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Abstract: The following master thesis was divided into two parts. First part was focused on off-line 

monitoring of three different sequencing batch reactors (SBRs) with aerobic granular sludge for dye-

laden textile wastewater treatment: SBR1 with static feeding with silver nanoparticle (Ag-NP) addition, 

SBR2 as SBR1 Ag-NPs-free control and SBR3 with different feeding regime - plug-flow. The second 

part was focused on the development of principal component analysis (PCA) and partial least squared 

(PLS) models. Off-line monitoring was performed by chemical oxygen demand analysis (COD), 

measurement of total suspended solids (TSS) and volatile suspended solids (VSS) and UV-Vis 

spectroscopy. These analyses served to assess the efficiency of textile wastewater treatment of each 

SBR. SBR1 and SBR2 showed very similar results, suggesting that Ag-NP addition did not hamper 

dye or COD removal in this study. SBR exhibited lower dye removal than the first two reactors, 

suggesting that the plug-flow feeding strategy is not as effective as the static feeding for color removal. 

PCA and PLS models were developed using mean-centered UV-Vis spectra of wastewater samples 

containing suspended Ag-NPs. These models were satisfactory for monitoring wastewater containing 

Ag-NPs.  
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1. Introduction 

Textile wastewater treatment is of major 

importance for the human society around the 

world. The release of colored synthetic 

compounds into the natural environment is 

considered the main problem. This is because 

of the pollution in the form of color and the fact 

that many dyes and their breakdown products 

in wastewaters are toxic, dangerous to human 

life and very stable, so they may remain in the 

environment for a long time (dos Santos et al., 

2007). The most significant class of dyes in 

textile processing is the azo dyes. The 

biodegradation of azo dyes using bacterial 

cells is among the cheapest options. That 

causes the cleavage of the dye’s azo linkages 

under anaerobic conditions, which leads to the 

formation of colorless, however potentially 

more dangerous aromatic amines. The 
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mineralization of the resulting aromatic amines 

is carried out under aerobic conditions. So full 

dye removal is best achieved through the 

combination of anaerobic and aerobic 

conditions and an anaerobic-aerobic 

sequencing batch reactor (SBR) with activated 

sludge is one of the promising options (Muda 

et al., 2010; van der Zee and Villaverde, 2005). 

This technique uses mostly flocculent biomass, 

but it is not an entirely suitable treatment 

method because of problems with sludge 

settleability, causing biomass washout in 

secondary clarifiers. The use of aerobic 

granular sludge bioreactors may be the 

solution. (deKreuk et al., 2007, Quan et al., 

2015). The morphological structure of aerobic 

granular sludge, providing high particle size 

and density, ensures the main advantages of 

this wastewater treatment method when 

compared to the classical activated sludge 

process. When the feeding takes place in 

anaerobic conditions, it may lead to more 

stable granules when compared to an aerobic 

feeding strategy. Accordingly, AGS presents a 

promising route in the development of new, 

compact, and high-rate biological wastewater 

treatment systems, treating higher wastewater 

loading rates when compared with 

conventional activated sludge systems (Isanta 

et al., 2012; Li et al., 2008; Rocktäschel et al., 

2015; Wan and Sperandio, 2009). In aerobic 

granular sludge, the co-existence of aerobic 

and anoxic-anaerobic layers inside the 

granules has been observed. So the 

biodegradation of azo dyes would possibly be 

favored by this coexistence (Winkler et al., 

2013). 

Silver nanoparticles (Ag-NPs) represent other 

potential complication in wastewater treatment. 

The increase in nanotechnology applications 

implies the release of Ag-NPs into the 

environment, in industrial and domestic waste 

streams. This may be a problem, because of 

the toxic effect of Ag-NPs on microorganisms, 

leading to a decrease in the efficiency of 

contaminant removal in biological treatment 

processes. Earlier studies have shown that Ag-

NPs could affect both the heterotrophic and 

autotrophic populations in biological 

wastewater treatment reactors (Sheng and Liu, 

2011). 

