

minute.
22

 

Hydraulic Retention Time (HRT) 

The hydraulic retention time is a measure of the mean length of time that a soluble compound 

remains inside a bioreactor. At a given exchange ratio, which is defined by the discharged effluent 

volume divided by the reactor working volume, HRT relates to the SBR cycle time, which can act as a 
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major hydraulic selection pressure on the microbial population present. Short cycle times result in 

short HRTs and stimulate microbial activity and cell polysaccharides production, also improving cell 

hydrophobicity. Tay et al (2002)
39

 tested cycle times of of 3, 6, 12 and 24 h in SBR and observed that 

the best nitrifying granules were formed at cycle times of six and twelve hours. In summary, HRT 

should be short enough to supress the suspended growth, but long enough to enable microbial growth 

and accumulation.
22

 

Hydrodynamic Shear Force 

Tay et al (2001)
36

 proved that shear force plays a crucial role in aerobic granulation and also 

influences the structure and the metabolism of granules. High shear force favours the formation of 

more regular and compact granules, as it improves their specific gravity, which in turn leads to great 

biomass retention in the reactor. In addition, it was found that an increase in shear force was coupled 

with an increase in cell surface hydrophobicity, polysaccharide production and microbial respiration 

activities, therefore favouring granulation. Strong shear force should also supress filament growth and, 

thus, improve granule stability.
22

 

Feast-Famine Conditions 

Studies have shown that intermittent feeding enhanced aerobic granulation and that pulse 

feeding to the SBR contributed to the formation of compact aerobic granules. Under periodic 

feast-famine conditions, cells degrade the substrate to a minimum concentration level and then are 

under an aerobic starvation phase. This regime increases cell hydrophobicity, which in turn facilitates 

microbial adhesion and aggregation.
38

 

Quorum-Sensing (QS) 

It has been suggested that quorum-sensing using N-acyl homoserine lactones (AHLs) as 

signal chemicals may play a role in granulation, since AHLs mediate the composition and functions of 

activated sludge communities, including biofilm formation, and aerobic granules are considered a 

special case of biofilm. Information regarding quorum-sensing in granules is presented in more detail 

in section 1.4.3. 

1.3.3 Impact of AgNPs on Aerobic Granular Sludge 

The long-term impacts of AgNPs on the stability, biochemical properties and microbial 

community of AGS have not been thoroughly investigated, but as the AGS-SBR system has proved its 

robustness when dealing with shocks of dye and COD loads, and since one of its major features is the 

treatment of wastewaters containing toxic substances, it is possible that this system can efficiently 

treat textile wastewater treatment when exposed to AgNPs.
40

 

Gu et al (2014)
11

 compared the short- and long-term inhibitory effects of AgNPs on flocculent 

and granular sludge, and observed that granules were more tolerant to AgNPs toxicity than flocs. 

Flocculent sludge was significantly inhibited in both ammonia oxidation and oxygen uptake rate after 

short- and long-term exposure, 12 hours and 22 days, respectively, while granular sludge was only 

inhibited in oxygen uptake after short-term exposure and maintained stable microbial activity after 

long-term exposure. The higher tolerance of AGS to AgNPs could be explained by the fact that 

biomass has great affinity with AgNPs, and since flocculent sludge has a larger specific area than 

granular sludge, there is more adsorption of these particles to flocculent sludge. This will reduce AgNP 
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homoaggregation and thus the size of AgNP aggregates in the media. Additionally, the higher effective 

surface area for silver dissolution results in higher Ag
+
 release and, possibly, higher toxicity. 

Furthermore, it is known that organic matter, such as EPS, can bind ionic silver, which results in 

higher AgNP dissolution. EPS is present in both flocculent and granular sludge, but is more exposed 

when in flocculent sludge, thus resulting in higher binding to Ag
+
 and, which can promote higher Ag

+
 

release. Due to its small specific area, granular sludge has little interaction with AgNPs, which means 

that when AgNPs concentration increases, their concentration in the aqueous suspension also 

increases, leading to bigger aggregates. Since the aggregates are bigger, their specific area is smaller 

and so less Ag
+
 should be released. Eventually, though, as AgNPs accumulate in the media, it is likely 

that Ag
+
 diffuses to the granules interior and causes toxicity.

11
 

Quan et al (2015)
40

 observed that throughout 69 days of exposure to 5 mg/L and 50 mg/L of 

AgNPs with a mean diameter of 50 nm, the granules shape, size and good settling ability were 

maintained and that the microbial community in AGS remained stable. In this study, microbial activities 

were stable in the first 35 days, but after this, significant inhibition in terms of oxygen respiration, 

ammonia oxidation and denitrification rates was observed for both dosages. Despite this, COD and 

ammonia nitrogen removal yields were kept high throughout the whole operation. Overall, AGS 

showed good tolerance to the long-term exposure to both dosages of AgNPs, consequence of the 

unique structure of aerobic granules that protects the more fragile and vulnerable bacteria from hostile 

and toxic environments. In addition, the interactions between the various microbial communities 

present within each granule also contributed to cell resistance to AgNPs.
40

 

In summary, although granular sludge is affected by AgNP exposure, biological wastewater 

treatment should be less affected when using AGS rather than conventional activated sludge 

processes.
11

 

1.4 Quorum-Sensing 

1.4.1 Basic Mechanism 

Quorum-sensing (QS) is a form of cell-to-cell communication that is used by several 

gram-positive and gram-negative bacterial species to coordinate the behaviour of entire microbial 

communities. QS consists of production, release and detection of signal chemicals, also known as 

autoinducer molecules. When cell density is low, the basal-level expression of autoinducer synthase 

genes results in the production of small quantities of these molecules, that later diffuse or are actively 

transported to the cell exterior. As cell density increases, the signal chemicals accumulate in the 

surrounding environment, and when concentration reaches a threshold value these signals are 

detected and bind to regulator proteins, activating them. These active regulators will then interact with 

target DNA sequences, resulting in the enhancement or blockage of quorum-sensing-regulated genes 

transcription. These genes are responsible for the mediation of specific functions, such as 

biosurfactant synthesis, virulence factor, exopolysaccharide and toxin production, motility and growth 

behaviour. By affecting gene expression, quorum-sensing within and between species allows 

microbial communities to adapt to changes in the surrounding environment and survive.
35,41,42
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Quorum-sensing occurs through different systems in gram-negative and gram-positive 

bacteria, using mainly N-acyl homoserine lactones (AHLs) and secreted peptides as signal molecules, 

respectively. In addition, molecules known as autoinducer-2 (AI-2) are used as interspecies signals. 

Quorum-sensing using AHL as signal molecule is the most well studied bacterial intercellular signalling 

mechanism and is present in representative species of over 20 genera within the α, β and 

γ-Proteobacteria. Several classes of signal chemicals exist and each bacterial species may use 

various signal chemicals of different types to communicate, which allows differentiation between 

species in consortia.
41,43–45

  

1.4.2 N-acyl Homoserine Lactone Detection by Biosensors 

Several methods have been used for the detection of AHLs, and techniques using biosensors 

have proven to be convenient, fast and effective for this purpose. These systems consist in the 

detection of a phenotypic response from a reporter strain to the presence of AHLs, such as 

bioluminescence or β-galactosidase activity.
46

 

Various bacterial biosensors have been used to detect the presence of AHLs and it has been 

found that different reporter strains respond to different AHLs, since each receptor protein binds to 

different ranges of this signal molecule. Chromobacterium violaceum and Pseudomonas aeruginosa 

PAO1 M71LZ, for example, can be used to detect AHLs with short/medium and long acyl chains, 

respectively, and other biosensors, such as Agrobacterium tumefaciens, are able to detect a broad 

range of AHLs.
46,47

 Researchers such as Singh and Greenstein (2006)
45

 and Steindler and 

Venturi (2007)
47

 came to the understanding that A. tumefaciens presents the broadest sensitivity to 

AHLs to the lowest concentrations of all the biosensors developed so far. More precisely, it detects 3-

oxo-substituted AHL-derivatives with acyl chain lengths from 4 to 12 carbons and also 3-unsubstituted 

AHLs, with the exception of C4-AHL.
47

  

A. tumefaciens is a plant pathogen that transfers oncogenic DNA, namely the Ti (tumour 

inducing) plasmid, to the nucleus of susceptible hosts, inducing the growth of crown gall tumours. This 

conjugal transfer is controlled by QS, which relies on regulator TraR and its cognate signal, the 

acyl-homoserine lactone signal molecule Agrobacterium autoinducer (AAI), N-(3-oxo-

octanoyl)-L-homoserine lactone (3-oxo-C8-HSL), which is represented in Figure 1-5. When population 

density is high, these two combine and activate the transcription of the tra system, responsible for the 

conjugal transfer of the Ti plasmid from the donor bacteria to a host.
44,48

 

A. tumefaciens NTL4 (pZLR4) is a derivative of the nopaline-agrocinopine type strain C58 that 

lacks the Ti plasmid and contains the pZLR4 plasmid.
49

 This plasmid includes inserts from pTiC58 

encoding a traG::lacZ fusion and traR, but does not include traI, which encodes AAI synthase. This 

means that this strain is not able to produce detectable levels of AAI. The Ti plasmid from strain C58, 

pTiC58, is represented in Figure 1-6.
45

 

 

Figure 1-5 – Molecular structure of N-(3-oxo-octanoyl)-L-homoserine lactone (3-oxo-C8-HSL).
49
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Figure 1-6 – Circular map of A. tumefaciens C58 Ti plasmid. The T-region and the regions specifying 

nopaline catabolism (noc), virulence (vir), plasmid replication (oriV/rep), agrocinopine catabolism (accR/acc) and 

conjugal transfer (traI/trb and oriT/tra). Plasmid pZLR4 contains genes encoding traR and traG::lacZ fusion. 

Figure adapted from Piper et al (1999).
48

 

Singh and Greenstein 
45

 developed a simple, rapid and sensitive microtiter plate method to 

detect AHL-related compounds using A. tumefaciens NTL4 (pZLR4). In this method, when the reporter 

strain is in the presence of AHL, TraR is activated and induces expression of traG::lacZ fusion reporter 

gene. This will lead to the production of β-galactosidase enzyme, which in turn will hydrolyse the X-gal 

that is added, resulting in the production of 5-bromo-4-chloro-indoxyl. This compound then oxidizes 

and spontaneously dimerizes to 5,5'-dibromo-4,4'-dichloro-indigo, which is a blue pigment, allowing 

the detection and quantification of AHL molecules. These authors validated this method in both 

96- well and 384-well plate formats. In addition, Kawaguchi et al (2008)
50

 and Li et al (2014)
41

 used 

this principle, and the correlation between the β-galactosidase expression system and the AHL 

concentration allowed them to detect and quantify AHL content in their studies. 

1.4.3 Quorum-sensing in Aerobic Granules 

It is known that QS plays a role on cell adhesion and biofilm formation and structure, as it has 

already been described for pure-culture laboratory systems, where signal chemicals produced by 

biofilm bacteria induce attached growth in bacterial cells, as opposed to suspended growth. Recently, 

researchers have been trying to understand how this phenomenon is involved in biofilm formation in 

mixed-culture systems. The understanding of QS in microbial communities will allow a better 

prediction of community behaviour and also the manipulation of community parameters through signal 

chemicals addition.
35,41,43

  

As previously mentioned, the mechanisms involved in granulation have not yet been fully 

disclosed, and although AI-2-based QS has been found to be of great importance for aerobic granule 

maturation, information regarding AHL-based QS on activated sludge and aerobic granular systems 

still lacks.
41

 

Regarding activated sludge, Valle et al (2004)
43

 suggested that AHLs may affect the microbial 

community dynamics and growth behaviour in an industrial wastewater treatment system, thus 

influencing ecosystem function and the treatment itself. Years later, Ren et al (2010)
35

 proved that 
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granulation of seed flocculent sludge can be highly accelerated by adding cellular extracts from 

mature granules, especially intracellular extracts. Chemical analysis of these extracts showed that the 

signal chemicals responsible for this apparent QS-effect may be AHLs and AHL-like molecules. These 

tests may not be complete or conclusive, but along with the knowledge that AHLs mediate the 

composition and functions of activated sludge communities, including biofilm formation, and since 

aerobic granules are considered a special case of biofilm, the authors suggested that AHL-based QS 

may play an important role on granule formation.
35,43

 

Li et al (2014)
41

 later proved that aerobic granules contained, indeed, AHLs and monitored the 

performance of AHL-based QS in aerobic granules. These authors found that AHL-based QS is 

connected to the physicochemical properties of aerobic granules and that is also positively correlated 

with the production of extracellular polymeric substances (EPS) by microorganisms in activated 

sludge. Since EPS functions as a primary scaffold in aerobic granules, aiding in bacteria attachment 

and maintaining granular structure, the authors concluded that AHL-based QS is important for granule 

stability.
41

 

1.5 Context of the Dissertation 

The growing consumers’ demands from the textile industry result in an increasing product 

diversity. Nanoparticles, particularly AgNPs, have been found useful for several products, including 

textile materials for medical and sports applications, amongst others. Regarding the textile industry, it 

is known that the binding of AgNPs to fibres in the finishing step of textile production is often 

inefficient. This means that textile industry effluents not only contain large amounts of dyes and other 

pollutants, but also AgNPs and Ag
+
, which will probably increase their negative impact on the 

environment when wastewater treatment is inefficient. 

Due to their antimicrobial properties, the effect of the presence of AgNPs on wastewater being 

treated by biological methods may be a cause of worry, especially so when the production of 

AgNP-containing goods is expected to increase over time.
9
 Thus, the aim of this work was to quantify 

the impact of AgNPs on simulated textile wastewater treatment efficiencies with AGS using different 

experimental scenarios, including the granulation step. In addition, the impact of AgNPs on 

quorum-sensing and its relation with granulation ability was investigated. 
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2. Materials and Methods 

2.1 Experimental System 

The experimental system consisted of two anaerobic-aerobic SBRs, SBR1 and SBR2, fed with 

simulated textile wastewater. This synthetic wastewater comprised the carbon source Feed-C and the 

nitrogen source Feed-N (see sections 2.2.1 and 2.2.2, on page 19), and contained a COD:N:P mass 

ratio of 100:3.7:37. SBR1 was also supplemented with an AgNPs suspension, while SBR2 worked as 

an AgNP-free control reactor. The two SBRs were run in parallel, at room temperature, in 6-h cycles 

with an HRT of 12 hours and with no imposed solids retention time (SRT) during the course of the two 

operations, Operation 1 and Operation 2 (see section 2.3). Each cycle was composed by five stages: 

fill, reaction, which included a mixed anaerobic stage and an aerobic stage, settling, drain and idle. 

The SBR cycle, including the time of each stage, is represented in Figure 2-1. 

 

Figure 2-1 – Schematic representation of one, 6-h SBR cycle, comprising six stages: fill, anaerobic 

mixing, aeration, settling, drain and idle. 

The reactors had a working volume of 1.5 L (height/diameter ratio of 2.5) and included one 

magnetic stirrer each, to provide mixing (70 rpm) in the anaerobic stage. These SBRs also included a 

fine bubble diffuser at the bottom that provided aeration (2 v.v.m.) in the aerobic stage, with air 

supplied by air compressors (SPP-20 GJ-L, Hiblow, Japan). 

The feeding was performed at the bottom of the SBRs. The volumetric organic loading rate 

(OLR) was 2.0 kg COD /(m
3
.d)

 
and the theoretical concentration of the azo dye Acid Red 14 at the 

start of the anaerobic stage was 20 mg/L, considering no dye accumulation over the course of the 

operation. Regarding AgNPs, SBR1 was supplied with an AgNP suspension at the top of the vessel 

with an initial concentration of 5.0 mg/L or 10.0 mg/L at the beginning of the reaction stage of 

Operation 1 or Operation 2, respectively. SBR2 worked as an AgNP-free control reactor. The 

distribution of the synthetic textile wastewater and the AgNPs from the feed containers to the reactors 

was performed using peristaltic pumps (Mini-S 660, Ismatec, Switzerland).  

SBR1 and SBR2 operated with a volume exchange ratio (VER) of 50% and the drainage of 

the supernatant obtained after sludge settling (the effluent of the process) was performed using gear 
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pumps (Reglo-Z, Ismatec, Switzerland). All the pumps, stirrers and air compressors worked 

automatically and were controlled by software that was specially developed to control the different 

stages of the SBR cycle, the IST Control. The experimental set-up can be seen in Figure 2-2. 

 

Figure 2-2 – Experimental set-up for SBR1. Synthetic wastewater was fed to the reactor using peristaltic 

pumps. The carbon and nitrogen sources, Feed-C and Feed-N, respectively, were fed at the bottom of the 

bioreactor, and AgNPs were fed at the top of the vessel. The treated wastewater, obtained after the settling 

stage, was discharged using a gear pump. Mechanical mixing (70 rpm) was provided by a magnetic stirrer. 

Aeration (2 v.v.m) was supplied by an air compressor through a fine bubble diffuser at the bottom of the reactor. 

