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ABSTRACT 
The growing concerns with water resource quality and water scarcity worldwide are increasingly recognized and have 

gained a focus in varied investigations. The textile industry is part of the range of industries that most consume this 

resource and its wastewater is one of the most polluting. Thus, the recovery of these wastewaters has been extensively 

studied and new treatments have been developed for the reuse of this resource. In this work, the impact of several 

components, typically found in the wastewaters of this industry, on the treatment of a simulated textile wastewater using 

an aerobic granular sludge system in a sequencing bath reactor was investigated. Four operational phases were 

monitored differing in terms of the presence of silver nanoparticles (Ag NPs) – Phase 1 (10 mg/L Ag NPs) and Phase 2 

(without Ag NPs) – azo dye concentration (AR14) – Phase 3 (increased from 20 to 60 mg/L of AR14) – and the presence 

of calcium nitrate – Phase 4 (60 and 120 mg/L of Ca(NO3)2.H2O). No significant impacts on sludge properties or treatment 

efficiency were observed during the first three phases. However, the presence of calcium nitrate showed to be significant, 

improving granule sedimentation properties and increasing granule size, biomass concentration inside the reactors and 

the removal of organic matter. In addition to these improvements this component did not affect the kinetics of colour 

removal neither its overall removal efficiency. This suggests that calcium nitrate promotes granulation and improves 

treatment efficiency. 

Keywords: textile wastewater; aerobic granular sludge; sequencing batch reactor; silver nanoparticles; azo dye; 

calcium nitrate. 
 

_______________ 

INTRODUCTION 
 

Textile wastewaters are rated as one of the 

most polluting in industry, both in discharged 

volumes and composition 1. In a time when water 

resources and water scarcity are major concerns, 

the recovery and treatment of textile wastewaters 

is being studied and more attractive technologies 

are being developed both environmentally and 

economically 2.  

The most important environmental problems 

created by textile installations’ wastewaters arise 

from the high organic loads and the presence of 

colour 3. These components severely affect the 

photosynthetic function of plants, prevent light 

penetration, threaten marine life with components 

such as chloride and metal ions, among other 

problems that can compromise ecosystems and 

quality in the water where the effluents are 

released 2.  

Colour has a major impact in these 

wastewaters, since a small concentration of dye 

(<1 ppm) is sufficient to be visible affecting the 

appearance, transparency and oxygenation of 

rivers and other water bodies. The vast majority of 

dyes used in the textile industry are the azo dyes, 

representing about 60 to 70% of all dyes produced 

worldwide. Their preference is due to their ease of 



production and economic advantages, although 

they mays present toxic effects, including 

carcinogenic and mutagenic 4. These dyes are 

named azo due to the presence of one or more 

azo groups (−N=N−) in their structure. The colour 

of these dyes can be removed under anaerobic 

conditions by breaking the azo bound (reduction of 

the chromophore). This process of colour removal 

gives origin to potentially toxic substances – the 

aromatic amines. These amines are colourless 

and highly resistant to degradation under 

anaerobic conditions and their mineralization can 

be best done under aerobic conditions1. Another 

pollutant type that can be present in textile 

wastewaters are nitrogen compounds that are 

used during the dying and printing processes in 

high concentrations.  

The developments in textile manufacturing and 

nanotechnology have led to the creation of new 

fabrics and materials. Several types of 

nanoparticles have been incorporated in synthetic 

fibers in order to confer new properties and 

functions to the fabrics, such as protection against 

UV radiation, strength and antibacterial properties. 

Among nanoparticles, silver nanoparticles (Ag 

NPs) have gained greater focus and interest due 

to their antibacterial properties, low toxicity to 

human cells and high biocompatibility 5. During the 

synthesis and incorporation of these particles in 

the fabric their release into the industrial 

wastewater can occur and eventually they may 

enter the wastewater treatment plants (WWTP). 

After entering the WWTP, Ag NPs interact with the 

activated sludge or other microbial treatment 

populations and, due to their antibacterial 

properties, can affect them potentially 

compromising the treatment efficiency 6. 

For more than a century conventional activated 

sludge processes remained the standard method 

for wastewater treatment. Since they require large 

settling tanks and therefore a large footprint, 

aerobic granular sludge (AGS) has been 

developed as an alternative, improving the 

biomass settling properties and reducing the plant 

size. The activated sludge is developed in dense 

and compact granules with short settling times, 

providing high biomass retention, the ability to 

withstand fluctuations in organic loading and the 

existence of different redox conditions (aerobic, 

anoxic, anaerobic) required for a variety of 

biological conversions within the granular 

structure7. 

