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Abstract: The use of silver nanoparticles (AgNPs) in textile products has been rapidly growing, but their 

impact on wastewater treatment is still largely unknown. In order to gain better insight on this subject, the 

impact of AgNPs on the performance of an aerobic granular sludge (AGS) sequencing batch reactor (SBR) 

system treating a synthetic textile wastewater containing the azo dye Acid Red 14 (AR14) was analysed. Two 

SBRs with 6 h anaerobic-aerobic cycles were run in parallel, one fed with AgNPs and one as control. Two 

operations were carried out: Operation 1 (5.0 mg/L AgNPs in SBR1), where the SBRs were inoculated with 

stored AGS; and Operation 2 (10.0 mg/L AgNPs in SBR1), where granulation from flocculent activated sludge 

was promoted. In both operations, the sludge successfully adapted to the new experimental conditions and to 

the presence of AgNPs. These seemed to have, initially, destabilized the system, but in the long-term 

contributed to granule enlargement and improved sludge settling ability. Regarding decolourisation and 

organic matter degradation, neither the presence of AgNPs nor the type of inoculum seemed to have affected 

the treatment performance, since efficiencies around 80% were obtained for both reactors in both operations. 

The monitoring of N-acyl homoserine lactone (AHL) levels during granulation in Operation 2 suggested that 

AHL-based quorum sensing (QS) promoted aerobic granule formation. Also, the higher AHL concentrations in 

the presence of AgNPs suggested that AHLs may be involved in cell protection against AgNPs toxicity. 

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

nanoparticles, granulation, N-acyl homoserine lactones. 

1. Introduction 

Nowadays, the textile industry is one of the 

main sources of water pollution problems 

worldwide. The inefficient treatment of these 

wastewaters causes a large amount of dyes used 

in the textile industry to be released in natural 

waterbodies, which leads to a decrease in light 

penetration, photosynthetic activity and dissolved 

oxygen concentration, compromising 

ecosystems.
1–3

 The most commonly used dyes in 

the textile industry are azo dyes, mainly due to 

their easy and cost-effective synthesis. Many 

synthetic azo dyes and the aromatic amines they 

originate are potentially toxic, carcinogenic and/or 

mutagenic.
1,4

 

Several physicochemical and biological 

methods have been used to treat textile 

wastewaters.
1
 Biological processes are generally 

more eco-friendly and cost competitive than 

physicochemical methods.
3
 However, even though 

conventional aerobic systems efficiently degrade 

organic matter, they are not able to remove the 

majority of dyes.
2
 As for anaerobic treatments, 

these are only economically advantageous if the 

energy used to heat the wastewater can be 

recovered through the combustion of the produced 

biogas.
5
 Researchers have found the combination 

of both aerobic and anaerobic processes 

advantageous to treat textile wastewater.
6
  

The sequencing batch reactor (SBR) is a 

modification of the basic activated sludge design, 

and its flexibility allows it to adapt to regulatory 

changes for effluent parameters. The SBR cycle 

usually comprises 5 stages: filling, reaction, which 

may include aerobic and anaerobic stages, 

settling, draining and idle 
7,8

 Several researchers 

have reported the successful treatment of coloured 

textile wastewater using this technology.
9–11
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However, conventional activated sludge systems 

present drawbacks mainly associated with the 

poor settling properties of activated sludge flocs. 

These drawbacks were overcome by the 

development of aerobic granular sludge (AGS), 

which is mainly attained in SBRs. 