The pumps, the magnetic stirrer and the air compressor were controlled automatically, using the software IST 

Control. 

2.2 Synthetic Textile Wastewater 

The synthetic textile wastewater used to feed the SBRs comprised a carbon source and a 

nitrogen source that were prepared separately, as Feed-C and Feed-N, respectively. 

2.2.1 Feed-C 

Feed-C was prepared by diluting a starch-based sizing agent used in the cotton textile 

industry, Emsize E1 (Emsland-Stärke GmbH, Germany) (100 g/L), to a COD concentration of 

1000 mgO2/L. Emsize was previously hydrolysed in order to simulate the oxidative desizing conditions 

used in the textile industry before the sizing agent is released in the effluent. For the hydrolysis, 100 g 

of Emsize E1 and 40 g of NaOH were dissolved in distilled water and stirred during 15 hours at room 

temperature. Afterwards, the hydrolysed solution was neutralized to pH 7.0 ±0.05 using 37% HCl and 

diluted to 1L with distilled water. The solution containing Emsize E1 was then supplemented with 

CaCl2 (27.5 mg/L), MgSO4·7H2O (22.5 mg/L) and FeCl3·6H2O (250 µg/L). 

2.2.2 Feed-N 

Feed-N was prepared by dissolving phosphorus and nitrogen salts and other micronutrients to 

the following concentrations: 2310 mg/L Na2HPO4·12H2O, 762 mg/L KH2PO4, 143 mg/L NH4Cl, 
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40 µg/L MnSO4·4H2O, 57 µg/L H3BO3, 43 µg/L ZnSO4·7H2O and 35 µg/L (NH4)6Mo7O24·4H2O. The 

azo dye Acid Red 14 (AR14, Chromotrope FB, Sigma Aldrich, 50% dye content) was added to a final 

concentration of 40 mg/L from a stock solution that was prepared by dissolving this azo dye in distilled 

water to a concentration of 5 g/L. 

2.2.3 AgNPs Preparation 

The AgNPs suspension was prepared by dispersing 100 mg of these nanoparticles (in the 

form of nanopowder, <100 nm particle size, Sigma Aldrich) in 1L of MilliQ water. This suspension was 

then sonicated (VWR, Internation bvba/sprl, Belgium) for 60 minutes at 80W. After sonication, in 

Operation 1, this suspension was diluted with 1L of MilliQ water to a concentration of 50.0 mg/L, while 

in Operation 2 no dilution was performed. 

2.3 Operations 

Two distinct operations were monitored in this work, Operation 1 and Operation 2, which are 

described next and also summarized in Table 2-2. 

2.3.1 Operation 1 

In Operation 1 the inoculum for SBR1 and SBR2 was AGS that had been used in a previous 

operation and had been stored at room temperature for 40 days. Since granulation had already been 

achieved in the previous operation, the normal SBR cycle was implemented for the entire duration of 

the operational period. Feed-C and Feed-N were kept in different containers during the Fill stage to 

prevent contamination of the feed solution. The initial concentration of AgNPs in SBR1 was 5.0 mg/L 

and SBR2 was used as an AgNP-free control. SBR1 and SBR2 were monitored during 105 days in 

order to determine the impact of AgNPs at a concentration of 5.0 mg/L on SBR performance, including 

the reactivation of AGS after a 40-day storage period at room temperature. Operation 1 comprised 

period I (days 1-83), in which every component of the feed solution presented its normal 

concentration, and period II (84-105), in which the NH4Cl concentration was increased two-fold. 

2.3.2 Operation 2 

In Operation 2, both reactors were inoculated with fresh activated sludge flocks (1.30 gTSS/L 

in SBR1 and 1.24 gTSS/L in SBR2) collected from a conventional wastewater treatment plant in 

Chelas, Lisbon, Portugal. Aerobic granulation was induced by applying enough sheer stress and by 

gradually decreasing the settling time. Operation 2 was composed of periods I to VIII, which differed 

only in the settling time. The different settling times and the operation days in which they were 

imposed on both reactors are represented in Table 2-1. Feed-C and Feed-N were kept in the same 

container during the Fill stage, to ensure that both solutions entered the reactors in the right 

proportions. The initial concentration of AgNPs in SBR1 was 10.0 mg/L and SBR2 was used as 

AgNP-free control reactor. This operation was monitored during the course of its first 44 days, in order 

to assess the impact of AgNPs at a concentration of 10.0 mg/L on the treatment of synthetic textile 

wastewater.  
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Table 2-1 - Settling times applied during the granulation process in Operation 2. 

Settling 

time (min) 
60 40 30 20 15 10 7 5 

Operational 

time (d) 
1 3 7 10 14 17 24 28 

Period I II III IV V VI VII VIII 

 

Table 2-2 - Description of the operations in which the performances of SBR1 and SBR2 were monitored. 

Operation 1  SBR1 and SBR2 initiated the operation with aerobic granules that had been 

previously used in synthetic textile wastewater treatment and then stored at room 

temperature for 40 days. 

 The initial AgNP concentration in SBR1 cycles was 5.0 mg/L. 

 On day 84, the COD:N:P ratio was changed to 100:7.4:37. 

 This operation lasted 105 days. 

Operation 2  SBR1 and SBR2 were inoculated with activated sludge flocs collected from a 

wastewater treatment plant. 

 The initial AgNP concentration in SBR1 cycles was 10 .0mg/L. 

 The study of this operation lasted 44 days. 

2.4 SBR Performance Monitoring 

During the course of Operation 1 and Operation 2, various chosen cycles were studied in 

terms of sludge properties and treatment efficiency, so that the performance of SBR1 and SBR2 could 

be monitored along the two operations.  

2.4.1 Sludge Properties 

2.4.1.1 AGS Morphology 

Biomass morphology was analysed during the experimental operations using a transmission 

light microscope, BA200 Binocular, Moti, fitted with a digital camera and respective software, 

Moticam 2, Motic. 

2.4.1.2 Granule Size 

Throughout the experimental operations, the proportion of granules and flocs in the reactors 

was determined through sieve analysis. For this purpose, 20 mL samples of each reactor were taken 

and two sieves with mesh diameters of 0.2 mm and 0.65 mm were used to sift biomass granules. After 

sieving, biomass was quantified in each fraction using the protocols described for Total Suspended 

Solids (TSS) and Volatile Suspended Solids (VSS) determinations (section 2.4.1.4) and the mass 

fractions of flocs and small and large granules were calculated. 

2.4.1.3 Sludge Volume Index (SVI) 

The Sludge Volume Index (SVI) is generally calculated as the volume in mL occupied by 1g of 

activated sludge after 30 minutes of settling (SVI30). In this study, SVI was also calculated after 
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5 minutes of settling (SVI5). SVI was determined by pouring 1 L of mixed liquor (sample volume) in an 

Imhoff cone and by registering the volume occupied by sludge after 5 and 30 minutes of settling 

(settled sludge volume). Considering these values and the TSS value previously determined in the 

mixed liquour, SVI can be calculated using Equation 2-1. 
51,52

 

2.4.1.4 Total and Volatile Suspended Solids 

TSS (Total Suspended Solids) and VSS (Volatile Suspended Solids) were determined in the 

mixed liquor of the reactors for each studied cycle. Since it was also important to monitor the solids 

concentration in the treated effluents, TSS and VSS were also determined for the effluents discharged 

from the cycles that occurred immediately before the monitored ones. TSS was determined by filtering 

20 mL and 10mL of effluent and mixed liquor, respectively, using previously weighed glass microfiber 

filters (Whatman, GF/C, ø 47 mm), in a vacuum filtration system, composed by an EMD Millipore 

Chemical Duty Vacuum Pressure Pump and a Millipore stainless steel filtration support. Afterwards, 

these filters were dried in a drying balance (HB-43-S, Mettler-Toledo) and weighed in an analytical 

balance (Mettler AE160). TSS values were determined using Equation 2-2. 

VSS values were determined by subjecting the filters used for TSS determination to 550ºC in 

a muffle furnace (Nabertherm, L3/S27, Germany) during 1.5 hours and afterwards weighing them (with 

the ash residue) in the analytical balance. VSS values were determined using Equation 2-3. 

2.4.1.5 Solids Retention Time (SRT) 

The Solids Retention Time (SRT), also called sludge age, is the average time that the sludge 

solids spend in the system. SRT values were estimated once a week, taking into account the average 

of the TSS values determined in the respective week. SRT values (d) were calculated using Equation 

2-4. 

    
       

                     
 Equation 2-4 

In which TSSR corresponds to the average TSS value in the mixed liquor in the respective 

week, in g/m
3
, VR is the reactor working volume, in m

3
, TSSEf is the average TSS value of the effluents 

discharged in the respective week, in g/m
3
, QEf is the treated effluent removal rate in each week, in 

m
3
/d, and VS is the total volume of mixed liquor collected for sampling, in m

3
. 

2.4.2 Treatment Performance 

In order to assess the progress of the wastewater treatment in the SBR cycles, 10 mL mixed 

liquor samples were collected at different times along each chosen cycle and centrifuged at 21ºC and 

4000 rpm for 10 minutes, using a centrifuge model 5810 R from eppendorf. The collected 

supernatants were afterwards analysed in terms of AR14 concentration, COD and pH. 

        ⁄   
                                           ⁄  

          
 

       

 
 Equation 2-1 

    
                                       

                 
 Equation 2-2 

    
                                            

                 
 Equation 2-3 
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2.4.2.1 Colour Removal 

The supernatants of the centrifuged samples were analysed using a UV-VIS 

spectrophotometer (Analytik Jena, Germany) in order to determine the absorbance (Abs) value at 

515 nm, the wavelength at which AR14 absorbs the most in the visible range. Using the previously 

established standard curve for AR14 represented in Figure 2-3, it was possible to determine the 

variation of AR14 concentration within each cycle and, therefore, the evolution of colour removal for 

both SBRs along each operation. 

 

Figure 2-3 - Standard curve for correlation between AR14 absorbance at 515 nm (against distilled 

water) and AR14 concentration: y= 0.0323x+0.0085. 

2.4.2.2 COD Removal 

Chemical Oxygen Demand (COD) measures the total amount of oxygen necessary to oxidize 

soluble and particulate organic matter in water.
53

 The determination of the dissolved COD values over 

time in each cycle involved the use of potassium dichromate, K2Cr2O7, a strong oxidizing chemical, to 

oxidize the organic matter into CO2 and H2O under acidic conditions. By knowing the amount of 

K2Cr2O7 that is available to oxidize the organic matter in each sample and the remaining quantity after 

this oxidation, it is possible to quantify the organic matter that was oxidized and the percentage of 

COD removal over time. 

In order to determine the variation of dissolved COD along the studied cycles, 1.5 mL of 

supernatant of each centrifuged sample was put in a tube, along with 1 mL of K2Cr2O7 and 2 mL of 

H2SO4 with Ag2SO4 solution. The tubes were then put in a digester (digital dry bath, AccuBlock, 

Labnet) where the reaction occurred at 150±2ºC for 2 hours. The samples were digested in duplicate 

and two blanks were digested along with the samples, which included 1.5 mL of distilled water instead 

of sample. After the digestion and after the tubes cooled down, each sample was transferred to a 

50 cm
3
 erlenmeyer. The respective tube was washed twice with distilled water into the erlenmeyer and 

one drop of ferroin solution was added to indicate the end of the titration. After this, the samples were 

titrated with a ferrous ammonium sulphate (FAS) solution 0.0125M, in order to determine the 

dichromate in excess in each sample. In each titration, the molarity of the FAS solution was calculated 

by titrating a standard solution that included distilled water, 1 mL of K2Cr2O7 standard solution 

(12.2073 g/L) and 2 mL of H2SO4. By subtracting the volume of FAS used to titrate each sample to the 

volume used to titrate the blank, and knowing the molarity of the FAS solution, the excess potassium 

dichromate was quantified and the amount of organic matter, as COD, was determined.  
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2.4.2.3 pH 

The pH variation on the mixed liquor inside both SBRs within each chosen cycle was 

assessed by determining the pH value of the supernatants collected from the centrifuged samples, 

using a Metrohm 6.0202.100 glass electrode connected to a Metrohm 691 potentiometer (Metrohm, 

Switzerland). 

2.5 Quorum-Sensing Analysis 

2.5.1 Strains and Growth Conditions 

Agrobacterium tumefaciens NTL4 carrying the plasmid pZLR4, which was used as the AHL 

reporter strain, was kindly provided by Ramón Peṅalver from Instituto Valenciano de Investigaciones 

Agrarias, Valencia, Spain. This strain lacks the Ti plasmid, which prevents it to produce detectable 

levels of agrobacterium autoinducer (AAI, N-(3-oxo-octanoyl)-L-homoserine lactone). In addition, the 

pZLR4 plasmid confers resistance to gentamicin and carbenicilin and contains a traG::lacZ fusion and 

traR, which enables the production of a blue colour when Agrobacterium tumefaciens NTL4 (pZLR4) is 

in the presence of AHLs and 5-bromo-4-chloro-3-indolyl-β-D-galacto-pyranoside (X-Gal). 

A. tumefaciens NTL4 (pZLR4) was initially stored in cryovials with 20% glycerol at -80ºC. 

Afterwards, bacterial activation was performed by inoculating 5 mL of liquid LB medium containing 

50 µg/mL of gentamicin with 40 µL of this strain and incubating the culture overnight in a rotary shaker 

at 28ºC and 150 rpm. This culture was then plated in solid LB medium, which also included 50 µg/mL 

of gentamicin, grown overnight at 28ºC and then stored at 4ºC. Before each AHL analysis, 

A. tumefaciens NTL4 (pZLR4) was grown for 16-18 hours in 5 mL of minimal medium supplemented 

with 50 µg/mL of gentamicin in a rotary shaker at 28ºC and 150 rpm. 

2.5.2 AHL Quantification 

2.5.2.1 AHL Extraction 

Quorum-Sensing (QS) analysis was performed for samples of SBR1 and SBR2 collected 

during the granulation step of Operation 2. Mixed liquor samples with volumes containing 10 mg of 

biomass were harvested from both reactors at the end of each studied cycle. Afterwards, N-acyl 

homoserine lactones (AHLs) were extracted based on the method described by Ren et al (2010)
35

. 

First, the samples were centrifuged at 4ºC and 6000 rpm for 10 minutes. Then, the supernatants (S1) 

were removed and stored at -20ºC along with the pellets. The pellets of the selected samples were 

later re-suspended in 1.5 mL of MiliQ water and sonicated, using an ultrasonic homogenizer Sonopuls 

HD 3200, Bandelin, in an ice bath at an acoustic intensity of 30W for 10 minutes in order to break-up 

bacterial cells. After sonication, the suspensions were centrifuged at 4ºC and 10 000 rpm for 

10 minutes and the resulting supernatants (S2) were collected and stored at -20ºC. 

2.5.2.2 AHL Measurement 

The AHL content was measured with base on the method described in Singh and Greenstein 

(2006)
45

 and modified by Li et al (2014)
41

, with some alterations. The reporter strain, A. tumefaciens 

NTL4 (pZLR4) was grown in minimal medium (2 g/L glucose, 10.5 g/L K2HPO4, 4.5 g/L KH2PO4, 2 g/L 
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(NH4)2SO4, 0.2 g/L MgSO4·7H2O, 15 mg/L CaCl2·2H2O, 10 mg/L FeSO4·7H2O, 3 mg/L MnSO4·H2O) 

supplemented with 50 µg/mL of gentamicin until late exponential phase (16 to 18 hours) in a rotary 

shaker at 28ºC and 150 rpm. Afterwards, the bacterial culture was diluted in fresh minimal medium 

with no gentamicin to an OD600 of 0.1. Then, 1 mL of this culture was dispensed per each sterilized 

tube, which already contained 1 mL of supernatant S2, and afterwards the tubes were incubated in a 

rotary shaker at 28ºC and 150 rpm for 16 to 18 hours. Along with the sample tubes, a tube containing 

1 mL of diluted culture and 1 mL of MilliQ water instead of supernatant S2 was also incubated, to 

serve as control. After incubation, 200 µL of each tube were dispensed per eppendorf along with 50 µL 

of X-gal (20 mg/mL in dimethyl sulphoxide-DMSO). The eppendorfs were then homogenised in a 

vortex and incubated in the dark and at room temperature for 2 hours. After incubation, the 

suspensions settled for 20 minutes and were dispensed in 80 µL aliquots per well of a 96-well 

microplate (Greiner, Germany) so that their absorbance could be read at 615 nm using a microplate 

reader (Varian, Cary 50 Bio UV-Visible Spectrophotometer). 