Despite the increasingly reported AGS 

application for municipal and industrial 

wastewaters, textile wastewater treatment with 

AGS technology has barely been reported. Thus, 

the objective of the present work is to assess the 

impact of several components of a simulated 

textile wastewater on its treatment in sequencing 

batch reactors using the AGS technology, namely 

the presence of Ag NPs, the increase in azo dye 

concentration and the presence of calcium nitrate. 

___________________________ 

MATERIALS AND METHODS 
 

Carbon source and dye stocks 
 

A starch-based sizing agent used in the cotton 

industry, Emsize E1 (Emsland-Stärke GmbH, 

Germany) was used as carbon source. The stock 

solution (100 g/L) was prepared by hydrolysing 

Emsize E1 in alkaline conditions 8. The azo dye 

stock solution (5.0 g/L) was prepared by dissolving 

Acid Red 14 (AR14, Chromotrope FB, Sigma 

Aldrich, 50% dye content) in distilled water. 

 

Simulated wastewater composition 
 

The simulated wastewater used as feed 

solution was prepared by diluting the carbon 



source stock solution with a nutrients and salts 

solution, to a COD content of 1000 mgO2/L. This 

solution contained pH buffering phosphates and 

nutrients to the following concentrations: 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, 35 µg/L 

(NH4)6Mo7O24.4H2O, 22.5 g/L MgSO4·7H2O, 27.5 

g/L CaCl2 and 0.25 g/L FeCl3·6H2O. All salts were 

analytical grade. In this feed solution the COD:N:P 

mass ratio was 100:3.7:37. Dye was added from 

the stock solution to a concentration of 20 or 60 

mgAR14/L. 

 

SBR setup and operation 
AGS from a previous operation was used to inoculate two 
1.5-L sequencing batch reactors (SBRs) (height-to-
diameter ratio=2.5) after a 18- day storage period. The 
reactors were operated for 214 days, comprising four 

experimental phases (1-4), characterised in  

Table 1. Filling was performed from the bottom 

of the reactors during the first 87 days, and from its 

top for the remaining period. Both SBRs were 

operated in 6-h cycles including 30 min static 

anaerobic feeding, followed by a 1.5-h stirred 

anaerobic phase, 3.5 h aeration, 5 min settling, 1 

min drain and idle. Mechanical mixing was 

provided by a magnetic stirrer (70 rpm) and 

aeration was supplied by air compressors (SPP-20 

GJ-L, Hiblow, Japan) via bottom diffusers (2 

v.v.m). The feed was supplied to the SBRs with a 

hydraulic retention time of 12 h with no imposition 

of a solids retention time (SRT), with a 50% 

volumetric exchange ratio and an organic loading 

rate of 2.0 kg CQO/(m3.d). Silver nanoparticles 

(Phase 1) were fed to SBR1 from the top of the 

reactor and were replaced by the same volume of 

distilled water (150 mL) in the subsequent phases.
 
Table 1 Summary of the operational conditions of SBR1 and SBR2 along the experimental phases, regarding feed composition. SBR2 

did not receive any feed of Ag NPs or calcium nitrate. 

 
 
 

Analytical methods 
 

Total suspended solids (TSS), volatile 

suspended solids (VSS), sludge volume index 

after 5 and 10 min settling (SVI5 and SVI30, 

respectively), COD and pH were determined 

through standard procedures. Biomass 

morphology analysis employed a light transmission 

microscope (BA200, Motic) with a digital camera 

(Moticam 2, 2.0 MP) and respective software 

  Feed Composition 

                                                   SBR1                                            SBR2  

Phase Days Ag NPs (mg/L) AR14 (mg/L) Ca(NO3)2.H2O (mg/L) AR14 (mg/L) 

1 1-31 10 20 

0 

20 

2 32-119 

0 

20 20 

3 
120-135 60 60 

136-147 20 20 

4 
148-154 20 60 20 

155-214 20 120 20 



(Motic Images Plus 2.0, Motic). Colour removal 

was measured by reading the absorbance of 

centrifuged samples at 515 nm (AR14 maximal 

absorbance wavelength in the visible region) in a 

UV-visible spectrophotometer (Specord 200, 

Analytik Jena) against distilled water. Dye 

concentration in terms of color equivalents was 

determined from a calibration curve obtained with 

standard AR14 solutions.  