Aerobic granules are considered a special form 

of bacterial biofilm with a three-dimensional and 

more complex structure that grows in 

suspension.
12

 These granules comprise anaerobic, 

aerobic and anoxic regions, thus enabling the 

activity of different microbial populations.
8
 Their 

dense and strong structure provides good settling 

ability, easy separation from the treated 

wastewater and high biomass retention in 

bioreactors.
13

 Information about the use of 

AGS-SBRs for textile wastewater treatment is still 

scarce, but  their potential to treat dye-laden textile 

wastewater has been demonstrated, including 

complete mineralization of aromatic amines.
14

  

A growing concern considering textile 

wastewater is the increasing presence of silver 

nanoparticles (AgNPs) since, in the last years, the 

textile industry has found great interest in AgNPs 

for antimicrobial finishing.
15,16

 Accumulation of 

AgNPs in wastewater treatment plants is also 

expected to increase, and since knowledge about 

the way nanoparticles are retained by biomass and 

their effects on microbial growth in biological 

treatment processes is still lacking, concerns about 

the potential impact of these nanoparticles in the 

biological treatment of textile wastewaters have 

been emerging.
17

  

The mechanisms involved in aerobic granule 

formation are still unclear. However, it has been 

suggested that quorum-sensing (QS) using N-acyl 

homoserine lactones (AHLs), which are the QS 

signal molecules mainly used by gram-negative 

bacteria, may play an important role on aerobic 

granulation and on the maintenance of granule 

stability.
18

 QS is a form of cell-to-cell 

communication used by several gram-positive and 

gram-negative bacterial species to coordinate the 

behaviour of entire microbial communities. By 

affecting gene expression, QS within and between 

species allows microbial communities to adapt and 

survive to changes in the surrounding 

environment.
19

 

The aim of this work was to analyse the impact 

of AgNPs, at concentrations of 5.0 mg/L and 

10.0 mg/L, on the performance of an AGS-SBR 

system in the treatment of synthetic textile 

wastewater under different experimental 

conditions, including the granulation step. In 

addition, the effect of AgNPs on AHL-based QS 

during granulation was also investigated. 

2. Materials and methods 

2.1 Synthetic textile wastewater 

2.1.1 Carbon source, dye and AgNPs stock 

solutions 

The carbon source consisted of a starch-based 

sizing agent used in the textile industry, Emsize E1 

(Emsland-Stärke GmbH, Germany). The stock 

solution (100 g/L) was prepared through the 

hydrolysis, in alkaline conditions, of a solution of 

Emsize E1 in distilled water, according to  

manufacturer’s instructions, as described by 

Lourenço et al (2000)
20

. 

The azo dye stock solution was prepared 

through dissolution of Acid Red 14 (AR14, 

Chromotrope FB, Sigma Aldrich, 50% dye content) 

in distilled water to a final concentration of 5 g/L. 

The silver nanoparticles (AgNPs) stock solution 

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 and sonicating it (VWR, Internation 

bvba/sprl, Belgium) for 60 minutes at 80W. The 

suspension was then diluted with 1L of MilliQ 

water to a concentration of 50.0 mg/L in 

Operation 1. In Operation 2, no dilution was 

performed. 

2.1.2 Synthetic wastewater composition 

The synthetic textile wastewater used as feed 

solution was prepared by diluting the carbon 

source stock solution in distilled water to a COD 

content of 1000 mgO2/L (1.15 g/L Emsize E1) and 
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supplementing it with pH buffering phosphates and 

nutrients to the following concentrations: 27.5 mg/L 

CaCL2, 22.5 mg/L MgSO4·7H2O  250 µg/L 

FeCL3·6H2O, 2310 mg/L Na2HPO4·12H2O, 

762 mg/L KH2PO4, 143 mg/L NH4Cl,  40 µg/L 

MnSO4·4H2O, 57 µg/L H3BO3, 43 µg/L 

ZnSO4·7H2O and 35 µg/L (NH4)6Mo7O24·4H2O. All 

salts were analytical grade. In this feed solution, 

the COD:N:P mass ratio was 100:3.7:37. The low 

N supply was used to avoid the occurrence of 

nitrification. The azo dye AR14 was added from 

the stock solution to a final concentration of 

40.0 mg/L in the wastewater. In the AgNPs-

supplemented SBRs, the AgNPs stock suspension 

was added to a concentration of 5.0 or 10.0 mg/L 

at the start of the reaction phase. 