2.5.2.3 Standard Curve 

In order to quantify the AHL concentration over time in SBR1 and SBR2, it was necessary to 

build a standard curve with known concentrations of AHL. This way, solutions with various 

concentrations of N-(3-oxo-dodecanoyl)-L-homoserine lactone (ODHL) were incubated with a bacterial 

culture using the procedure described previously for the supernatant S2. First, the reporter strain 

A.tumefaciens NTL4 (pZLR4) was incubated in a rotary shaker at 28ºC and 150 rpm to late 

exponential phase (16-18 hours) in minimal medium supplemented with 50 µg/mL of gentamicin. After, 

the culture was diluted in fresh minimal medium with no gentamicin to an OD600 of 0.1 and 1 mL of this 

diluted culture was dispensed per tube, in which 1 mL of ODHL solution (between 0 nM and 2 nM) had 

already been placed. After incubation in the same conditions as before (16-18 hours, 28ºC and 

150 rpm), 200 µL of solution from each tube were collected and placed in an eppendorf along with 

50 µL of X-gal (20 mg/mL in DMSO). The eppendorfs were later homogenised in a vortex and 

incubated for 2 hours at 150 rpm, in the dark and at room temperature. After incubation, the 

eppendorfs were placed in a support for 20 minutes, so that settling could occur. The suspensions 

were then dispensed in 80 µL per well of a 96-well microplate (Greiner, Germany) and the absorbance 

of the different solutions was read at 615 nm, using a microplate reader (Varian, Cary 50 Bio 

UV-Visible Spectophotometer). This way, a relation between absorbance at 615 nm and ODHL 

concentration was obtained. 
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3. Results and Discussion 

3.1 Context  

The aim of this study was to assess the impact of AgNPs on textile wastewater treatment with 

AGS technology, including the granulation step. In order to accomplish this, a simulated textile 

wastewater containing the azo dye AR14 was supplied to two anaerobic/aerobic SBRs, SBR1 and 

SBR2, throughout two distinct operations: Operation 1, where SBR1 was supplied with 5.0 mg/L of 

AgNPs; and Operation 2, where SBR1 was supplied with 10.0 mg/L of AgNPs. SBR2 was used as an 

AgNP-free control in both operations. The SBR system operated at room temperature, in 6 h cycles 

with an HRT of 12 h and with no imposed SRT or pH control in both operations.  

In Operation 1, the SBR systems were inoculated with aerobic granules obtained in a previous 

operation (data not shown) and stored at room temperature during 40 days. SBR1 cycles had an initial 

AgNPs concentration of 5.0 mg/L. This operation, which lasted 105 days, was divided into two periods: 

period I, which started at day 1 and lasted till day 83, and period II, which started at day 84 and ended 

at day 105. In period II there was a two-fold increase in NH4Cl concentration in the feed solution in 

order to promote the establishment of a nitrifying bacterial community. Comparing the performance of 

the two reactors will show the impact of AgNPs, at a concentration of 5.0 mg/L, on textile wastewater 

treatment performance with AGS, including the reactivation of the aerobic granules after storage. 

In Operation 2, the SBR system was inoculated with flocculent activated sludge collected from 

a conventional wastewater treatment plant and the initial AgNPs concentration in SBR1 cycles was 

10.0 mg/L. This operation included a granulation step, and thus the settling time was gradually 

decreased to promote sludge aggregation. Operation 2 was, therefore, divided in several 

periods (I-VIII) that only differed in terms of settling time. This operation lasted 44 days and similarly to 

Operation 1, comparing the performance of the two reactors will demonstrate the impact of AgNPs, at 

a concentration of 10.0 mg/L, on the treatment of textile wastewater with AGS, including granulation. 

In addition, the analysis of the AHL levels in SBR1 and SBR2 throughout the granulation step will 

provide insights on the role of AHL-based quorum-sensing in aerobic granule formation and also on 

the impact of AgNPs on quorum-sensing. 

The treatment performance of each reactor in each operation will also be compared, not only 

to assess the impact of different AgNP concentrations, but also the influence of the seed sludge, 

namely fresh flocculent activated sludge or aerobic granular sludge stored at room temperature. 

3.2 Sludge Properties 

3.2.1 AGS Morphology 

3.2.1.1 Results 

Over the course of Operation 1 and Operation 2, biomass morphology was analysed through 

light microscopy, so that the success of aerobic granulation and the maintenance of the granular 

structure could be assessed. Sludge morphology in SBR1 and SBR2 throughout Operation 1 was 

observed at magnifications 40 (Figure 3-1) and 100 (Figure 3-2). Figure 3-3 and Figure 3-4 present 
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the evolution of the granules morphology at magnifications 40 and 100, respectively, during 

Operation 2.  

3.2.1.2 Operation 1 Discussion 

In Figure 3-1, it is possible to infer that neither SBR1 nor SBR2 started the operation with 

typical granular sludge. This is likely due to the sludge in both reactors being stored at room 

temperature for 40 days in the summer without feed sources. A high storage temperature combined 

with the absence of external substrate may lead to endogenous respiration and a rapid granule 

disintegration.
22

 Furthermore, small and dark AgNP aggregates were observed adsorbed in SBR1 

biomass. 

One can conclude that throughout Operation 1, sludge on both reactors underwent a new 

process of granulation. By day 10, small granules were observed in SBR1, contrasting with biomass in 

SBR2 that was still aggregated in big clusters with rounded darker shapes within them, which may 

have been distinct granules from the previous operation. By day 51, small granules were also 

observed in SBR2. In the early stage of the operation, clear irregular shapes, which may have been 

aggregates of extracellular polymer substances (EPS), were seen in association with biomass on both 

reactors. It is likely that EPS production increased as a response of the cells to the sudden changes in 

conditions, and thus its presence was more noticeable in the first days of operation. 

Granule development seemed to have occurred successfully in SBR2, in which granules with 

rounded shapes and irregular outlines enlarged and became more compact over the course of 

Operation 1. It was also notorious the presence of distinct spherical and dense nuclei within the 

flocculent fraction, which may have been granule precursors. These small sludge aggregates seemed 

to have increased in size, number and compactness throughout the operation in the AgNP-free 

reactor. 

In SBR1, granules were also formed, but unlike the more compact and rounded aggregates in 

SBR2, in the initial phase SBR1 presented more dispersed and less dense sludge aggregates. An 

evolution regarding granule size and density can be observed in SBR1 until day 57, but on this day an 

error in the commands of IST Control occurred, and the aeration did not stop before the draining 

command was activated in one of the cycles. Thus, part of the sludge in SBR1 went through the drain 

gear pump and was, therefore, subjected to high shear stress, resulting in smaller and less compact 

granules with more irregular outlines, and also the reappearance of the aforementioned clear irregular 

forms, as can be seen between days 51 and 65 of Figure 3-2. However, day 73 showed a significant 

recovery in SBR1 biomass, regarding granule compactness and size. In addition, granules presented 

a clearer outline than in day 65. Granular sludge kept evolving in this reactor until the end of the 

operation, and distinct spherical and dense nuclei also started to appear within the flocs.  

By the end of the operation, sludge was very similar in both reactors, except for the slightly 

more rounded outlines of biomass bodies in SBR2. In terms of protozoans, the most significant 

difference observed between the two reactors was the presence of rotifers, which were very present in 

SBR2, but not in SBR1 biomass. This is probably due to AgNP accumulation in these organisms and 

their consequent death. 
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Operation 1 (Magnification 40) 
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Figure 3-1 – Morphological development of granular sludge observed at magnification 40 along Operation 1. The microscopic images correspond to biomass samples 

harvested from the AgNP-fed SBR1 (upper row) and from the AgNP-free control SBR2 (lower row). Changes in the operational conditions: period I (days 1-83) – normal feed 

solution; period II (days 84-105) – two-fold increase in NH4Cl concentration the feed solution. Scale bar = 1 mm. 

 
Operation 1 (Magnification 100) 
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Figure 3-2 - Morphological development of granular sludge observed at magnification 100 during the course of Operation 1. The microscopic images correspond to 

biomass samples harvested from the AgNP-fed SBR1 (upper row) and from the AgNP-free control SBR2 (lower row). Changes in the operational conditions: period I (days 

1-83) – normal feed solution; period II (days 84-105) – two-fold increase in NH4Cl concentration the feed solution. Scale bar = 0.5 mm. 
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Figure 3-3 - Morphological development of granular sludge observed at magnification 40 along Operation 2. The microscopic images correspond to biomass samples 

harvested from the AgNP-fed SBR1 (upper row) and from the AgNP-free control SBR2 (lower row). Changes in the operational conditions: period I (days 1-2) – 60 min of 

settling time; period II (days 3-6) – 40 min of settling time; period III (days 7-9) – 30 min of settling time; period IV (days 10-13) – 20 min of settling time; period V (days 14-16) – 

15 min of settling time; period VI (days 17-23) – 10 min of settling time; period VII (days 24-27) – 7 min of settling time; period VIII (days 28-44) – 5 min of settling time. Scale 

bar = 1 mm. 

 
Operation 2 (Magnification 100) 
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Figure 3-4 - Morphological development of granular sludge observed at magnification 100 along Operation 2. The microscopic images correspond to biomass samples 

harvested from the AgNP-fed SBR1 (upper row) and from the AgNP-free control SBR2 (lower row). Changes in the operational conditions: period I (days 1-2) – 60 min of 

settling time; period II (days 3-6) – 40 min of settling time; period III (days 7-9) – 30 min of settling time; period IV (days 10-13) – 20 min of settling time; period V (days 14-16) – 

15 min of settling time; period VI (days 17-23) – 10 min of settling time; period VII (days 24-27) – 7 min of settling time; period VIII (days 28-44) – 5 min of settling time. Scale 

bar = 0.5 mm. 
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3.2.1.3 Operation 2 Discussion 

In Figure 3-3 and Figure 3-4, it is possible to observe that the seed sludge in Operation 2 

presented a loose and dispersed form, along with a noticeable amount of filamentous bacteria - 

characteristics of activated sludge used in conventional wastewater treatment plants. Over time, 

aerobic granules developed similarly in both reactors, presenting a denser and more compact 

structure than the seed sludge, although biomass from SBR1 had small, black spots within the sludge, 

corresponding to AgNPs. Granules became larger, denser, more rounded and with clearer outlines as 

the operation time extended and filamentous bacteria decreased and became more dispersed through 

the biomass in both reactors. 

Overall, granules seemed to have grown in size and number over time, and were fairly similar 

in both reactors, presenting spherical shapes and irregular outlines. On some days, such as day 10, 

irregular and light-coloured forms were observed in association with sludge in SBR1 and SBR2, which 

may correspond to EPS agglomerates. By the end of Operation 2, it seemed that in SBR1 biomass, 

granules were larger and more distinct and separated from flocs than in SBR2, which seemed to have 

less and smaller granules associated with flocs. 

3.2.2 Granule Size 

3.2.2.1 Results 

In order to follow granule development and size enlargement throughout each operation, 

mixed liquor samples from SBR1 and SBR2 were collected and passed through sieves with mesh 

diameters of 0.65 mm and 0.2 mm on different operation days. The sieve analysis allowed determining 

the proportion of flocs, small granules and large granules in both reactors. Results regarding 

Operation 1 and Operation 2 are represented in Figure 3-5 and Figure 3-6, respectively. 

3.2.2.2 Operation 1 Discussion 

Observing the particle size distribution in the mixed liquor samples from Operation 1, in Figure 

3-5, it is possible to conclude that sludge in SBR1 (Figure 3-5-a)) presented higher fractions of large 

granules and flocs on day 57 than in SBR2 (Figure 3-5-b)). The higher mass fraction of granules with 

dimensions larger than 0.65 mm in SBR1 may be explained by the presence of AgNPs. It is possible 

that the AgNPs accumulated in the AGS during the first 57 days caused cellular stress, and led to 

increased EPS production. This overproduction might in turn have promoted the adsorption and 

growth of more cells in the granules. The higher fraction of flocs in SBR1 on day 57 may be due to 

AgNPs toxicity, since it has been reported that even though low toxicity may stimulate the production 

of EPS, high toxicity might reduce its production.
40

 It is possible that as AgNPs accumulated in the 

reactor over time, part was adsorbed by sludge, while the rest formed aggregates in the medium. Due 

to the low concentration of AgNPs present in the fed wastewater, it is possible that these aggregates 

were small and, thus, had high effective surface area for Ag
+
 dissolution. Thus, it is likely that toxicity 

in the mixed liquor increased over time and that by day 57 it was high enough to inhibit activities and 

interactions of bacteria in flocs, since these are more vulnerable to toxicity than bacteria in granules. 
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This would mean that these bacteria were not able to aggregate in granules and thus, the floc fraction 

in SBR1 was higher than in SBR2 

 
a) 

 

b) 

 

Figure 3-5 – Distribution of particle size along Operation 1 in reactors SBR1 (green) and SBR2 (grey). 

a)  Comparison between the mass percentage of flocs (light green bars, dimensions under 0.2 mm), small 

granules (dotted green bars, dimensions above 0.2 mm and under 0.65 mm) and large granules (dark green bars, 

dimensions above 0.65 mm) in SBR1. b) Comparison between the mass percentage of flocs (light grey bars, 

dimensions under 0.2 mm), small granules (dotted grey bars, dimensions above 0.2 mm and under 0.65 mm) and 

large granules (dark grey bars, dimensions above 0.65 mm) in SBR2. Period I (days 1-83) – normal feed 

solution; period II (days 84-105) – two-fold increase in NH4Cl concentration the feed solution. 

 
a) 

 

b) 

 

Figure 3-6 – Distribution of particle size along Operation 2 in reactors SBR1 (green) and SBR2 (grey). 

a) Comparison between the mass percentage of flocs (light green bars, dimensions under 0.2 mm), small 

granules (dotted green bars, dimensions above 0.2 mm and under 0.65 mm) and large granules (dark green 

bars, dimensions above 0.65 mm) in SBR1. b) Comparison between the mass percentage of flocs (light grey 

bars, dimensions under 0.2 mm), small granules (dotted grey bars, dimensions above 0.2 mm and under 

0.65 mm) and large granules (dark grey bars, dimensions above 0.65 mm) in SBR2. Period I (days 1-2) – 60 min 

of settling time. Period II (days 3-6) – 40 min of settling time. Period III (days 7-9) – 30 min of settling time. 

Period IV (days 10-13) – 20 min of settling time. Period V (days 14-16) – 15 min of settling time. Period VI 

(days 17-23) – 10 min of settling time. Period VII (days 24-27) – 7 min of settling time. Period VIII (days 28-44) – 

5 min of settling time 

 

In the AgNP-free reactor (SBR2), an evolution from flocs to small granules, and from small to 

large granules was observed between days 57 and 80, contrasting to the data in Figure 3-5-a) for 
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SBR1, which shows the impact on granule size of the control problem that happened on operation day 

57, as mentioned before. The biomass shearing caused the mass fractions pertaining to small and 

large granules to decrease between days 57 and 80 in SBR1, while the percentage of flocs increased. 

On day 104, the system appeared to be recovering, since small and large granule fractions increased. 

However, one cannot confirm it, as it is possible that the granules had already recovered and were 

then suffering disintegration, as Figure 3-5-b) suggests that happened in SBR2. On day 104, SBR2 

presented a higher percentage of flocs, when compared to day 80, and lower mass fractions of small 

and large granules. This leads to believe that by this day granules had undergone some level of 

degradation, which may have been due to the sludge long-term utilization. 

In general, in Operation 1 there were more granules, small and large, in SBR2 than in SBR1, 

but one cannot affirm that this was due to AgNPs exposure, because of the control problem that 

happened on day 57. A new operation under the same conditions as Operation 1 would have to be 

performed in order to confirm the impact of AgNPs on granule size.  

3.2.2.3 Operation 2 Discussion 

Analysis of the distribution of particle size for Operation 2 in Figure 3-6 shows that the seed 

sludge used to inoculate SBR1 (Figure 3-6-a)) and SBR2 (Figure 3-6-b)) presented a large percentage 

of flocs (93%), as expected for activated sludge used in a conventional wastewater treatment plant. 

Granular sludge development was observed between days 0 and 16 in both reactors, but more 

significantly in SBR1, where small and large granules reached mass fractions of 9.4% and 1.8%, 

respectively. In the same period, sludge in SBR2 reached 8.9% of small granules and 0.51% of large 

granules. As already mentioned for Operation 1, the higher fraction of granules in SBR1 may be 

explained by a possible intensified EPS production by the sludge cells due to toxicity associated to 

AgNPs. This promoted higher cell adhesion and, thus, granule size enlargement. 