 

___________________________ 

RESULTS AND DISCUSSION 
 

AGS properties 
GRANULE SIZE 

Samples from the mixed liquor inside both 

reactors were passed through two sieves with 

aperture sizes of 0.65 and 0.2 mm. System 

instability was observed, as shown in Figure 1, and 

the applied method provided replicate results with 

relative standard deviations of 14.2 and 42.2% for 

SBR1 and SBR2, respectively. Both reactors 

began the operation with smaller granules possibly 

due to the previous storage period when no 

substrate was fed leading to the biomass entering 

a latent state with subsequent death.9  

During Phase 1 and the first days of Phase 2, 

the granule size in SBR1 was lower than in any 

other Phase, suggesting that the continuous 

exposure to Ag NPs and their accumulation inside 

the reactor can lead to a reduction in the 

production of EPS and therefore to a reduction in 

granule size.9 A few days after stopping the Ag 

NPs feed the granule size increased, confirming 

the hypothesis suggested earlier. With the 3-fold 

increase of AR14 concentration (Phase 3) the 

granule size augmented possibly due to the 

decolourization process itself. Since the azo dye is 

used as a final electron acceptor and the azo 

reducing bacteria are thought to be located inside 

the granules, anoxic heterotrophic growth can 

occur in that region inducing granule densification 

and integrity.3 Major improvements in granule size 

were observed during Phase 4 and can be 

explained by the presence of calcium ions that can 

speed up the granulation process, through binding 

to the negatively charged groups present on 

bacterial surfaces and extracellular polymeric 

substances (EPS), forming bridges to promote 

bacterial aggregation.10 

 

 
Figure 1 Distribution of biomass aggregate size over the four 

operational phases in SBR1 and SBR2. Floc fractions (d<0.2 

mm), small granules (0.2<d<0.65 mm) and large granules 

(d>0.65 mm). Results are presented for samples collected 

during Phase 1 (days 1 to 31), Phase 2 (days 32 to 119), 

Phase 3 (days 120 to 135) and Phase 4 (days 148 to 214). 

Between days 136 and 147 the operating conditions of Phase 2 

were restored. Most measurements were done in duplicate, 

with a maximum relative standard deviation of 14.3% and 

42.2% for SBR1 and SBR2, respectively. 

 

BIOMASS SETTLING PROPERTIES 

Throughout most of the operation SBR1 

presented SVI values lower than those of SBR2 

(see Figure 2), which suggests that SBR1 biomass 

had better settling properties. These results are 

consistent with those observed in Figure 3, were 

the difference between SVI5 and SVI30 is lower in 



SBR1. During Phase 1, it can be inferred that the 

difference between the values of SVI5 and SVI30 

(Figure 3) in SBR1 is similar to that recorded for 

SBR2. On day 2, at the beginning of Phase 1, 

SBR1 presented a smaller difference between SVI 

values than SBR2, which may have been due to 

the fact that the SBR2 granules deteriorated more 

during the storage period, with slower adaptation 

of the sludge to the new operating conditions. In 

general, however, there was a decrease in both 

SVI values for both SBR1 and SBR2 during this 

phase, following the formation of larger and more 

compact granules in both reactors. In the 

subsequent Phases, 2 and 3, no large differences 

were observed, only oscillations due to the 

instability of the system.  

 

 
Figure 2 SVI values of the reaction suspension of SBR1 and 

SBR2 over the four phases studied. Values read after 5 

minutes of sedimentation - SVI 5 - for SBR1 (dark blue) and 

SBR2 (dark orange) and after 30 minutes of sedimentation - 

SVI 30 - for SBR1 (light blue) and SBR2 (light orange). Results 

are presented for measurements made during Phase 1 (days 1 

to 31), Phase 2 (days 32 to 119), Phase 3 (days 120 to 135) 

and Phase 4 (days 148 to 214). Between days 136 and 147 the 

operational conditions of Phase 2 were restored. 

 

Only in the last Phase, when calcium nitrate 

was fed, an improvement in sedimentation 

properties was observed, with a decrease in both 

SVI differences and SVI values. These results are 

consistent with those obtained for granule size, 

suggesting that calcium nitrate originates larger, 

denser granules.11 

 

 
Figure 3 Values for the difference SVI5 - SV30 for SBR1 (blue) 

and SBR2 (orange) over the four phases studied. Results are 

presented for measurements made during Phase 1 (days 1 to 

31), Phase 2 (days 32 to 119), Phase 3 (days 120 to 135) and 

Phase 4 (days 148 to 214). Between days 136 and 147 the 

operational conditions of Phase 2 were restored. 