2.2 Experimental set-up and operations 

2.2.1 SBR system 

The experimental system was composed by 

two bubble-column SBRs, SBR1 and SBR2, with a 

working volume of 1.5 L (height/diameter ratio of 

2.5). The reactors were run in parallel at room 

temperature in a sequencing batch mode with 6-h 

cycles composed by 30 min of static fill, 1.5 h of 

anaerobic reaction (with mechanical mixing), 3.5 h 

of aeration, 5 min of settling, 1 min of drain and an 

idle stage. Hydraulic retention time (HRT) was 

12 h. Solids retention time (SRT) and pH were not 

controlled. 

Mechanical mixing (70 rpm) was provided by 

magnetic stirrers and aeration (2 v.v.m.) was 

supplied by air compressors via a fine bubble 

diffuser at the bottom of each reactor. The 

synthetic wastewater was fed to both SBRs at the 

bottom with an exchange ratio of 50% (effluent 

withdrawal at mid-height), the volumetric organic 

loading rate (OLR) being 2.00 kg COD/(m
3
.d). 

SBR1 was supplemented at the top with AgNPs 

from the stock suspension and SBR2 worked as 

an AgNP-free control.  

2.2.2 Experimental operations 

Two distinct operations were carried out. In 

Operation 1, run during 105 days, the seed sludge 

was AGS previously stored at room temperature 

during 40 days and the concentration of AgNPs in 

the mixed liquor of SBR1 was 5.0 mg/L. In 

Operation 2, the concentration of AgNPs in SBR1 

was 10.0 mg/L and the reactors were inoculated 

with activated sludge flocs collected from a 

conventional domestic wastewater treatment plant 

(WWTP), Chelas, Lisbon, Portugal. This operation 

was monitored during 44 days and was divided 

into eight periods (I-VIII) that differed only in terms 

of settling time so that granulation was promoted: 

period I (days 1-2)– 60 min; period II (days 3-6)– 

40 min time; period III (days 7-9)– 30 min; 

period IV (days 10-13)– 20 min; period V 

(days 14-16)– 15 min; period VI (days 17-23)– 

10 min; period VII (days 24-27)– 7 min; period VIII 

(days 28-44)– 5 min. 

2.3 Analytical methods 

2.3.1 SBR performance monitoring 

Samples were collected from the two SBRs 

along different treatment cycles and clarified by 

centrifugation (10 min at 4000 rpm and 21ºC). The 

supernatant was then used to analyse colour and 

soluble COD. Colour was measured 

spectrophotometrically (using a UV-VIS 

spectrophotometer, Analytik Jena, Germany) 

against deionized water at the maximum 

absorbance wavelength of AR14 in the visible 

region (515 nm).The variation in AR14 

concentration along chosen cycles was 

determined in both operations using a previously 

built standard curve (data not shown). COD values 

were measured according to standard procedures 

(American Public Health Association, 1995).
21

 

Sludge volume index (SVI) was determined by 

measuring the volume occupied by the sludge 

settled from 1 L of mixed liquor after 5 and 30 min 

of settling time in an Imhoff cone (SVI5 and SVI30, 

respectively), and dividing it by the corresponding 

TSS value, which was also determined according 

to standard procedures (American Public Health 

Association, 1995).
21

 Biomass morphology was 

analysed using a transmission light microscope 
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(BA200, Motic) fitted with a digital camera and 

respective software (Moticam 2, Moticam). 