Since the final settling time of 5 min was imposed on day 28, granules were expected to 

develop between days 16 and 30, but this did not happen in either reactor. By day 30, the mass 

fraction of flocs had increased to 95% in SBR1 and 95% in SBR2, while small granule fraction reduced 

to 5.2% and 5.1% in SBR1 and SBR2, respectively. Regarding large granules, these composed 0.32% 

of the sludge in SBR1 and were absent in SBR2. As explained for Operation 1, the slightly larger 

percentage of small and large granules in SBR1 might be due to the increased production of EPS 

promoted by AgNPs toxicity. This would lead to the entrapment of more cells in the granules and, 

thus, to their enlargement. However, as previously mentioned, high toxicity may prevent granule 

formation.
40

 By day 30 it is possible that the accumulated AgNPs provided enough toxicity to prevent 

granulation, which would justify the lack of granule enlargement and the non-increase of the total 

granule fraction between days 16 and 30. Furthermore, it is possible that changes in the operational 

conditions caused the decrease in the amount of total granules between days 16 and 30. It is known 

that the morphology of aerobic granules is partially influenced by the type of organisms present in the 

granule and their growth rates, and thus a change in temperature may result in an alteration in granule 

stability.
54

 Since the reactors worked at variable room temperature, an alteration in this may have 

changed the growth rates of the organisms in the granules and caused an absence of active biomass 
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in the granule core. If this happened, the granular structure was weakened, which may have caused 

the aerobic granules to disintegrate. 

3.2.2.4 Operation 1 vs. Operation 2 

The size distribution is related to the operational conditions.
20

 However, the fact that neither 

reactor in any of the operations presented a large fraction of granules with diameters greater than 

0.65 mm can also be explained by nutrient diffusion limitation, as it has already been reported.
20

 The 

diffusion of dissolved oxygen may be limited in granules with dimensions above 0.5 mm, 

compromising their metabolic activity. Therefore, as granules in SBR1 and SBR2 were enlarged and 

reached dimensions greater than 0.65 mm, they probably became weak and thus, more susceptible to 

disintegration by shear stress. This may be the reason for the disappearance of large granules in 

SBR2 between days 80 and 104 of Operation 1 and in SBR1 between days 16 and 30 of Operation 2. 

3.2.3 Settling Properties 

3.2.3.1 Results 

During the granulation process, as aerobic granules developed from sludge flocs, their density 

increased and so did their settling ability. This is one of their most attractive properties, as it improves 

sludge accumulation and allows a more compact wastewater treatment operation. The sludge settling 

ability in SBR1 and SBR2 was evaluated based on its sludge volume index (SVI) in both operations. 

As previously said, this was determined after 5 (SVI5) and 30 (SVI30) min of settling, because one of 

the features that characterize aerobic granules is the close proximity of these values.
34

 Since all the 

sludge components influence its settling ability, SVI values were determined using the correspondent 

total suspended solids (TSS) values. The evolutions of SVI5 and SVI30 over the course of Operation 1 

and Operation 2 are represented in Figure 3-7 and the progress of the ratio between SVI5 and SVI30 

(SVI5/SVI30) for SBR1 and SBR2 until day 44 (the final day of Operation 2) of both operations is 

represented in Figure 3-8. 

3.2.3.2 Operation 1 Discussion 

Observing SVI5 measurements for both reactors in Figure 3-7-a), it is possible to see that their 

values started lower in SBR1 than in SBR2. This may have happened because of the AgNPs 

adsorbed onto the biomass in SBR1. Nonetheless, on day 7 the values for SVI5 and SVI30 decreased 

in SBR2, whereas SVI5 increased and SVI30 decreased in SBR1. The SVI5 increase could have 

resulted from an error in the measurement or could be the result of biomass adaptation to the 

operating conditions after storage. However, since the tendency of the SVI5 values should be similar in 

both reactors and akin to the SVI30 values, it is likely that SVI5 in SBR1 on day 3 was wrongly 

determined and should have been higher than in SBR2. On day 14, the values for SVI5 and SVI30 

increased in both bioreactors. This may have been caused by changes in the operational conditions, 

such as room temperature for instance, which affects sludge density and, consequently, its ability to 

settle. Another hypothesis is that the systems were still adapting to the working conditions and sludge 

was still recovering from storage effects, as previously explained. It could also be a result of the 

combination of the two hypotheses. The more significant increase in SBR1 may be due the presence 
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of AgNPs, which may have destabilized the aerobic granules in that early stage. This is consistent with 

the results of Qiu et al (2016)
55

, who observed a decrease in flocculent sludge settling ability when 

AgNPs were introduced at concentrations of 1.0 mg/L and 5.0 mg/L. 

a) 

 
b) 

 

Figure 3-7– Sludge volume index (SVI) for Operations 1 and 2 in SBR1 (green) and SBR2 (grey), for 5 

min settling (SVI5, squares) and 30 min settling (SVI30, diamonds). a) SVI profile along Operation 1. SVI values 

measured after 5 min of settling (SVI5) for the AgNP-fed SBR1 ( ) and the AgNP-free control SBR2 ( ). 

SVI measurements after 30 min of settling (SVI30) for SBR1 ( ) and SBR2 ( ). Period I (days 1-83) – 

normal feed solution; period II (days 84-105) – two-fold increase in NH4Cl concentration in the feed solution b) SVI 

profile along Operation 2. SVI values measured after 5 min settling (SVI5) for the AgNP-fed SBR1 ( ) and the 

AgNP-free control SBR2 ( ). SVI measurements after 30 min settling (SVI30) for SBR1 ( ) and SBR2 (

). Period I (days 1-2) – 60 min of settling time. Period II (days 3-6) – 40 min of settling time. Period III 

(days 7-9) – 30 min of settling time. Period IV (days 10-13) – 20 min of settling time. Period V (days 14-16) – 

15 min of settling time. Period VI (days 17-23) – 10 min of settling time. Period VII (days 24-27) – 7 min of settling 

time. Period VIII (days 28-44) – 5 min of settling time.  

 
a) 

 

b) 

 

Figure 3-8 – SVI5/SVI30 for SBR1 (green) and SBR2 (grey) in Operations 1 (circles) and 2 (squares). a) 

SVI5/SVI30 in SBR1 ( ) and SBR2 ( ) along Operation 1. b) SVI5/SVI30 in SBR1 ( ) and SBR2 ( ) 

along Operation 2. 
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Between days 14 and 35, the SVI values decreased in both SBRs along with a decrease in 

the difference between SVI5 and SVI30, suggesting a fast recovery of the granular structure after 

storage. On day 42, lower SVI values were observed for SBR1. The better settling ability in SBR1 may 

be explained by the accumulation of AgNPs. Biomass has a strong affinity to AgNPs
11

, and thus their 

adsorption by the sludge may increase its density and settling velocity. For this reason, it was 

expected that the SVI values continued to be lower in SBR1, but the accidental shearing of part of its 

biomass on day 57 caused a significant damage of the sludge settling ability, as one can see in day 

58. On day 77 a new increase in the SVI values was observed for both reactors, though more 

significant in SBR1. This may have been caused by changes in room temperature, since none of the 

other operational conditions were altered. It is also possible that this occurred as a result of the 

increase in granule size, as observed for day 80 in SBR2 in Figure 3-5-b), and subsequent 

disintegration of the larger granules. On Figure 3-7-a) it is possible to see that after day 77 the major 

tendency in SBR1 is a decrease in the SVI values and, consequently, an increase in the sludge 

settling ability, which is consistent with the increase in the mass fraction of granules between days 80 

and 104 observed in Figure 3-5-a). In SBR2, a decrease in both SVI values after day 77 was also 

observed, although not as accentuated as in SBR1, and a slight increase was also observed on 

day 98. This increase is consistent with the increase in floc mass fraction and the decrease in granule 

mass fraction observed in Figure 3-5-b) between days 80 and 104. The new decrease on day 105 

may be related to a possible change in temperature, or to an eventual increase in sludge 

concentration on this day, which promoted sedimentation. Figure 3-8-a) shows that, overall, AgNPs 

did not negatively affect the settling ability of aerobic granules, since the values for SVI after 5 min of 

settling are close to those obtained after 30 min, as in SBR2. The low SVI5/SVI30 on day 3 may not be 

representative, since it is likely that the value for SVI5 was wrongly determined, as mentioned 

previously. SVI5/SVI30 in SBR1 started at 1.4 on day 3, increased to 1.7 by day 7, decreased until 

day 63 where it reached 1.5, and then gradually increased until day 105, where it presented the final 

value of 1.7. In SBR2, SVI5/SVI30 was kept relatively constant, starting at 1.6 and ending at 1.7. The 

lower values for SBR1, when compared to SBR2, between days 58 and 77, do not reflect the better 

settling ability in the aerobic granules from SBR1 in this period. These were probably a result of the 

shearing of the biomass on day 57, which caused granule disintegration and, consequently, loss of 

settling ability. This caused the SVI values after 5 and 30 min of settling to be close and the ratio 

SVI5/SVI30 to be nearest to 1. 

3.2.3.3 Operation 2 Discussion 

It is possible to observe in Figure 3-7-b), that the SVI5 values decreased over the course of 

Operation 2 in the AgNP-fed SBR1 from 471 mL/gTSS to 56.0 mL/gTSS, and from 471 mL/gTSS to 

75.4 mL/gTSS in the AgNP-free control SBR2. SVI30 ranged from 414 mL/gTSS to 35.4 mL/gTSS in 

the AgNP-fed SBR1, and from 414 mL/gTSS to 46.8 mL/gTSS in the AgNP-free control SBR2. These 

results indicated that the formation of aerobic granules was successfully attained in the SBRs, 

irrespective of the presence of AgNPs. 

On day 1, SBR2 presented a slightly lower SVI5 value than SBR1, but by day 3, SBR1 was 

already showing better sludge settling ability. From this day till the end of Operation 2, SVI values 
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were always lower in SBR1, possibly due to the adsorption of AgNPs by the biomass and its 

consequent density increase.  

Regarding Figure 3-8-b), the SVI5/SVI30 values were similar in both reactors throughout the 

operation, registering the highest values on day 1, 2.1 in SBR1 and 2.0 in SBR2. These high values 

were expected due to the time proximity to inoculation with seed flocculent sludge. Also, the biomass 

was in a first stage of adaptation to the synthetic textile wastewater and the selective pressure 

conditions imposed in the reactors. SVI5/SVI30 ranged from 2.1 on day 1 to 1.6 on day 44 in SBR1, 

and from 2.0 on day 1 to 1.6 on day 44 in SBR2. The SVI5/SVI30 decrease along the operation 

indicated that granulation occurred successfully in both reactors. 

3.2.3.4 Operation 1 vs. Operation 2 

Comparing the SVI values for both operations shown in Figure 3-7-a) and Figure 3-7-b), it is 

possible to infer that the aerobic granules suffered some level of degradation during storage, since the 

general tendency of SVI values until day 49 of Operation 1 for SBR1, and throughout the whole 

operation for SBR2, was to decrease. The sludge in both reactors underwent a new process of 

granulation during Operation 1, confirmed by the presence of granules in both reactors observed in 

Figure 3-1 and Figure 3-2. It is also observable that the SVI values for SBR1 were higher in 

Operation 1 than in Operation 2. For instance, SVI5 for SBR1 on day 3 was similar in both operations, 

154 mL/gTSS in Operation 1 and 142 mL/gTSS in Operation 2, but on day 42 of Operation 1 and 

day 44 of Operation 2, SVI5 values were 79.6 mL/gTSS and 56.0 mL/gTSS, respectively. This may be 

a result of the combination of the use of fresh activated sludge instead of stored aerobic granules as 

inoculum and of a higher concentration of AgNPs in the feed of Operation 2. In fact, the higher AgNPs 

concentration in Operation 2 probably resulted in higher adsorption of AgNPs onto the biomass and, 

thus, increased density and settling velocity. Considering SBR2, the lower SVI values attained in 

Operation 2 suggested that the aerobic granules reactivated after storage at room temperature have a 

lower settling ability than granules developed from fresh activated sludge flocs. For instance, the SVI30 

value for SBR2 on day 42 of Operation 1 is 64.3 mL/gTSS, while on day 44 of Operation 2 is 

46.8 mL/gTSS. Even though SVI5/SVI30 values in Figure 3-8 show that granulation was successful in 

both operations, the SVI values in Figure 3-7 suggest that in terms of settling ability, there is no clear 

advantage in inoculating the SBR with stored aerobic granules when compared to promoting 

granulation from fresh flocculent activated sludge inoculum. 

3.2.4 Total Suspended Solids (TSS) and Volatile Suspended Solids 

(VSS) 

3.2.4.1 Results 

The values for suspended solids (SS), including total suspended solids (TSS) and volatile 

suspended solids (VSS), for SBR1 and SBR2 were determined for each studied cycle, so that 

biomass accumulation could be monitored throughout Operation 1 and Operation 2. SS values are 

represented in Figure 3-9. 
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a) 

 

b) 

 

Figure 3-9 – Solids concentration profile in the mixed liquor of the AgNP-fed SBR1 (green) and the 

AgNP-free SBR2 (grey) in terms of TSS (squares) and VSS (diamonds). a) Operation 1- TSS in the mixed liquor 

of the AgNP-fed SBR1 ( ), mixed liquor of the AgNP-free control SBR2 ( ), VSS in SBR1 ( ) and 

SBR2 ( ). Period I (days 1-83) – normal feed solution; period II (days 84-105) – two-fold increase in NH4Cl 

concentration in feed solution; and b) TSS in the mixed liquor of the AgNP-fed SBR1 ( ), mixed liquor of the 

AgNP-free control SBR2 ( ), VSS in SBR1 ( ) and SBR2 ( ). Period I (days 1-2) – 60 min of settling 

time. Period II (days 3-6) – 40 min of settling time. Period III (days 7-9) – 30 min of settling time. Period IV 

(days 10-13) – 20 min of settling time. Period V (days 14-16) – 15 min of settling time. Period VI (days 17-23) – 

10 min of settling time. Period VII (days 24-27) – 7 min of settling time. Period VIII (days 28-44) – 5 min of settling 

time. 

The growing difference between TSS and VSS values for SBR1 in Operation 2, observed in 

Figure 3-9-b) proves that AgNPs accumulated in this reactor over time. This was not so clear in 

Operation 1, due to the previously mentioned error in the software commands and to accidents related 

to pump malfunctions, which will be explained later on. 

Since AgNPs are adsorbed by sludge and, therefore, contribute to its TSS values, and since 

Figure 3-9 shows that the profiles for the evolution of TSS and VSS were the same for SBR1 and for 

SBR2, the monitoring of biomass concentration in both reactors was performed considering only the 

VSS values. This way, only biomass and not AgNPs or other inorganic matter was accounted for in 

SBR1 and any inorganic impurities that might have entered SBR2 through the feed and undergone 

precipitation were also neglected. 

It was also important to monitor the suspended solids in the treated effluents, and so the TSS 

and VSS values were also determined for the treated effluents that were discharged from SBR1 and 
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SBR2 in the cycle immediately before each studied cycle, named E1 and E2, respectively. The VSS 

values for the mixed liquor in SBR1 and SBR2, and also for the effluents E1 and E2 are represented in 

Figure 3-10, for Operation 1 and Operation 2. 

a) 

 

b) 

 

Figure 3-10– Biomass concentration profiles for the effluents discharged from the reactors in the cycles 

immediately before the studied cycles (diamonds) and for the mixed liquor inside the reactors during the studied 

cycles (squares) in SBR1 (green) and SBR2 (grey). a) Operation 1- VSS in the mixed liquor of the AgNP-fed 

SBR1 ( ), mixed liquor of the AgNP-free control SBR2 ( ), effluent from SBR1, E1 ( ) and effluent 

from SBR2, E2 ( ). Period I (days 1-83) – normal feed solution; period II (days 84-105) – two-fold increase in 

NH4Cl concentration in feed solution; and b) Operation 2-. VSS in the mixed liquor of the AgNP-fed SBR1 (

), mixed liquor of the AgNP-free control SBR2 ( ), effluent from SBR1, E1 ( ) and effluent from SBR2, E2 

( ). Period I (days 1-2) – 60 min of settling time. Period II (days 3-6) – 40 min of settling time. Period III 

(days 7-9) – 30 min of settling time. Period IV (days 10-13) – 20 min of settling time. Period V (days 14-16) – 

15 min of settling time. Period VI (days 17-23) – 10 min of settling time. Period VII (days 24-27) – 7 min of settling 

time. Period VIII (days 28-44) – 5 min of settling time. 

3.2.4.2 Operation 1 Discussion 

Before proceeding with the analysis, it should be noted that after day 28 in Operation 1, the 

VSS values for E1 and E2 were only determined once a week and, therefore, may not be 

representative of the real progress of biomass concentration in the effluents over time. This is the 

reason why the VSS values for the effluents vary so much between days 28 and 105 in Figure 3-10-a). 

Even though the TSS and VSS values for the mixed liquor inside both reactors were also determined 

only once a week, here the change in biomass concentration was gradual, as opposed to what 

happened in the discharged effluents. Since the SRT value was not imposed, no biomass was purged 
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from the bioreactors, and therefore it accumulated inside each reactor. Whenever the settled sludge 

bed occasionally reached the discharge tube level, a high amount of sludge was discharged with the 

effluent. 

Operation 1 started with mixed liquor biomass concentrations of 2.1 g/L and 1.9 g/L in SBR1 

and SBR2, respectively. A decrease in the mixed liquor VSS on day 3, and an increase in the effluent 

VSS on day 7 were noticeable in Figure 3-9 a). This should be due to AGS adaptation to the new 

conditions imposed after storage at room temperature during 40 days. Regarding VSS inside the 

reactors, after day 3, it is possible to see that biomass accumulation was similar in SBR1 and SBR2, 

until day 21, with only a minor decrease in SBR2 on day 14 in Figure 3-10-a). 