 

Treatment efficiency  
 

COLOUR REMOVAL 

In the beginning of the operation, on day 2, 

both reactors presented a low colour removal 

yield, probably due to the adaptation process after 

the storage period. However, there was a rapid 

recovery of the system and, in the subsequent 

cycles, 80% colour removal yields were obtained 

and essentially maintained until the end of the 

operation (see Figure 4). 

Along Phases 1 and 2 no differences were 

observed in terms of colour removal, suggesting 

that the presence of Ag NPs did not influence this 

parameter. In Phase 3 a 3-fold increase in AR14 

concentration also induced no differences the 

overall colour removal efficiency. These results 

indicate that the colour removal reaction follows 

first order kinetics and that an abrupt increase in 

azo dye AR14 concentration to 60 mg/L did not 

impair the decolouration capacity of the system. A 

comparison of two cycles, one with the lower dye 

concentration (20 mg/L) and another with the 3-

fold increase in concentration (60 mg/L) confirmed 

the possibility of first order kinetics, since in the 

Phase 3 profile the minimum colour concentration 

was obtained in the first 30 min of anaerobic 



reaction whereas in the Phase 2 cycle it was only 

obtained after 60 min of reaction. 

During Phase 4 the colour removal yields 

obtained were similar to those of the previous 

phases. These results were not expected since it 

has been reported that under denitrifying 

conditions, the azo compounds are not 

anaerobically decolourised until all the added 

nitrate is denitrified, because the latter competes 

with the dyes for the reducing equivalents formed 

during the non-aerated phase.8 In order to better 

understand this phenomenon, AR14 concentration 

profiles along the reaction stage were measured to 

compare two cycles, one containing nitrate (Phase 

4) and another without nitrate addition (Phase 2). 

The AR14 concentration curves obtained were 

similar in both cycles, colour being removed in the 

first 60 min of the cycle after which its level 

stabilized. If, as previously referred, the colour 

removal began only after total denitrification, there 

would be no decolourisation in the beginning of the 

cycle and the Phase 4 profile should have shown a 

delay, which was not verified. These results 

indicate that decolourisation and denitrification 

may occur simultaneously in different zones of the 

granules. Another hypothesis was that no 

denitrification occurred during the Phase 4 cycle, 

but nitrate content analyses showed that the latter 

was removed alongside colour removal, confirming 

the first hypothesis.  

 

 
Figure 4 Removal yield and initial concentration values of 

AR14 in SBR1 and SBR2, along the four phases of operation 

studied. Results are presented for determinations made during 

Phase 1 (days 1 to 31), Phase 2 (days 32 to 119), Phase 3 

(days 120 to 135) and Phase 4 (days 148 to 214). Between 

days 136 and 147 the operational conditions of Phase 2 were 

restored. 

 

CARBON LOAD REMOVAL 

The total COD removal efficiency throughout 

Phases 1, 2 and 4 was around 80% for both 

reactors (Figure 5), suggesting that the presence 

of Ag NPs and calcium nitrate in the SBR1 feed 

did not influence the total organic matter removal 

capacity of the system.  

During Phase 3 a decrease was observed and 

the total COD removal yield reached the same 

value as the anaerobic COD removal yield by day 

135. This behaviour suggests an acute intoxication 

of the aerobic population of both reactors due to 

the increase of dye concentration, leading to a 

decrease in aerobic respiration, and so COD 

removal occurred mainly during the anaerobic 

phase. However, after resuming feeding at the 

lower dye concentration (day 142) a rapid 

improvement in the yield of total COD removal was 

observed, returning to the 80% range.  

Regarding the fraction of COD removed during 

the anaerobic stage of the cycle, oscillations were 

observed throughout the entire period of operation. 

During this stage, COD is incorporated by the 

granules due to the imposed feast/famine regime 



that contributes to granulation, promoting the 

accumulation of intracellular polymers and EPS 

formation. The mechanism of colour removal may 

also lead to COD consumption as the bacteria use 

electrons from organic matter oxidation to reduce 

azo dyes, but since the dye concentrations inside 

the reactors are low this electron drift has no 

expression in  these results.12 

 

 
Figure 5 COD removal yield values for the total cycle and 

percentage of COD removed during the anaerobic step of the 

cycle, in SBR1 and SBR2, throughout the experimental period. 