2.4 Quorum sensing analysis 

2.4.1 Strains and growth conditions 

Agrobacterium tumefaciens NTL4 (pZLR4) was 

used as the AHL reporter. This strain lacks the Ti 

plasmid, and does not produce detectable levels of 

agrobacterium autoinducer (AAI, N-(3-

oxooctanoyl)-L-homoserine lactone). The 

presence of plasmid pZLR4, which contains a 

traG::lacZ fusion and traR, induces the production 

of a blue colour in the presence of 5-bromo-4-

chloro-3-indolyl-β-D-galactopyranoside (X-Gal) 

and N-acyl homoserine lactones (AHLs). A. 

tumefaciens NTL4 (pZLR4) grows in or on LB 

medium and minimal medium at 28°C, 

supplemented with 50 μg/mL gentamicin.
19,22

  

2.4.2 AHL quantification 

2.4.2.1 AHL extraction 

Mixed liquor samples with volumes equivalent 

to 10 mg of biomass were harvested at the end of 

different cycles along Operation 2 and AHLs were 

extracted using a modification of the method 

described by Ren et al (2010)
18

. First, the samples 

were centrifuged at 6000 rpm for 10 min at 4ºC to 

remove the supernatants, which were stored 

at -20ºC. Then, the pellets were re-suspended in 

1.5 mL of MilliQ water and sonicated using an 

ultrasonic homogenizer Sonopuls HD 3200, 

Bandelin, in an ice bath at an acoustic intensity of 

30 W 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 were collected and 

stored at -20ºC.  

2.4.2.2 AHL measurement 

The measurement of AHL content was based 

on the method described by Singh and Greenstein 

(2006)
23

 and modified by Li et al (2014)
19

, with a 

few alterations. The reporter strain, A. tumefaciens 

NTL4 (pZLR4) was grown in minimal media (2 g/L 

glucose, 10.5 g/L K2HPO4, 4.5 g/L KH2PO4, 2 g/L 

(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 media without 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, 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 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 

suspensions 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 later 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). In order to quantify AHL in 

SBR samples, a calibration curve was established 

using N-(3-oxo-dodecanoyl)-L-homoserine lactone 

(ODHL) solutions with known concentrations, 

between 0 nM and 2 nM, incubated with the 

reporter strain using the procedure described 

above for supernatant samples.  

3. Results 

3.1 AGS Morphology 

Biomass morphology was analysed using light 

microscopy in both operations. Microscopic 

images of biomass from SBR1 and SBR2 collected 

throughout Operation 1 and Operation 2 are 

represented in Figure 1and Figure 2, respectively.  

Operation 1 

Figure 1 shows that neither SBR1 nor SBR2 

started Operation 1 with typical granular sludge. 

This is likely an effect of the high storage 
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temperature combined with the absence of 

external substrate during 40 days, which may have 

led to endogenous respiration and granule 

disintegration.
13

 

Biomass in both reactors underwent a new 

process of granulation during the course of 

Operation 1. This occurred successfully in SBR2, 

in which granules with rounded shapes and 

irregular outlines enlarged and became more 

compact over time. Regarding SBR1, aerobic 

granulation also occurred, but in the initial phase 

SBR1 presented more dispersed and less dense 

sludge aggregates than SBR2. Aerobic granules 

evolved in SBR1 in terms of granule size and 

density until day 57, when part of the sludge in 

SBR1 underwent accidental shearing, resulting in 

smaller and less compact granules with more 

irregular outlines, as can be seen in day 65. 

Nevertheless, biomass in SBR1 was able to 

recover and by the end of the operation the sludge 

was similar in both reactors. 

Operation 2 

Considering Operation 2, it is possible to 

observe that the seed sludge 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. 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. 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. This may 

have resulted from a response of cells to the 

AgNPs toxicity, since it has been reported that 

when cells are exposed to AgNPs, they increase 

their EPS production to protect themselves.
24

 The 

larger amount of EPS in SBR1 would have 

benefited aerobic granule formation and would 

justify the difference between aerobic granules in 

SBR1 and SBR2. 

3.2 Settling Properties 

The sludge settling ability was monitored by the 

determination of the Sludge Volume Index (SVI) 

after 5 and 30 minutes of settling. The results 

concerning Operation 1 and Operation 2 are 

represented in Figure 3. 