On days 24 and 28, the higher VSS values in SBR1 indicate that more sludge was 

accumulating in this reactor than in SBR2. This is confirmed by the intense discharge of sludge in 

SBR2 on days 21, 24 and 28, which thus resulted in a decrease of biomass inside the reactor. The 

higher biomass discharges in the AgNP-free SBR2 were probably related to this reactor being fed half 

of the normal Feed-C volume on days 19 and 20, due to a malfunction of the fill pump for this reactor. 

The lack of external carbon source supply for two days probably weakened the cells, and resulted in 

sludge loss, particularly on day 28, even though biomass concentration increased inside the reactor. 

On day 35, VSS decreased in SBR1, while biomass continued to gradually accumulate in 

SBR2. This probably happened because between days 30 and 31 the fill pump for SBR1 worked in 

the wrong direction, which resulted in the removal of part of the mixed liquor from the reactor and its 

transfer to the feed containers. This resulted in a disturbance of the system, because even though this 

sludge was recovered and placed back in SBR1, it was impossible to recover it completely. More 

importantly, the biomass inside the bioreactor did not receive enough feed solution, and the biomass 

directed to the feed containers contacted only with one of the feed sources. These events resulted in 

the decrease of biomass concentration observed on day 35 for SBR1. After this, biomass recovered in 

SBR1 and continued to accumulate in both reactors until day 42. The decreases on VSS inside SBR1 

and SBR2 observed on day 49 were caused by the increase in the amount of sludge discharged in the 

effluents E1 and E2, observed in Figure 3-10-a). 

After day 49, biomass concentration increased significantly in SBR2, while a decrease was 

observed for SBR1. This decrease can be explained by the previously mentioned error on IST Control 

commands on day 57, which lead to the non-ceasing of aeration of the mixed liquor in this reactor in 

one of the cycles. This means that in this cycle, sludge did not settle before the drain command was 

activated, and therefore, part of the biomass was removed from SBR1. Since the discharged effluent 

was collected, it was possible to recover part of the discharged biomass and return it to SBR1. 

However, the passage of biomass through the drain gear pump, together with the deprivation of 

nitrogen and carbon sources for around 12 hours, resulted in sheared granules and debilitated 

biomass due to the lack of appropriate feed sources. Since granules were fragmented and some cell 

death occurred, confirmed by the observation of foam inside SBR1 on day 58, the biomass settling 

ability was negatively affected. The less dense biomass was then drained, which resulted in a 

decrease in biomass concentration inside SBR1. This is why VSS in SBR1 decreased on days 58 and 

63 and the VSS value for E1 increased on day 63, as can be seen in Figure 3-10-a). 



40 
 

After day 63 and until the end of the operation, biomass concentration kept increasing on 

SBR1, decreasing only on day 98, as can be seen in Figure 3-10-a). On the other hand, biomass 

concentration remained relatively constant in SBR2 between days 63 and 84, and then increased until 

the end of the operation with the two-fold increase in the nitrogen source concentration. On day 90, 

even though a significant amount of sludge was discharged in E1 and E2, biomass concentration in 

SBR1 and SBR2 did not decrease, which may be a consequence of a good settling ability of the 

sludge, also evidenced by the decrease observed in SVI values on day 90, in Figure 3-7-a). 

3.2.4.3 Operation 2 Discussion 

Biomass concentration on day 1 of Operation 2 was 1.1 g/L and 1.0 g/L in SBR1 and SBR2, 

respectively. In Figure 3-10-b) it is possible to see that on day 3, the settling time reduction promoted 

an increase on VSS in E1 and E2, which justifies the decrease in VSS inside the reactors. VSS in the 

mixed liquor increased similarly in both reactors until day 17, where one can see that a higher amount 

of sludge had accumulated in SBR2. After this day, VSS in SBR2 decreased until day 24, due to the 

significant quantity of biomass discharged along with the effluent in the cycle previous to studied one, 

due to the settling time reduction from 10 to 7 min. On day 28, the settling time in both reactors 

changed from 7 to 5 min, causing a significant biomass discharge in E2, although lower than that 

observed for day 24, which allowed an increase in biomass concentration in the mixed liquor. A new 

peak in the VSS for E2 was observed on day 35, probably due to the sludge bed reaching the 

discharge tube level in the reactor, causing a new decrease in accumulated sludge inside the reactor. 

After this day, the amount of biomass in E2 decreased and VSS in the mixed liquor reached the value 

of 6 g/L, maintaining it until the end of this operation. 

Unlike SBR2, no noticeable decreases on biomass concentration in the mixed liquor were 

observed in SBR1, even on days in which the settling time was altered, as can be seen in Figure 

3-10-a). On days 24 and 28, high amounts of sludge were removed from SBR1, due to the decrease 

in settling time, which caused VSS in the mixed liquor to remain approximately constant between days 

24 and 31. After this, VSS in E1 remained low at around 0.1 g/L and sludge started to accumulate in 

SBR1 once again, reaching VSS value of 8 g/L in the mixed liquor by the end of the operation. The 

lower quantity of biomass discharged in E1, when compared to E2, probably resulted from the better 

settling ability of biomass in SBR1. Since AgNPs adsorbed to biomass and increased its settling 

velocity, the amount of sludge that could accumulate before physically reaching the drain tube was 

probably higher in the AgNP-fed reactor (SBR1) than in SBR2. The better sludge settling ability in 

SBR1, which can be verified in Figure 3-7-b), is responsible for the higher biomass accumulation in 

the AgNP-fed reactor (SBR1) rather than in SBR2. 

3.2.4.4 Operation 1 vs. Operation 2 

The VSS values for each reactor in both operations are represented in Figure 3-11. After 

day 10, VSS in the mixed liquor in SBR1 and SBR2 was greater in Operation 2 than in Operation 1. 

Comparing the VSS values between the two operations for each reactor (Figure 3-11) allows one to 

infer the effect of storage on sludge accumulation. However, the concentration of AgNPs in SBR1 was 

higher in Operation 2 than in Operation 1, and thus the difference in sludge accumulation between the 
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two operations was probably not only because of storage, but also due to the different AgNPs 

concentrations. Conclusions about the effects of storage should be more accurate if drawn by 

comparing the VSS values between the two operations only for SBR2.  Figure 3-11-b) allows one to 

affirm that the storage conditions of the seed sludge in Operation 1 influence the capacity of sludge to 

accumulate. This is consistent with the lower settling ability observed for granules in SBR2 in 

Operation 1, by comparing Figure 3-7-a) and Figure 3-7-b) in section 3.2.3. Furthermore, the storage 

impact on sludge can also be assessed by the pronounced decrease in biomass concentration at the 

beginning of Operation 1, but not in Operation 2. As previously mentioned, the storage at room 

temperature for 40 days may have turned the cells more fragile, even causing the death of some cells, 

which were then drained when the operation started. 

a) 

 

b) 

 

Figure 3-11 – VSS profile for SBR1 (green) and SBR2 (grey) throughout Operation 1 (diamonds) and 2 

(squares). a) VSS profile in SBR1 along the first 42 days of Operation 1 ( ) and throughout Operation 2 (

). b) VSS profile in SBR2 along the first 42 days of Operation 1 ( ) and throughout Operation 2 ( ). 

Regarding the difference in VSS values between operations, it is noticeable that this is more 

elevated in the case of SBR1, which leads to the belief that not only the storage conditions affect the 

granules settling ability, but that the higher AgNPs concentration is also partially responsible for the 

higher sludge accumulation in SBR1 on Operation 2. 

As storage seems to have impaired biomass accumulation, there is no advantage in using 

stored aerobic granules to inoculate the reactors. Better sludge accumulation is attained when fresh 

flocculent activated sludge is used as inoculum and granulation is promoted.  

3.2.5 Solids Retention Time (SRT) 

3.2.5.1 Results 

The solids retention time (SRT), or sludge age, indicates the mean residence time of the 

microorganisms in the reactor. SRT may be related to the species diversity in the biomass community 

and, consequently, to the system performance on pollutant removal.
56

 For this reason, SRT was 

estimated weekly for SBR1 and SBR2 along Operation 1 and Operation 2 and the values are 

represented in Figure 3-12-a) and Figure 3-12-b), respectively. 

3.2.5.2 Operation 1 Discussion 

It should be noted that since SRT values were determined using the TSS values of the 

effluents, the high variability of these values after day 28, as it can be observed in Figure 3-10-a), 

caused also strong variations in the calculated SRT, as observed in Figure 3-12-a). Even though these 
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values may not be representative of the actual progression of SRT in this AGS-SBR system, it is 

possible to verify the high variability of operational SRT in SBR1 and SBR2. 

a) 

 

b) 

 

Figure 3-12 – Solids retention time (SRT) for Operation 1 (diamonds) and 2 (squares) in SBR1 (green) 

and SBR2 (grey). a) SRT profile along Operation 1 in the AgNP-fed SBR1 ( ), and in the AgNP-free SBR2 (

). Period I (days 1-83) – normal feed solution; period II (days 84-105) - two-fold increase in NH4Cl 

concentration in the feed solution. b) SRT profile along Operation 2 in the AgNP-fed reactorSBR1 ( ), and in 

the AgNP-free SBR2 ( ). Period I (days 1-2) – 60 min of settling time. Period II (days 3-6) – 40 min of settling 

time. Period III (days 7-9) – 30 min of settling time. Period IV (days 10-13) – 20 min of settling time. Period V 

(days 14-16) – 15 min of settling time. Period VI (days 17-23) – 10 min of settling time. Period VII (days 24-27) – 

7 min of settling time. Period VIII (days 28-44) – 5 min of settling time. 

At the beginning of the operation, the similar solids discharge in both reactors observed in 

Figure 3-10-a), which was a consequence of using stored AGS as inoculum in SBR1 and SBR2, 

resulted in low and similar average SRT values for both reactors on days 3 and 10. After this, sludge 

started to accumulate in both reactors, thus increasing the SRT values. However, the higher SRT in 

SBR2 on day 17 suggests that AgNPs made SBR1 more unstable while adapting to the reactivation 

conditions, which is consistent with the higher SVI values in this reactor on day 14. The higher 

biomass discharge in SBR2 between days 21 and 28 observed in Figure 3-10-a) justifies the decrease 

in SRT for this reactor on days 24 and 28. The low SRT value of SBR1 on day 63 was due to the 

previously mentioned error in IST Control commands, which led to the partial shearing and loss of 

SBR1 biomass.  
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During the course of Operation 1, the average values for sludge age in SBR1, 17 days, and 

SBR2, 18 days, were very similar. However, Figure 3-12-a) shows that SBR2 was able to reach higher 

sludge age values than SBR1. This suggests that AgNPs at a concentration of 5.0 mg/L may have a 

slight negative impact on SRT, and consequently on the desirable establishment of slow-growing 

microbial populations.  

3.2.5.3 Operation 2 Discussion 

Data in Figure 3-12-b) shows that SRT increased up to day 17 in both reactors, accompanying 

the increase in VSS in the same period, as can be observed in Figure 3-10-b). Until day 17, it can also 

be seen that SRT values were in general higher for the AgNP-free reactor (SBR2), suggesting that 

AgNPs at a concentration of 10.0 mg/L had a negative impact on sludge age and may have prevented 

the accumulation of slow-growing microorganisms. On day 24, a decrease in SRT values was 

observed in both reactors, probably due to the reduction of sludge settling time and consequent 

biomass loss in SBR1 and SBR2, observed in Figure 3-10-b). By day 38, however, SBR1 was able to 

recover the range of SRT values it had before day 24, and while SRT in SBR2 also increased on 

day 31, sludge age did not recover before day 44. Observing Figure 3-10-b), it is possible to conclude 

that this happened because between days 24 and 35, more biomass accumulated in SBR1. This was 

probably due partially to the adsorption of AgNPs by the sludge in SBR1, increasing granule density, 

indicated also by the lower SVI values in SBR1 in Figure 3-7-b), and may have consequently resulted 

in higher sludge accumulation in this reactor. In addition, a large amount of sludge was discharged 

from SBR2 on day 35, probably because the sludge bed in this reactor reached the discharge tube 

level on this day, resulting in significant loss of biomass and a low SRT value. However, on day 44, 

SRT was slightly higher in SBR2 again, even though VSS in its mixed liquor was lower than in SBR1, 

as can be seen in Figure 3-10-b). 

3.2.5.4 Operation 1 vs. Operation 2 

Comparing sludge age values in SBR2 for Operation 1 with the same values for Operation 2, it 

is possible to observe that these were higher in Operation 1. The average sludge age values in SBR2 

within the first 42 days of Operation 1 and throughout Operation 2 were 20 days and 14 days, 

respectively. Since the maximum microbial growth rate depends on temperature, SRT is 

temperature- dependent as well.
57

 Thus, the difference between the SRT values of the two operations 

may be explained by the different temperature ranges that occurred in both periods of time, as 

Operation 1 started at the end of summer and occurred throughout autumn (range: 21-27ºC, 

approximately), and Operation 2 was carried out in the winter (range:19-24º, approximately).  

In both operations, one can see that the AgNP-free reactor attained, in general, higher SRT 

values than the AgNP-fed reactor. This suggests that the potential toxicity of AgNPs may inhibit 

microbial growth, as observed by Choi et al (2008)
58

 for both autotrophic and heterotrophic bacteria. 

Hence, SBR2 could have a higher potential for pollutant degradation, due to the broader range of 

physiological capabilities ensured by the more diverse microbial community that can be established 

with the higher sludge age values. However, a longer experimental time would have to be analysed in 

Operation 2 to infer about the impact of AgNPs on SRT. 
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3.3 Treatment Efficiency 

The main problems of textile industry wastewaters are their high organic loads and the 

presence of recalcitrant dyes. Thus, the performances of SBR1 and SBR2 were assessed through the 

monitoring of organic matter and colour removal yields in Operation 1 and Operation 2. Azo dyes act 

as electron acceptors, hence, bacteria use electrons from organic matter to reduce them. 

Decolourisation yield was determined by measuring azo dye Acid Red 14 (AR14) concentration 

throughout each chosen cycle. The organic load removal yields throughout both operations were 

determined by the measurement of soluble chemical oxygen demand (COD) during the course of each 

chosen cycle. 

It has been proved that no azo dye degradation occurs under aerobic conditions, and hence 

decolourisation was calculated considering the AR14 removed only during the anaerobic stage. The 

percentages of AR14 and overall and anaerobic COD removal, over the course of Operation 1 are 

represented in Figure 3-13. The initial dye concentration values in the studied cycles are also included 

together with the AR14 removal yields. 

3.3.1 Operation 1 

3.3.1.1 Colour and COD Removal 

Along the experimental periods it was observed, in a general way, that when the initial dye 

concentration was higher, the removal yield was higher as well, as can be observed in Figure 3-13-a). 

Even though no kinetic analysis was performed, this suggests that the degradation reaction follows 

first order kinetics, which is in agreement with results reported in the literature.
59

 Hence, the AR14 

removal yield depended, amongst other factors, on the initial concentration of AR14. Theoretically, the 

azo dye concentration at the start of the reaction phase in each SBR cycle was 20 mg/L, but there 

were slight variations in the measured AR14 concentrations. Due to pump malfunctions, the right 

volumes of Feed-C and Feed-N, which were kept in separate containers, were often not transferred to 

the reactors, resulting in these variations on AR14 initial concentrations.  

In Figure 3-13-a), the high AR14 initial concentrations observed on day 3 for both reactors 

correspond not only to the dye from the feed solution, but also to the significant fraction of the dye that 

was not removed in the previous cycle and that accumulated in the SBRs. 

In Figure 3-13, it is visible that AR14 removal yield increased gradually and similarly in SBR1 

and SBR2, reaching 77% and 81%, respectively, on day 10. This showed that the stored AGS 

adapted fairly rapidly to the synthetic textile wastewater in both reactors. Regarding COD removal 

yields, on day 3 SBR2 reached 71%, while SBR1 was still unable to degrade organic matter. 