Results are presented for determinations made during Phase 1 

(days 1 to 31), Phase 2 (days 32 to 119), Phase 3 (days 120 to 

135) and Phase 4 (days 148 to 214). Between days 136 and 

147 the operational conditions of Phase 2 were restored. 

 

During Phase 4, an increase in the removal 

percentage of COD in SBR1 during the anaerobic 

phase was observed. This increase may be due to 

the fact that calcium nitrate was being fed to SBR1 

which promoted granulation, giving rise to larger 

granules. The COD removal results, coupled with 

the fact that during this phase larger granules and 

lower SVI values were observed, indicate that 

there is probably a greater incorporation of organic 

matter by the granules for the accumulation of 

intracellular polymers and formation of EPS.12 This 

increased incorporation can be explained by one 

of two hypotheses, either due to the stabilizing 

effect that calcium has on the granules or to the 

fact that the activity of the denitrifying population 

inside the granules is being promoted, thus 

rendering them more apt to carry out the anoxic 

incorporation of organic matter. 

 

_______________ 

CONCLUSIONS 
This study evaluated the effects of three 

components that could be present in a wastewater 

from the textile industry on the biomass properties 

and the treatment efficiency of a simulated textile 

effluent using aerobic granular sludge (AGS) in 

sequencing batch reactors (SBRs) operated with 

anaerobic and aerobic reaction stages. The 

components tested were the Acid Red 14 dye 

(AR14), silver nanoparticles (Ag NPs) and calcium 

nitrate. Two SBRs, SBR1 and SBR2, were 

operated in parallel under the same conditions, 

except for the test periods for the effects of Ag 

NPs and calcium nitrate, during which these 

components were only fed to SBR1. 

The storage time without substrate feed 

undergone by the granular inoculum used in the 

startup of both reactors caused some 

disintegration and deterioration of the granules and 

loss of activity of the granular biomass. This 

disintegration was more noticeable for SBR2, 

indicating that the inoculum of SBR1, that had 

been exposed to Ag NPs in the pre-storage 

operation, further preserved the cohesion of the 

granules during the storage period. However, 

granulation occurred in both reactors, proceeding 

during the entire operating period, with a notorious 

difference being observed in the granulation 

process in the two SBRs, less efficient in SBR2. 

As for the impact of Ag NPs on sludge 

properties it was observed that SBR1, fed with 

nanoparticles, showed a greater tendency towards 

increases in granule size and biomass 

concentration inside the reactor, when compared 

to SBR2, operated without nanoparticles. It was 



also noted that the presence of nanoparticles did 

not significantly affect the treatment efficiency, no 

differences being observed in the yields of color 

and organic matter removal.  

The three-fold increase in the concentration of 

azo dye AR14 in the feed appeared to induce a 

slightly positive effect on the size of the granules, 

although no differences were observed in their 

morphology and deterioration occurred in their 

sedimentation properties and the concentration of 

biomass in the reactors. However, a good AGS 

response to this increase in the concentration of 

AR14 was observed, in terms of decolourisation 

efficiency, the reaction presenting apparent first 

order kinetics, with maintenance of the overall 

removal efficiency of AR14 in the total cycle. The 

increase in AR14 concentration had a markedly 

negative effect on the removal of organic matter 

(COD) during the aerobic step of the cycle, 

without, however, inducing a significant change in 

COD removal during the anaerobic step. Such 

evidence suggests the use by AGS of different 

mechanisms of removal of COD in the two stages, 

with different sensitivities to the inhibitory effect of 

the dye. 

Finally, calcium nitrate was the component that 

had the greatest impact on AGS sludge properties 

and treatment efficiency. During this phase, sludge 

properties seemed to thrive in all aspects, namely, 

the morphology of the granules became more 

compact and regular, the sedimentation properties 

improved, there was an increase in the size of the 

granules and there was more accumulation of 

biomass in the reactor. Color removal appears to 

have been unaffected by the presence of this 

component, suggesting simultaneous occurrence 

of color removal and denitrification within the 

granules. Regarding the removal of COD, 

improvements were also observed during this 

phase in SBR1, indicating a greater capacity of the 

AGS for anaerobic or anoxic incorporation of 

organic matter during this phase. 
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