Operation 1 

The initial values for SVI5 and SVI30 were similar 

in both reactors, as observed in Figure 3-a). On 

day 14, these values increased in both bioreactors, 

probably because the systems were still adapting 

to the working conditions and recovering from 

storage effects. The more significant increase in 

SBR1 may be due the presence of AgNPs, which 

may have destabilized the aerobic granules in that 

early stage. Between days 14 and 35, the 

decrease in SVI values and in the difference 

between SVI5 and SVI30 in both SBRs suggested a 

fast recovery of the granular structure after 

storage. On day 42, lower SVI values were 

observed for SBR1, which may be explained by 

the accumulation of AgNPs, which adsorbed to 

biomass and increased its settling velocity. SVI 

values in SBR2 kept decreasing during the course 

of Operation 1, but the accidental shearing of part 

of the SBR1 biomass on day 57 led to the loss of 

settling ability in this reactor. Nevertheless, 

biomass in SBR1 recovered and after day 58 the 

general tendency was also the decrease in SVI 

values. 

Operation 2 

Considering Operation 2, it is possible to 

observe in Figure 3-b) that the SVI5 values 

decreased over the course of Operation 2 in the 

AgNP-fed SBR1 and 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.  
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Figure 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). Scale bar = 1 mm. 
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Figure 2 - 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. 
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a) 

 

b) 

 

Figure 3 - 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 ( ).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.  

Although on day 1 SBR2 presented a slightly 

lower SVI5 value than SBR1, by day 3 SBR1 was 

already showing better sludge settling ability, 

which was maintained until the end of the 

operation. This was possibly due to the adsorption 

of AgNPs by the biomass and its consequent 

density increase.  

3.3 Treatment Efficiency 

The treatment efficiencies were evaluated 

based on the AR14 and COD removal yields over 

the course of both operations. Decolourisation was 

calculated considering the AR14 removed only 

during the anaerobic stage of each chosen cycle 

and the organic load removal yields throughout 

both operations were determined by the 

measurement of soluble chemical oxygen demand 

(COD). The percentages of AR14 and overall and 

anaerobic COD removal, over the course of 

Operation 1 and Operation 2, are represented in 

Figure 4. 

Operation 1 

Considering Figure 4, one observes that sludge 

exposure to AgNPs in Operation 1 had, 

apparently, no impact in terms of colour and 

organic matter removal yields, either at short- or 

long-term. Both reactors were removing around 

70-80% of colour and COD by day 10, proving the 

fast adaption of the sludge to the new 

experimental conditions. These values were kept 

fairly constant throughout the operation. 

It is possible that the concentration of 5.0 mg/L 

of AgNPs was too low to have any effect on 

sludge, or that AGS-SBR system was robust 

enough to efficiently treat textile wastewater 

without being affected by AgNPs. The second 

hypothesis is consistent with the conclusions 

drawn by Gu et al (2014)
12

 and Quan et al 

(2014)
24

. These authors considered the inhibitory 

effects of AgNPs at 5 mg/L on AGS insignificant in 

terms of ammonia oxidizing rate, denitrification 

rate and respiration rate after 22 days, in the case 

of Gu et al (2014)
12

, and 69 days, in the case of 

Quan et al (2014)
24

. 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 

in AR14 and COD removal. 

Operation 2 

Regarding Operation 2, since the tested AgNP 

concentration (10.0 mg/L) was higher than in 

Operation 1 (5.0 mg/L), accumulation of AgNPs 

inside the reactors would also be higher. Thus, the 

potential for AgNPs toxicity in this operation was 

expected to be higher than in Operation 1. 