Nevertheless, on day 10, SBR1 and SBR2 reached similar COD removal yields, 73% and 79%, 

respectively, and from this day on, the microbial activity regarding discolouration and COD removal 

apparently stabilized in both reactors. On day 17, however, both reactors showed relevant increases 

in AR14 removal yields and decreases in global COD removal yields, although more significant in 

SBR1 than in SBR2. A decrease in the anaerobic COD removal in SBR1 and an increase in SBR2 

were also noted on this day. The increase in the decolourisation yield in both reactors could not be 

attributed to higher initial dye concentrations, since these were slightly lower on day 17 than on day 
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14. In order to better understand the results in this cycle, AR14 and COD concentration-time profiles 

on day 10, in which the activity in both reactors was considered stable, and on day 17 are represented 

in Figure 3-14 for both reactors. 

a) 

 

b) 

 

Figure 3-13 – AR14 and COD removal yields in SBR1 (green) and SBR2 (grey) during Operation 1. The 

squares represent the percentages of AR14 or COD removal, and the diamonds represent initial AR14 

concentration or anaerobic COD removal, respectively. a)  Anaerobic AR14 removal yields along periods I and II 

of Operation 1 in the AgNP-fed SBR1 ( ) and the AgNP-free control SBR2 ( ); initial AR14 

concentration in SBR1 ( ) and in SBR2 ( ) for each studied cycle. b) Overall COD removal yields along 

periods I and II of Operation 1in SBR1 ( ); anaerobic COD removal yield in SBR1 ( ); Overall COD 

removal yields along periods I and II of Operation 1 in reactor SBR2 ( ) and anaerobic COD removal yield in 

SBR2 ( ). Period I (days 1-83) – normal feed solution; period II (days 84-105) – two-fold increase in NH4Cl 

concentration the feed solution. 

On day 16, the fill pump for SBR1 worked in the wrong direction, and thus, over the course of 

a few cycles, no feed solution entered the reactor. Because of this, COD in the mixed liquor at the 

start of each of these cycles was low. However, since bacteria use electrons from organic matter to 

reduce the azo dye, and are able to do that even when the COD level is low, decolourisation was not 

negatively affected by this event. In fact, decolourisation yield increased, which could have resulted 

from a metabolism optimization by bacteria to counteract the lack of feed. However, by comparing 

Figure 3-14-a) and Figure 3-14-c), one can infer that the increase in decolourisation efficiency was 

due to the abnormally low AR14 concentration observed at the end of the anaerobic stage on day 17. 

The concentration at this point was much lower than in other cycles of this operation (for example in 
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the cycle of day 10) and was expected to be closer to the concentrations determined in the aerobic 

stage. This leads to believe that an operational error occurred, namely the lack of immediate 

centrifugation after the sample was collected. In this case, it was possible that decolourisation 

continued in the collection tube, which means that the determined concentration was not 

representative of the end of the anaerobic stage, and that the colour removal yield in SBR1 on this day 

was overestimated. 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 3-14 – AR14 and COD concentration-time profiles on days 10 and 17 of Operation 1 in SBR1 and 

SBR2. AR14 concentration (squares) is represented in red for both reactors, while COD concentration (diamonds) 

is represented in green for SBR1 and in grey for SBR2. a) Concentration-time profiles of AR14 ( ) and COD (

) on day 10 for the AgNP-fed SBR1. b) Concentration-time profiles of AR14 ( ) and COD ( ) on day 

10 for the AgNP-free control SBR2. c) Concentration-time profiles of AR14 ( ) and COD ( ) on day 17 for 

SBR1. d) Concentration-time profiles of AR14 ( ) and COD ( ) on day 17 for SBR2. Vertical lines at 1.5h 

represent the end of the anaerobic stage and the start of aeration. 

Still regarding SBR1, by comparing Figure 3-14-a) and Figure 3-14-c), it is possible to see that 

COD removal yield decreased in SBR1 on day 17 because, even though the sludge incorporated COD 

quickly and intensively in the anaerobic stage, it failed to efficiently metabolize the COD present in the 

mixed liquor in the aerobic stage. This was likely a consequence of the fill pump malfunction in SBR1. 

The low COD content in the mixed liquor for the duration of a few cycles may have stressed the 

bacteria, which possibly changed their metabolism to adapt to the low COD available and became 

unable to efficiently degrade organic matter when the normal feed was restored. The apparent 

increase in COD at 1.5 h on day 17 is the reason for the decrease in COD removal yield at the end of 

the anaerobic stage in SBR1. This apparent increase may have happened because no COD was 

removed between 0.5 h and 1.5 h combined with a possible error in the COD quantification, resulting 

in a less accurate value.  

Regarding SBR2, comparing figures Figure 3-14-b) and Figure 3-14-d), it is possible to assess 

that the decrease on global COD removal in this reactor on day 17 was due to a lower initial COD 
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value, since the final COD level on both days were similar (128 mgO2/L and 131 mgO2/L for days 10 

and 17, respectively). This means that on day 17, most of the organic matter was incorporated by the 

sludge in the anaerobic stage, increasing anaerobic COD removal, and leaving only a small amount in 

the media to be degraded in the aerobic stage. Regarding decolourisation, the increase observed in 

AR14 removal yield in SBR2 on day 17 is not as significant as in SBR1, but the slight increase in dye 

concentration observed in Figure 3-14-d) after the anaerobic stage ended is consistent with the 

hypothesis that an operational error may have happened. Hence, the time between the collection of 

the 1.5 h samples from both reactors and their centrifugation may have been enough for 

decolourisation to continue to happen inside the collection tubes, preventing these samples to be 

representative of the mixed liquor in the reactors after 1.5 h of anaerobic reaction. The increase in 

AR14 degradation was more significant in SBR1 probably due to the fact that the sample from this 

reactor was harvested first. 

As mentioned in section 3.2.4.2, between days 30 and 31 the fill pump for SBR1 worked in the 

wrong direction. However, by day 35 the effects had practically dissipated and only a decrease in 

overall COD removal was detected, which might have been caused by a mild impact on aerobic 

degradation of organic matter. 

By observing Figure 3-13, one can see that until day 49, AR14 and overall COD removal 

yields were very similar in SBR1 and SBR2. After this day, while these yields kept approximately 

constant in SBR2, significant decreases were observed in SBR1 starting on day 58. This was caused 

by the problem involving the control commands on day 57 already described. The shearing of part of 

the sludge resulted in loss of biomass, as can be seen in Figure 3-10, which caused a decrease in the 

overall and anaerobic COD removal yield. The shearing itself along with the fact that part of the 

biomass belonging to SBR1 stayed in the effluent container without appropriate feed for a period of 

time, severely impaired the cells’ ability to incorporate COD in the anaerobic stage. This caused the 

anaerobic and overall COD removal yields to decrease in the following days, which seemed to recover 

only on day 84. This decrease in anaerobic COD removal combined with the lower initial dye 

concentration induced a decrease in AR14 removal yield as well, because as bacteria incorporated 

less COD, fewer electrons were available for the reductive cleavage of AR14. By day 71, however, 

SBR1 had recovered in terms of decolourisation yield. Even though in Figure 3-13, at first, the 

decrease in decolourisation appeared more significant, the system was able to recover faster in AR14 

removal than in COD degradation, which seemed to be more affected at long-term by sludge loss. 

This leads to the conclusion that COD metabolization is more dependent on biomass concentration 

than decolourisation, which can be efficiently performed even with less biomass available. The faster 

recovery of decolourisation yield is also related with the bacteria’s ability to reduce AR14 even when 

less COD is incorporated. 

3.3.1.2 Two-Fold increase in NH4Cl Concentration 

In period II of Operation 1, the NH4Cl concentration in the feed solution was increased to a 

value above that of the the minimum N/COD ratio, in an attempt to promote not only cellular growth, 

but also nitrification. In the study performed by Carliell et al (1995)
59

, the presence of nitrate inhibited 

the degradation of azo dye Reactive Red 141 under anaerobic conditions for a period of time 
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proportional to the concentration of nitrate added. The authors suggested that this was a consequence 

of the nitrate being a more thermodynamically favourable electron acceptor than azo dyes, thus being 

reduced preferentially to these by anaerobic organisms. Hence, the two-fold increase in ammonia 

concentration in the synthetic textile wastewater was expected to result in an increase of nitrate in the 

mixed liquor and preferential reduction of this solute over AR14, which would result in a decrease of 

colour removal. 

Reports show that AgNPs may have a direct impact on nitrifying cell membranes, where key 

ammonia oxidation enzymes are located.
58

 On the other hand, Qiu et al (2016)
55

 did not observe any 

impact of AgNPs at a concentration of 5.0 mg/L on nitrification while treating wastewater in a SBR with 

flocculent activated sludge. Considering Figure 3-13-a), one observes that decolourisation did not 

decrease in either reactor when the NH4Cl content in the feed increased. This suggests that either the 

two-fold increase in NH4Cl was not enough to promote the establishment of a nitrifying bacterial 

population in the SBRs or the amount of nitrate produced by nitrification was not enough to result in a 

detectable interference with anaerobic azo dye reduction. To better conclude about this, further 

analyses would be required, such as the determination of nitrite and nitrate concentrations in the 

mixed liquor during the SBR cycles. 

Figure 3-1 and Figure 3-2 show that granular sludge in both reactors suffered degradation 

while stored, and thus biomass in the beginning of Operation 1 existed, mostly, in the flocculent form. 

Due to the loss of the unique granular structure, bacteria in SBR1 were more vulnerable to AgNPs. 

Also, considering that the growth of nitrifying bacteria can be inhibited by AgNPs, as reported by Choi 

et al (2008)
58

, the seed sludge for SBR1 in Operation 1 was not expected to contain significant 

nitrifying populations. In the case some nitrifying bacteria had survived storage, the presence of 

AgNPs throughout Operation 1 in SBR1 would have hampered the development of these populations 

and eventually led to their loss. This may explain the absence of nitrification in SBR1. However, since 

this was also observed in SBR2, the presence of AgNPs cannot be the sole reason. 

It is likely that cells were in stress while being stored at room temperature, and the large 

amount of biomass discharged with the treated effluent by SBR1 and SBR2 on day 7 in Figure 3-10-a) 

reinforced this possibility. As previously mentioned, the aerobic granules in SBR2 suffered 

disintegration while in storage, and thus sludge presented mostly flocculent form in this period, which 

caused bacteria to be more vulnerable to changes in the media. Taking into account that nitrifying 

bacteria are particularly sensitive to temperature, pH and dissolved oxygen concentration, the events 

that occurred in the mixed liquor while in storage probably resulted in their complete loss.
58

 

3.3.1.3 Cycle Progress 

Concentration-time profiles of AR14 and COD of SBR1 and SBR2 in different cycles studied 

along Operation 1 are presented in Figure 3-15. The analysis of this figure allows the assessment of 

the evolution of colour and organic matter degradation mechanisms over the course of this operation. 
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a) Day 1 b) Day 14 c) Day 105 

   

Figure 3-15 – Representation of the events occurring along the 5-hour reaction phase of a cycle in SBR1 (green) and SBR2 (grey) during Operation 1 

on: a) day 1; b) day 49; c) day 105. Colour removal profile in SBR1 ( ) and SBR2 ( ); COD removal profile in SBR1 ( ) and SBR2 ( ); pH profile 

in SBR1 ( ) and SBR2 ( ).Vertical lines at 1.5h represent the end of the anaerobic stage and the start of aeration. 
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In Figure 3-15 it is possible to see the evolution of AR14 and COD degradation within the 

reaction phase of an SBR cycle over time. In day 1 no degradation occurred because sludge was 

recovering from storage and re-adapting to the simulated textile wastewater. Cellular products 

resultant from cell activity during stress and cell lysis contributed to the apparent increase in AR14 

concentration and COD in both reactors observed in Figure 3-15-a). The fact that these values are 

higher in SBR1 than in SBR2 may suggest that AgNPs further increased the cell stress. By day 14, 

activity was considered stable in both reactors and in Figure 3-15-b) it is possible to observe that azo 

dye concentration and COD profiles were similar. Regarding organic matter degradation, its 

incorporation in the anaerobic stage was gradual for both reactors, and then removal in the aerobic 

stage was high and fast when aeration started.  

On the last day of operation, day 105, the cycle represented in Figure 3-15-c) shows that COD 

incorporation in the anaerobic stage evolved since day 14, becoming faster and more extensive, and 

greater degradation in the aerobic stage was also observed. In what regards decolourisation, more 

intense and efficient AR14 reduction in the anaerobic stage was observed in both reactors, when 

compared to day 14 profiles. Treatment efficiency was very similar in both reactors at the end of the 

operation. 

Regarding pH, despite the very high P:COD ratio in the synthetic textile wastewater meant to 

provide a buffering effect, small variations within each cycle were observed for both reactors. The 

cleavage of the azo bond and COD incorporation by the cells in the anaerobic stage was 

accompanied by an acidification profile. This was probably due to volatile fatty acids that stemmed 

from the metabolization, by certain members of the consortium, of saccharides that result from the 

Emsize E1 hydrolysis and are the main carbon sources in the feed.
7
 This acidification was rapidly 

reversed upon the onset of aeration. This profile was observed in SBR1 and SBR2, although a slight 

deviation between the values from the two reactors was observed in the majority of the cycles, 

indicating a possible influence of AgNPs on the processes which determined the mixed liquor pH.  

In several of the studied cycles, an apparent increase in AR14 concentration was observed 

after aeration started in SBR1 and SBR2, as can be seen for SBR1 in day 17 in Figure 3-14 and in 

day 105 in Figure 3-15-c). The reason for this could be attributed to the instability of the aromatic 

amine 1N2A4S, which can polymerize or associate to other compounds present in the mixed liquor in 

the aerobic stage, resulting in the production of coloured compounds that also absorb radiation at 

515 nm. 

3.3.1.4 AgNP Impact on Operation 1 

No impact of sludge exposure to AgNPs was observed in terms of colour and organic matter 

removal yields. This means that either the AgNP concentration used was too low to have any effect on 

sludge, or that AGS-SBR systems are able to be effective in textile wastewater treatment even when 

exposed to silver nanoparticles. The second hypothesis is consistent with the conclusions drawn by 

Gu et al (2014)
11

, who studied AgNP removal with flocculent and granular sludge and compared the 

short- and long-term inhibitory effects on both types of sludge. Quan et al (2014)
40

 also reached 

similar conclusions while evaluating the AGS response to long-term exposure to AgNPs during 

69 days. Although the aforementioned authors found some inhibitory effects on AGS from exposure to 
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AgNPs at 5 mg/L in terms of ammonia oxidation rate, denitrification rate and respiration rate, after 

22 days, in the case of Gu et al (2014)
11

, and 69 days, in the case of Quan et al (2014)
40

, these 

impacts were not considered significant. Thus, as reported by these authors, the granular sludge in 

the current work showed high tolerance to long-term exposure to 5.0 mg/L AgNPs and did not reduce 

its efficiency neither in decolourisation nor in organic matter degradation. To further investigate the 

effect of AgNP concentration, Operation 2 was carried out with an AgNPs concentration of 10.0 mg/L, 

as described next. 

3.3.2 Operation 2 

3.3.2.1 COD and Colour Removal 

The percentages of AR14 and of overall and anaerobic COD removal over the course of 

Operation 2 are represented in Figure 3-16. The initial dye concentration values in the studied cycles 

are also included together with the AR14 removal yields. 

a) 

 

b) 

 

Figure 3-16- AR14 and COD removal yields in SBR1 (green) and SBR2 (grey) for Operation 2. The 

squares represent the percentages of AR14 or COD removal, and the diamonds represent initial AR14 

concentration or anaerobic COD removal, respectively. a) Anaerobic AR14 removal yields along periods I to VIII 

of Operation 2 in the AgNP-fed SBR1 ( ) and the AgNP-free control SBR2 ( ); initial AR14 concentration 

in SBR1 ( ) and in SBR2 ( ). b) Overall COD removal yields along period I to VIII in SBR1 ( ), 

anaerobic COD removal yield in SBR1 ( ), overall COD removal yields along periods I to VIII of Operation 1in 

SBR2 ( ) and anaerobic COD removal yield in SBR2 ( ). Period I (days 1-2) – 60 min of settling time. 

Period II (days 3-6) – 40 min of settling time. Period III (days 7-9) – 30 min of settling time. Period IV (days 10-13) 

– 20 min of settling time. Period V (days 14-16) – 15 min of settling time. Period VI (days 17-23) – 10 min of 

settling time. Period VII (days 24-27) – 7 min of settling time. Period VIII (days 28-44) – 5 min of settling time. 
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In Figure 3-16 it is possible to observe that the SBRs presented similar decolourisation yields 

up to day 7, reaching values of 79% in SBR1 and 80% in SBR2, which indicated that sludge adapted 

rapidly to the synthetic textile wastewater and to the imposed operating conditions in both reactors. 

The high AR14 concentration observed on day 3 at the start of the reaction phase in both SBR1 and 

SBR2 should be due to the significant fraction of AR14 that was not removed in the previous cycle and 

that added to the dye present in the fed wastewater. After day 7, AR14 removal yields stabilized 

between 75% and 83% in SBR2 until the end of the operation, except for the more pronounced 

decrease observed on day 24, 68%. This decrease may have been partially caused by the lower 

AR14 initial concentration on that cycle, but mostly it was due to the great amount of sludge 

discharged from SBR2 on day 24, as can be seen in Figure 3-10-b). The highest AR14 removal yield 

in the AgNP-free control reactor was 83% on day 44. 

In SBR1, AR14 removal yield increased to 79% on day 10 and then gradually decreased on 

the following cycles, reaching 75% on day 17, which coincides with a lower AR14 initial concentration. 

This decrease may have also been caused by the eventual loss of bacteria important for the reductive 

cleavage of the AR14 azo bond, even though no significant biomass discharge from SBR1 was 

observed on that day. After this, colour removal increased nearly 10% until day 21 and remained fairly 

constant at ca. 80% until day 44, except for the decrease observed on day 24. As in SBR2, in this 

cycle the initial azo dye concentration in SBR1 was lower, but the major cause for the decrease in 

decolourisation was probably the high amount of biomass that was drained from the reactor before 

this cycle, as seen in Figure 3-10-b). After day 24, decolourisation yield recovered and a peak, 84%, 

was attained in the AgNP-fed reactor (SBR1) on day 35. 

Figure 3-16-b) shows that the overall COD removal yield progressed in a similar way in the 

two reactors, from 25% on day 1 to 83% at the end of the operation in SBR1, and from 15% on day 1 

to 84% by day 44 in SBR2. The initial lower carbon load removal levels were probably due to altering 

the main carbon source from domestic wastewater to the hydrolysed starch-based simulated textile 

wastewater. However, sludge was efficient in the adaption to the new carbon source, attaining 

removal yields of 70% and 78% in SBR1 and SBR2, respectively, after 14 days of operation. On this 

day, there was a more prominent difference between the removal yields of the two reactors than on 

the previous cycles. The higher COD removal yield in SBR2 was likely due to a higher COD 

incorporation in the anaerobic stage, 22%, whereas the COD removal in the same stage in SBR1 was 

only 8.3%. This did not result in a decrease in the overall COD removal but it is possible that the 

increase from days 10 to 14 was hampered by the less efficient incorporation of organic matter. 

On days 21, 24 and 28 the overall COD removal yields were slightly higher in SBR2, 

decreasing significantly afterwards, on day 31. This decrease may be related to inefficient COD 

incorporation during the anaerobic stage on this day, observed in Figure 3-16-b). It is also possible 

that the final COD concentration in the cycle of day 31 was wrongly determined. Along with this value, 

the low yields of anaerobic COD removal for SBR2 and SBR1 on day 31, and also the null one 

observed on day 7 for SBR2, were not expected and cannot be justified with operational changes. 

Afterwards, COD removal yield in SBR2 recovered, reaching almost 84% on day 35 and maintaining 

this value until the end of Operation 2. 
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Figure 3-16-b) shows that organic matter degradation in SBR1 decreased on day 35 and then 

increased again to around 84% of yield on day 37, where it stabilized until the end of the operation on 

day 44. On average, 16% and 18% of total COD removal occurred during the 1.5h of anaerobic 

reaction in SBR1 and SBR2, respectively, disregarding the abnormally low values on day 7 for SBR2 

and on day 31 for the two reactors. These constitute relatively low values, when compared to the 

overall removal yields and to the removal yields in the anaerobic stage observed for Operation 1. 

However, anaerobic COD removal seemed to reach higher and stable yields in both reactors between 

days 35 and 44, attaining 24% in SBR1 and 30% in SBR2 on day 44. It is, thus, expected that these 

values gradually increased further along the operation (data not shown) and reached more usual 

values, in the range of 50-60%, as obtained for Operation 1 and also by Franca et al (2015)
7
 in the 

treatment of simulated textile wastewater using an AGS-SBR system. 

3.3.2.2 Cycle Progress 

Concentration-time profiles of AR14 and COD of SBR1 and SBR2 in different cycles studied 

over the course of Operation 2 are presented in Figure 3-17 . The analysis of this figure allows 

assessing about the evolution of colour and organic matter degradation mechanisms along the studied 

period of this operation. 

In Figure 3-17 it is possible to see that on day 1, sludge in SBR1 and SBR2 was adapting to 

the new conditions and, thus, no colour degradation occurred and only a small decrease in COD was 

observed. The biomass behaviour, in terms of pollutant removal and pH, was similar in both reactors, 

which suggests that in the first 5 hours of exposure to AgNPs, biomass was not significantly affected. 

The AR14 concentration and COD profiles along each cycle in SBR1 and SBR2 did not suffer 

significant alterations between days 17 and 38, as can be observed in Figure 3-17. In both reactors an 

increase in decolourisation and organic matter degradation was observed between these two days, 

which indicates that biomass in both reactors adapted to the new conditions and developed its ability 

for pollutant removal. Thus, it does not seem that AgNPs at a concentration of 10.0 mg/L had a 

negative impact on textile wastewater treatment, even after 38 days of operation. 

In what regards pH, as already mentioned for Operation 1, despite the buffering effect of 

phosphate salts in the synthetic wastewater, a consistent acidification profile was observed during the 

course of the anaerobic stage, probably due to the production of volatile fatty acids. This situation was 

then rectified when aeration started. Similarly to Operation 1, this profile was observed in SBR1 and 

SBR2 in Operation 2, although a higher similarity between the values from both reactors was 

observed in this operation, when compared to Operation 1. 

3.3.2.3 AgNP Impact on Operation 2 

Gu et al (2014)
11

 reported that granular sludge does not have a strong interaction with AgNPs 

when compared with flocculent sludge, due to the lower specific area. In any case, Operation 2, where 

a higher AgNPs concentration was present in the influent wastewater, would have a higher potential 

for AgNP inhibition than Operation 1. 
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a) Day 1 b) Day 17 c) Day 38 

   

Figure 3-17 – Representation of the events occurring along 5-hour reaction phase of an SBR cycle in Operation 2 on: a) day 1; b) day 17; c) day 38. 

Colour removal profile of SBR1 ( ) and SBR2 ( ); COD removal profile of SBR1 ( ) and SBR2 ( ); pH variation in SBR1 ( ) and in SBR2 (

).Vertical lines at 1.5h represent the end of the anaerobic stage and the start of aeration. 
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Similarly to what was observed for Operation 1, the presence of AgNPs in the synthetic textile 

wastewater at a concentration of 10.0 mg/L did not seem to have a negative impact on either 

decolourisation or organic matter degradation by the AGS-SBR system. It is possible that the 

concentration of 10.0 mg/L was too high and caused AgNPs to be unstable in suspension and to form 

large aggregates. This would result in less adsorption of AgNPs by biomass and less Ag
+
 release, due 

to the low superficial area, as suggested by Gu et al (2014)
11

. This means that the toxicity of AgNPs at 

a concentration of 10.0 mg/L may be lower than at 5.0 mg/L. Nevertheless, as this operation 

continues, AgNPs are expected to accumulate faster over time in this experiment than in Operation 1, 

due to the higher AgNPs concentration in the feed. Hence, even if they form large aggregates, the 

released Ag
+ 

will increase with time and, thus, long-term inhibition may happen further along in 

Operation 2. 

In addition to the previous hypothesis, it is possible that the concentration of 10.0 mg/L is still 

not high enough for AgNPs to have a significant impact on the textile wastewater treatment 

performance of the AGS-SBR system. 

3.3.3 Operation 1 vs. Operation 2 

To compare the treatment efficiency in each reactor in Operation 1 and Operation 2, the AR14 

and COD removal yields for SBR1 and SBR2 in the two operations are represented together in Figure 

3-18 and Figure 3-19, respectively.  

a) 

 

b) 

 
Figure 3-18– Azo dye removal yield profiles for SBR1 (green) and SBR2 (grey) for Operation 1 

(diamonds) and Operation 2 (squares). a) Azo dye removal yield profiles of the AgNP-fed SBR1 along Operation 1 

( ) and Operation 2 ( ).b) Azo dye removal yield profiles of the AgNP-free control SBR2 along Operation 1 

( ) and Operation 2 ( ). 

a) 

 

b) 

 

Figure 3-19- COD removal yield profiles for SBR1 (green) and SBR2 (grey) for Operation 1 (diamonds) 

and 2 (squares). a) COD removal yield profiles of the AgNP-fed SBR1 along Operation 1 ( ) and Operation 2 (

).b) COD removal yield profiles of the AgNP-free control SBR2 along Operation 1 ( ) and Operation 2 (

). 



56 
 

Observing Figure 3-18 and Figure 3-19, it is possible to infer that biomass in SBR1 and SBR2 

adapted to the simulated textile wastewater and to the new operational conditions in a similar way in 

both operations. Figure 3-18-b) shows that by day 7 of Operation 2, sludge on SBR2 was removing 

80% of AR14, while in Operation 1 it took the sludge 10 days to attain a colour removal yield in the 

range of 80%. Furthermore, the results presented in Figure 3-18-b) show that the average colour 

removal yield for SBR2 in the first 44 days of Operation 1 and Operation 2 was 67% and 71%, 

respectively. Regarding organic matter degradation in the AgNP-free reactor (SBR2), Figure 3-19-b) 

shows that COD removal developed more gradually in Operation 2 than in Operation 1, where 

removal yield evolved more rapidly. While a removal of 79% was obtained after 10 days in 

Operation 1, it took 14 days to accomplish 78% of COD removal yield in Operation 2. The values 

presented in Figure 3-19-b) present average yields for COD removal in the first 44 days of 

Operation 1, of 69%, and of Operation 2, of 67%. Considering these values, it is possible to conclude 

that storage of AGS at room temperature for 40 days did not significantly affect AGS treatment 

efficiency of coloured textile wastewater. This was probably due to the fact that, as mentioned by 

Solís et al (2012)
6
, the most useful microorganisms for textile effluent bioremediation are those found 

in textile industry-contaminated environments, since they are adapted to grow in extreme conditions. 

The fact that bacteria at the start of Operation 1 had already been adapted to treat azo-dye containing 

textile effluents probably surpassed the potential negative effects that storage at room temperature 

might have had on sludge, in what regards the loss of important microbial populations. In addition, the 

high room temperatures registered at the beginning of Operation 1 contributed to faster microbial 

growth and led to higher SRT values, as observed in Figure 3-12, where greater SRT values were 

observed in the first days of Operation 1 than in Operation 2. These higher sludge age values may 

have led to a more rapid establishment of the microbial populations important for pollutant degradation 

in Operation 1, and thus, a faster evolution in colour and COD removal yields in this operation, when 

compared to Operation 2. 

Although results concerning aromatic amine degradation are not shown in this study, it is 

known that 4A1NS removal was not observed either during Operation 1 or the first 44 days of 

Operation 2. However, as this last operation progressed, high-performance liquid chromatography 

(HPLC) analysis showed that 4A1NS degradation occurred in some periods of Operation 2, first in the 

AgNP-fed reactor and later in the AgNP-free control reactor. Therefore, in this case, using flocculent 

activated sludge as inoculum had the advantage of allowing the development of microbial populations 

that are able to degrade one of the aromatic amines resulting from AR14 reduction, as opposed to 

inoculating the reactors with previously stored AGS. 

3.4 Detection and Quantification of AHL in Aerobic Granular Sludge 

Ren et al (2010)
35

 suggested that bacteria in aerobic granules and granule precursors produce 

and excrete quorum-sensing (QS) signal chemicals that induce the expression, in bacteria in 

suspension, of genes involved in attached growth. This means that QS may influence aerobic granule 

formation and stability. To investigate this effect in the studied SBR system, the concentration of 

N-acyl homoserine lactone (AHL) molecules of selected samples from SBR1 and SBR2 in Operation 2 

was monitored. AHLs are signal molecules used in QS systems by gram-negative bacteria, and by 
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monitoring its levels throughout the granulation process in Operation 2, the potential role of 

AHL-based quorum-sensing in aerobic granule formation was assessed. 

3.4.1 Standard Curve for AHL Quantification 

The first step to be performed in order to measure AHL levels in SBR samples was to build a 

standard curve that related known concentrations of a synthetic AHL, 

N- (3-oxo-dodecanoyl) -L-homoserine lactone (ODHL) with the absorbance at 615 nm of the blue 

pigment produced by the biosensor in the presence of this lactone. The protocol used to construct this 

curve was an adaptation of the method used by Li et al (2014)
41

, and is described in section 2.5.2.3. 

The major differences between the two protocols are the volume scale and the centrifugation step: 

instead of incubating 100 µL of culture along with 100 µL of ODHL solution, the incubated samples 

included 1 mL of each solution; instead of centrifugation at 10 000 rpm during 10 minutes, solid-liquid 

separation was performed through sedimentation for 20 minutes, to avoid the settling of the blue 

pigment together with the biomass pellet. These alterations were introduced based on the results of a 

previous research work performed in the same project in which this study is included (data not shown). 

First, after the monitor strain A. tumefaciens NTL4 (pZLR4) had grown during 16 to 18 hours 

under the conditions used by Li et al (2014)
41

 and had been diluted to an OD600 of 0.1, this culture was 

incubated along with ODHL solutions with different concentrations for the same period of time. The 

samples were prepared in duplicate. In the first experiment AHL concentrations between 0 nM and 

2.5 nM were used, and after X-Gal addition and new incubation at room temperature, a blue colour 

was obtained in all the samples, except the blank, as expected. This meant that the monitor strain had 

successfully detected ODHL with the used concentrations, and induced the production of β-

galactosidase, which hydrolysed the X-Gal and ultimately led to the production of a blue pigment. All 

the samples were read in duplicate, and the obtained curve is depicted in Figure 3-20. 

 

Figure 3-20 – Linear relation between ODHL concentration (nM) and OD615 of the blue pigment 

resulting from the action of this lactone in the monitor strain Agrobacterium tumefaciens NTL4 (pZLR4), 

y=0.0265x+0.0915, R
2
=0.9807. Error bars represent the standard-deviation of 4 replicates from their mean 

value. 

Another curve was build, in an attempt to ensure the reproducibility of this protocol and also to 

test the bacterial response to higher ODHL concentrations. The results are represented in Figure 3-21. 
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Figure 3-21 - Relation between ODHL concentration (nM) and OD615 of the blue pigment resulting from 

the action of this lactone in the monitor strain Agrobacterium tumefaciens NTL4 (pZLR4). Error bars represent 

the standard-deviation of 4 replicates from their mean value. 

As can be observed in Figure 3-21, it seemed that after a certain ODHL concentration, the 

increase in signal molecules was not accompanied by an increase in OD615, which seemed to stabilize 

at high concentrations. A decrease in OD615 values was also noticeable, when comparing the same 

concentrations in Figure 3-20 and Figure 3-21, along with a higher variation of the measured values, 

as indicated by the error bars. In addition, a possible contamination was observed afterwards in the 

minimal medium that had been used in the construction of this standard curve, and thus a new attempt 

was made. This new experiment was carried out using ODHL concentrations that were included in the 

range in which absorbance was observed to be proportional to concentration of the signal molecules. 

The same procedure described before was then performed, but using new minimal medium and an 

ODHL concentration range between 0 nM and 4 nM. After incubation with X-Gal, no blue colour was 

observed in either of the samples. Nevertheless, the samples were read in the microplate reader and 

the values obtained are represented in Figure 3-22. 

 

Figure 3-22 - Relation between ODHL concentration (nM) and OD615 of the blue pigment resulting from 

the action of this lactone in the monitor strain Agrobacterium tumefaciens NTL4 (pZLR4). Error bars represent 

the standard-deviation of 4 replicates from their mean value. 

A linear relation between the considered variables was observed for the first four 

concentration values, but comparing these absorbance values with those represented in Figure 3-20, 

an even more significant decrease in OD615 values than the one observed in Figure 3-21 was noted. In 

addition, it was possible to observe high standard deviations in most of the replicate OD615 values 

measured, which indicated that something was hampering the reproducibility of this protocol. To rule 

out the chance that these values were due to an eventual operational error, another attempt was 

performed. This time, ODHL concentrations ranged between 0 nM and 8 nM, so that the relation 

obtained in Figure 3-21 could be confirmed. However, no blue colour was yet again present and no 
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coherent relation between the variables was obtained. After this attempt, the bacterial growth of the 

reporter strain was followed during the course of 5 h by measuring its optical density at 600 nm, and 

no growth was detected (data not shown). All this prompted to a new repetition of the experiment 

using new minimal medium, in case an error in its production had been made and was impairing cell 

development. This new attempt presented not only lack of blue colour, but also a significant decrease 

of absorbance when ODHL concentration increased. The curves regarding these two experiments are 

represented in Figure 3-23. 

 

Figure 3-23 – OD615 values of the samples incubated with solutions containing different ODHL 

concentrations (nM). The series represented by  corresponds to the experiment performed to exclude the 

possibility of operational error in the attempt represented in Figure 3-22. The values represented by  

correspond to the third attempt to obtain a standard curve. Error bars represent the standard-deviation of 4 

replicates from their mean value. 

The absence of blue pigment in both attempts indicated that either AHL was not being 

efficiently detected by the reporter strain or that a contamination had occurred in the bacteria plate 

used to prepare the samples, and thus the cells present in the culture were not A. tumefaciens NTL4 

pZLR4. Furthermore, the decreasing absorbance values in the yellow series in Figure 3-23 suggested 

that cell growth was not occurring adequately, such as before, hence the minimal medium used was 

not the inhibiting agent of cell growth. In addition, the decrease in OD615 values observed between the 

two attempts represented in Figure 3-23 suggested the deterioration, or possible mutation, of the 

bacteria used in these experiments over time. 