However, as observed for Operation 1, the 

presence of AgNPs in the synthetic textile 

wastewater did not seem to have a negative 

impact on the removal of either AR14 or COD by 

the AGS-SBR system, since both reactors were 

able to achieve 80% of AR14 removal by day 7 

and 70-80% of COD removal by day 14. 
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It is possible that the tested concentration was 

still too low to have an impact on SBR 

performance. On the other hand, the 

concentration of 10.0 mg/L may have been too 

high, causing 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)
12

. 

3.4 Detection and Quantification of 

AHL in AGS 

In order to investigate the potential effect of 

AHL-based QS in the studied SBR system, the 

AHL concentration of selected samples from 

SBR1 and SBR2 collected throughout the 

granulation process of Operation 2 was 

monitored. 

Prior to measurement of AHL levels on the 

samples, it was necessary to establish a 

calibration curve that related the concentration of 

an AHL molecule (in this study, the synthetic AHL 

N- (3-oxo-dodecanoyl) -L-homoserine lactone – 

ODHL) with the absorbance of the blue pigment 

produced by the biosensor in the presence of this 

lactone. The obtained calibration curve is 

depicted in Figure 5 and the equation derived 

from the curve is Equation 1, which enabled the 

monitoring of AHL levels throughout Operation 2, 

represented in Figure 6.  

Considering Figure 6, one observed that after 

Operation 2 started, AHL concentrations 

decreased to similar values in both reactors on 

days 1 and 3, which should be a consequence of 

the different substrate fed to bacteria in the 

lab-scale SBR system and in the conventional 

wastewater treatment plant from where the seed 

sludge was collected. 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. Furthermore, the peak in AHL 

a)

 
b)

 
c)

 
d)

 
Figure 4– AR14 and COD removal yields in SBR1 (green) and SBR2 
(grey) during Operation 1 and 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) 
Overall 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 ( ).c) Overall 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 ( ). d) 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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concentration in SBR2 on day 3 suggested that by 

this day, AHLs existed in a sufficient concentration 

to be sensed and to begin regulating aerobic 

granulation in SBR2. 

Regarding SBR1, Figure 6 suggests that 

granulation started after day 7 and occurred more 

intensely between days 10 and 14, which is 

consistent with the development of the small 

aggregates observed on day 10 in Figure 1. The 

significant decrease in AHL levels in the two 

reactors between days 14 and 21 suggested that 

by day 21 the biomass in SBR1 and SBR2 was 

well adapted to the experimental conditions. 

New peaks in AHL production in SBR1 and 

SBR2 were promoted by the last alteration in 

settling time from 7 to 5 min on day 28. The last 

decrease in AHL concentration observed for both 

reactors along with the microscopy images in 

Figure 1 and Figure 2 suggested that granulation 

may have been terminated in SBR1 and SBR2 by 

day 44. 

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 and possibly 

benefit aerobic granule formation.
19

 

4. Conclusions  

Regarding the use of stored AGS as SBR seed 

sludge for the treatment of textile wastewaters, no 

advantages were observed when comparing to 

fresh flocculent activated sludge. 

In terms of the AgNPs impact 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. 

Considering the potential role of AHL-based QS 

in aerobic granulation, the increase in AHL levels 

as sludge aggregates developed, suggested that 

these signal molecules play a part in aerobic 

granulation, as reported in the literature.
25

 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. 

Overall, the present work demonstrates that the 

AGS-SBR system is able to efficiently treat textile 

wastewater containing AgNPs in the 5.0-10.0 mg/L 

range. Hence, the AGS-SBR system appears to be 

an attractive alternative to conventional activated 

sludge systems for the treatment of these 

wastewaters, since significant inhibition by AgNPs 

on activated sludge flocs has been reported.
12

 

However, higher AgNP concentration levels should 

 

Figure 5–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 1 

 

Figure 6 – 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. 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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be tested. Furthermore, a more extensive research 

using various reporter strains or different AHL 

identification methods, such as thin Layer 

Chromotography, could be performed in other to 

attain more insights on the relation between 

quorum sensing and granulation. 
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