The samples were prepared from the lowest to the highest ODHL concentrations in all the 

attempts. This means that bacteria incubated with the lower ODHL concentrations were the first to be 

in contact with the signal molecules, therefore profiting of higher contact time with these molecules, 

which might explain their higher OD615 values. It is possible that, while in storage at 4ºC, an alteration 

in the metabolism of the bacterial cells occurred, causing their growth to be slower and possibly 

changing their energetic needs. This would mean that the incubation time of 16 to 18 h would not have 

been sufficient for the cells to reach late exponential phase and that during this time all the nutrients in 

the media could have been consumed. If this occurred, cells were still in exponential phase when they 

were incubated with the ODHL solutions and thus it is possible that ODHL molecules were being used 

as carbon and/or nitrogen source instead of as signal molecules. This would explain the lack of blue 

colour and the decrease in absorbance values, since the decrease in contact time with ODHL would 

result in a decrease in growth. 

To confirm this theory, the tubes containing cell culture and ODHL solution corresponding to 

the third attempt to build a standard curve were incubated for another 21 hours, without adding 
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anymore media or lactone solution. After incubation of the eppendorfs containing the suspensions and 

X-Gal, the production of blue colour was verified (data not shown), thus reinforcing the previously 

suggested theory. The bacteria must have used ODHLs for cell growth until the late exponential phase 

was reached, and only afterwards they used the remaining lactones as signal molecules. Further 

research would need to be performed in order to fully understand the events that hampered the 

production of blue colour. 

New plates containing solid LB medium were streaked with bacteria from the plate used in the 

first attempt to establish a standard curve (Figure 3-20), and incubated for around 24 hours at 28ºC 

and 48 hours at 19ºC. Using the new bacteria, a standard curve was built using an ODHL 

concentration range from 0 nM to 2 nM. As previously noted, the samples were incubated along with 

the different ODHL solutions in duplicate and were read also in duplicate in the microplate reader, 

about 60 minutes after the end of the incubation. The resultant curve is an average of all the 

measured values for each concentration and is presented in Figure 3-24, along with the respective 

equation. 

 

Figure 3-24 – Final standard curve for the relation between ODHL concentration (nM) and OD615 of the 

blue pigment resulting from the action of this lactone in the monitor strain Agrobacterium tumefaciens NTL4 

(pZLR4), y=0.0551x+0.1418, R
2
=0.9605. Error bars represent the standard-deviation of 4 replicates from their 

mean value. 

Equation 3-1 allowed the determination of AHL concentration using OD615 values.  

[   ]  
            

      
 Equation 3-1 

Due to time restraints, it was not possible to repeat the experience and obtain a second 

standard curve, so that the average between the two curves could be calculated and a more robust 

equation could be obtained. However, Equation 3-1 was similar to others obtained in a previous 

research work performed in the same project (data not shown), so it was considered reliable. 

While trying to obtain a standard curve, the effect of the time between the end of the 

incubation and the measurement in the microplate reader on the blue colour was tested. This was 

performed by measuring the OD615 of the same set of samples at three different times. The first 

reading was made 60 minutes after incubation, the second was performed 30 minutes after the first 

one and the third was done 30 minutes after the second one. The results are represented in Figure 

3-25. 

Observing Figure 3-25, it is possible to infer that the longer the time between the end of 

incubation and the measurement in the microplate reader, the higher the OD615 value. Thus, all the 
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samples should have been measured within the same time period as the samples used to establish 

the standard curve, which in this case was around 60 minutes after the end of incubation, to ensure 

that the measurements were as accurate as possible. 

 

Figure 3-25 – Effect of time between incubation and measurement of the blue pigment in the microplate 

reader as OD615. The first measurement ( ) was performed about 60 minutes after the incubation period. 

Afterwards, a measurement was made 30 minutes ( ) and then 60 minutes ( ) after the first one. 

3.4.2 AHL Monitoring in the SBR experiments 

Selected samples from the 44 days that compose Operation 2 from SBR1 and SBR2 were 

analysed in terms of AHL levels in order to understand the role of AHL-based quorum-sensing in the 

granulation step and to assess the potential impact of AgNPs in this process. The protocol used for 

AHL measurements is described in section 2.5.2.2, page 24. 

The measurements were carried out in different days, but the OD615 values for the blank 

samples processed in the different days were similar, varying between 0.121 and 0.143. In addition,  it 

was necessary to dilute the samples in order to keep them within the valid range of the calibration 

curve. 

An effort was made to try to respect the same time period between incubation and 

measurement in the microplate reader for all samples, but the need to perform dilutions until the OD615 

values were included in the standard curve made that impossible. Thus, the AHL concentration values 

for samples from days 21 and 44 of SBR1 and from day 21 of SBR2 were measured around 2-3 h 

after the completion of the standard incubation period and were, therefore, likely overestimated. The 

variation of AHL concentration throughout Operation 2 in SBR1 and SBR2 is represented in Figure 

3-26. 

It is possible to see that the seed sludge presented a high value of AHL concentration, 5.3 nM, 

probably promoted by the conditions that existed in the conventional wastewater treatment plant from 

where it was collected. After Operation 2 started, AHL concentrations decreased to similar values in 

both reactors on days 1 and 3, and this decrease should be a consequence of the different substrate 

fed to bacteria in the lab-scale SBR system. It should be noted that all samples were collected at the 

end of the aeration phase, when bacteria were in a starvation condition, and it has been reported that 

microorganisms emit more AHL-like molecules to protect themselves against the challenges of the 

environment in prolonged starvation.
41

 Thus, the higher AHL concentration in SBR1 on day 3 

suggested that biomass in the mixed liquor lacking AgNPs (SBR2) adapted easier and faster to the 

conditions imposed in the experiment than the biomass in SBR1. 
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Figure 3-26 – Evolution of AHL concentration in nM of ODHL throughout Operation 2 in the AgNP-fed 

SBR1 ( ) and in the AgNP-free control SBR2 ( ). Concentrations were determined based on the relation 

[AHL] =(OD615-0.1418)/0.0551. Potentially overestimated values in SBR1 ( ) and in SBR2 ( ).Period I 

(days 1-2) – 60 min of settling time. Period II (days 3-6) – 40 min of settling time. Period III (days 7-9) – 30 min of 

settling time. Period IV (days 10-13) – 20 min of settling time. Period V (days 14-16) – 15 min of settling time. 

Period VI (days 17-23) – 10 min of settling time. Period VII (days 24-27) – 7 min of settling time. Period VIII 

(days 28-44) – 5 min of settling time. 

By day 7, AHL levels increased and were similar again in the two reactors, 2.6 nM of ODHL in 

SBR1 and 2.9 nM of ODHL in SBR2. The more pronounced increase in SBR2 from day 3 to day 7 

indicated that the decrease in settling time had a greater impact in the AgNP-free reactor. This peak in 

SBR2 may suggest that until day 7, AHL concentration had accompanied the increase in biomass 

concentration and had accumulated enough to reach the threshold value. Thus, it is possible that by 

day 7, AHLs existed in a sufficient concentration to be sensed and to begin regulating aerobic 

granulation in SBR2. 

After day 7, the difference between the AHL levels of SBR1 and SBR2 was more significant 

and although some values were not totally accurate (AHL concentrations on days 21 and 44 in SBR1 

and on day 21 in SBR2 were potentially overestimated, as mentioned previously), the overall tendency 

is clear. AHL production in SBR1 increased gradually between days 3 and 7, possibly accompanying 

the increase in biomass concentration, and then more drastically between days 7 and 10. The 

increase in AHL on day 10 is consistent with the development of the small aggregates observed on 

the same day in Figure 3-3 and Figure 3-4 and the even higher AHL levels observed for day 14 

suggest the further development of aerobic granules, which is confirmed by the higher granule fraction 

and the larger granule size observed for day 16 in Figure 3-3 and Figure 3-6-a). All this data suggest 

that granulation started after day 7 and occurred more intensely between days 10 and 14. Regarding 

SBR2, a decrease in the signal molecule levels was observed on day 10 and then, between days 10 

and 14, AHL concentration remained almost the same. This could mean that by day 10, biomass in 

this reactor had adapted to the new environment and that the new reduced settling time was not 

challenging enough to promote AHL production. 

A significant decrease in AHL levels in the two reactors between days 14 and 21 was 

observed, which probably means that sludge in SBR2 was still undergoing acclimatization after the 
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first decrease in settling time happened and that only by day 21 was the biomass in SBR1 and SBR2 

well adapted to the experimental conditions. In addition, these lower AHL values may suggest that 

aerobic granulation was being compromised. A new increase in AHL production in SBR1 and SBR2 

was promoted by the last alteration in settling time from 7 to 5 min on day 28, which was followed by 

another decrease. It is possible that these peaks in AHL concentration were not enough to 

compensate for the significant decreases observed, which is consistent with the decrease in granule 

fraction between days 16 and 30 in both reactors (Figure 3-6). It is possible that the reduction in AHL 

production resulted in a decrease in EPS production, since a relation between these two events has 

been reported by Jiang et al (2012)
60

and Li et al (2014)
41

. Since EPS forms a network essential for the 

aerobic granule growth and for the maintenance of its structure, a decrease in EPS production would 

compromise these events. This, combined with the forces created by mechanical mixing and aeration 

inside the reactor, probably resulted in inhibition of granulation and even disintegration of part of the 

already existent granules. The following increase may not have resulted in enough EPS production to 

overcome granule disintegration and to promote the formation of more granules as well. The last 

decrease in AHL concentration observed for both reactors along with the microscopy images in Figure 

3-3 and Figure 3-4 suggested that granulation may have been terminated in SBR1 and SBR2 by 

day 44. 

The AHL concentration peaks in both reactors as granulation was happening are consistent 

with the results obtained by Jiang et al (2012)
60

, who also observed an increase in AHL content with 

granulation. In addition, the suggestion by these authors that AHLs are abundant in mature granules 

combined with the findings by Ren et al (2010)
35

, who suggested that signal molecules, likely AHLs, 

produced by aerobic granules induce the attached growth mode in bacteria in suspension, further 

validate the results represented in Figure 3-26 and thus, the potential role of AHL-based QS in 

granulation. The results obtained by Jiang et al (2012)
60

 also suggest that the most representative 

AHLs in aerobic granules are N-hexanoyl-L-homoserine lactone and N-octanoyl-L-homoserine 

lactone. Considering the common origin of the seed sludge in these authors study and the sludge 

used to inoculate the reactors in Operation 2 of this work, along with the similarity of the synthetic 

wastewater fed in both cases, it is possible that these are also the primary AHLs in the current study. 

Further analysis, such as thin-layer chromatography (TLC), would need to be performed in order to 

identify the most common AHLs during the granulation process.  

Overall, it was possible to see that AHL concentrations were higher in the AgNP-fed SBR1 

than in the AgNP-free control SBR2. This suggested that AgNPs toxicity may represent an additional 

source of stress for the cells, which in turn might stimulate the production of AHLs. This would 

increase the EPS production, which has been reported as a defence mechanism of bacteria against 

AgNPs.
40

 This may explain why by day 43 the granules in SBR1 seemed more developed and less 

associated with sludge flocs than in SBR2, since the higher AHL production might have enhanced 

granulation in SBR1. In addition, the higher AHL levels in SBR1 suggested that AHL-based QS may 

be involved in cells protection against AgNPs. 

Li et al (2014)
41

 used a similar AHL detection method and by dividing the net absorbance of 

each sample by the net absorbance of the blank, these authors obtained a relative average value of 
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AHL-based QS between 2.1- and 2.4-fold induction after granulation had occurred. However, these 

authors did not take into account that after a certain concentration, the absorbance does not increase 

with the AHL content, or that the produced blue colour intensifies over time. In addition, since the 

values presented by these authors were not attained during granulation, a comparison between these 

results and the ones obtained in this work will probably not be of much relevance. Since studies 

regarding AHL quantification in aerobic granulation have yet to be reported, it was not possible to 

compare the obtained values with the literature. 
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4. Conclusions 

This study is one of the first reports about the impact of silver nanoparticles on the treatment 

of textile wastewater using an AGS-SBR system, regarding sludge properties and treatment efficiency, 

including the granulation step. Two types of seed sludge were used in two distinct operations, namely, 

AGS stored at room temperature and fresh flocculent sludge collected from a WWTP, and two 

different concentrations of AgNPs, namely, 5.0 mg/L and 10.0 mg/L, were tested. 

It was possible to conclude that the storage of AGS at room temperature caused granule 

disintegration and influenced sludge accumulation after reactivation, with impacts on sludge settling 

ability and biomass growth. Despite this, successful re-granulation of the stored AGS was achieved, 

even without a gradual decrease of settling time. Regarding treatment efficiency, the storage of 

aerobic granules at relatively high room temperatures in the presence of treated simulated textile 

wastewater, and without the addition of any external substrate, did not seem to impair the sludge 

ability to subsequently treat coloured wastewaters in an efficient way. 

Regarding the impact of AgNPs on sludge properties, it seems that the long-term exposure to 

5.0 mg/L and 10.0 mg/L of AgNPs promoted an increase in granule size. In terms of settling ability, the 

results suggested that in the initial contact with AgNPs, these may have slightly destabilized the ability 

of biomass to settle. However, due to the high affinity between biomass and AgNPs, these were 

adsorbed by sludge and increased its settling velocity, thus improving sludge settling ability. This in 

turn, promoted higher sludge accumulation in the SBR.  

In regards to the impact of AgNPs on treatment efficiency, no major differences between 

colour and COD removal yields and rates in SBR1 and SBR2 in the two operations were observed. 

This suggested that the potential toxicity of AgNPs at concentrations of 5.0 mg/L and 10.0 mg/L, did 

not impair the efficient treatment of textile wastewater in the tested time periods. 

On the subject of the potential role of AHL-based QS in aerobic granulation, the increase in 

AHL levels as the granular fraction of the sludge increased, suggested that these signal molecules do 

play a part in aerobic granulation, as suggested in the literature
60

. In addition, the decrease in AHL 

concentration accompanied by a decrease in the percentage of granules in the biomass also 

suggested that the AHLs are important for the maintenance of the AGS structure, as previously 

reported.
41

 AgNPs seemed to have stimulated AHL production, and as these molecules appear to be 

related to the production of EPS, which protects cells from harsh conditions such as toxicity, it is 

possible that AHL-based QS may be involved in the defence mechanisms of the cells against AgNPs. 

Regarding the detection and quantification of AHLs, the method used was simple, even if 

relatively time-consuming due to the need to previously culture the reporter strain. However, 

optimizations are still required, namely regarding the storage conditions of A. tumefaciens NTL4 

pZLR4 and the accurate establishment of a time limit between incubation and measurement for all 

samples, including those used to build a standard curve. The fact that reporter bacteria seemed to 

alter their metabolism rapidly while in storage, combined with limitations of the method regarding the 

previously mentioned time limit for measurements, hampers its reproducibility. Therefore, the reliability 
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of the provided results might be compromised and thus prevent the comparison of results obtained 

with this method in different runs.  

This study provided an insight about the impact of AgNPs at different concentrations and in 

different conditions on AGS, demonstrating that the AGS-SBR system is able to efficiently treat textile 

wastewater in the presence of AgNPs. As the accumulation of these AgNPs is expected to increase in 

wastewater treatment plants, and significant inhibition by AgNPs on activated sludge flocs has been 

observed, the AGS-SBR system appears to be an attractive alternative to conventional activated 

sludge systems for the treatment of textile wastewater containing these nanoparticles. The monitoring 

of AHL levels throughout granulation suggested that these molecules influenced this process and 

contributed to the maintenance of the granular structure. Thus, cellular extracts from aerobic granules 

could possibly be used to promote granulation and maintain the structural stability of aerobic granules 

in operations at large scale. 
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5. Future Work 

To further investigate the impact of AgNPs on reactor performance while treating textile 

wastewater, higher concentrations should be tested, since AgNPs showed no impact at the tested 

concentrations. Furthermore, the effect of AgNPs toxicity on nitrification in AGS should also be 

assessed through the analysis of nitrite and nitrate contents in the mixed liquor when ammonia 

concentration in the feed solution was above the minimum level for nitrification. 

Regarding the QS studies, although the method used allowed insights into the effect of AHL 

concentrations on microbial aggregation and granular structure maintenance, it still needs to be 

optimized. Reporter strain storage conditions should be revised and a definite time period between 

incubation and OD615 measurement should be established to generate more accurate and 

reproducible results. In terms of identification of AHL molecules produced and detected during 

granulation, a more extensive research using various reporter strains or different methods, such as 

TLC, could be performed. Another interesting option might be the testing of the effect of cellular 

extracts from mature granules on the granulation step of a new operation. This would allow inferring if 

this process could be benefitted in terms of time, if granular structure and fraction could be improved 

and also the impact of this addition on treatment performance. 
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