On-line UV-Vis spectroscopy is one of the 

methods which are currently used to monitor 

and control wastewater treatment plants. Data 

analysis is generally conducted using 

multivariate statistical methods, especially 

principal component analysis (PCA). It was 

reported that UV-Vis spectra of wastewater 

samples included information which, after 

extraction with PCA, was used for quality 

monitoring (Lourenço et al., 2006). 

In this context, the operation of three 

sequencing batch reactors (SBRs) with aerobic 

granular sludge (AGS) and the evaluation of 

their performances through off-line monitoring 

of operational parameters, namely, suspended 

solids, and COD and color removal were 

made. PCA analysis and PLS model 

development were also performed from 

measured UV-Vis spectra to identify and 

quantify Ag-NP, dye and other components of 

the bioreactors’ feed on mixtures prepared in 

milli-Q water. 

2. Materials and methods 

2.1 Culture media 

The reactor culture medium consisted of two 

parts feed-C and feed-N.  

Feed-C was composed of the carbon source 

and macronutrients. Hydrolyzed Emsize E1 

(starch-based size agent, Hoechst Portuguesa, 
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S.A) was used as carbon source. The stock 

solution (100 g L
-1

) was prepared by dissolving 

NaOH and Emsize E1 in a distilled water. Then 

it was left to hydrolyze at room temperature, 

after which its pH was adjusted to 7 with HCl 

37%. Used macronutrients were: 22.5 mg L
-1 

MgSO4.7H2O, 27.5 mg L
-1 

CaCl2 and 0.25 mg 

L
-1 

FeCl3.6H2O.  

Feed-N was composed of the nitrogen source, 

phosphate buffer and micronutrients, which 

were: 2310mg L
-1 

Na2HPO4.12H2O, 762 mg L
-1 

KH2PO4, 143 mg L
-1 

NH4Cl, 0.04 mg L
-1 

MnSO4.4H2O, 0.057 mg L
-1 

H3BO3, 0.043 

mgL
-1 

ZnSO4.7H2O, 0.035 mg L
-1 

(NH4)6Mo7O24.4H2O and 20 mg L
-1 

azo dye. 

The dye stock solution was prepared by 

dissolving Acid Red 14 (Chromotrope FB, 

Sigma Aldrich Chemie GmbH, 50% dye 

content) in distilled water to the concentration 

of 5 g L
-1

. 

2.2 Operation of the anaerobic-

aerobic sequencing batch 

reactors 

The inoculum used to seed the reactors was a 

sample from a conventional activated sludge 

(CAS) bioreactor, which was obtained at the 

Chelas wastewater treatment plant (WWTP), 

Lisbon, Portugal. 

In this study three different anaerobic-aerobic 

sequencing batch reactors (SBRs) were 

operated at room temperature (approximately 

23 °C). SBR1 and SBR2 were used to 

investigate the effect of the presence of silver 

nanoparticles (Ag-NP) in the feed on the 

formation of granules from flocculent sludge. 

Therefore, a stock suspension of nanoparticles 

(50 mg L
-1

, in milli-Q water) was added 

together with the feed to SBR1, and SBR2 was 

used as an Ag-NP-free control. SBR3 was also 

free of Ag-NP and was used to examine the 

effect of the hydrodynamic feed regime (stirred 

vs. plug-flow). 

Each reactor was filled with mixed liquor to the 

working volume of 1.5 L, giving a 

height/diameter ratio of 2.5. At the drain stage, 

the settled effluent was drawn from the middle 

of the working reactor height. The exchange 

ratio of feed was thus 50% and the volumetric 

organic loading rate (ORL) was 2.0 kg COD m
-

3
 d

-1
. Mixing in the anaerobic phase was 

achieved with magnetic stirring at 70 ± 4 rpm 

for SBR1 and SBR2 and with motor drive 

mixing at 280 rpm for SBR3. Aeration was 

performed with air compressors through a 

membrane diffuser at the bottom of each 

reactor. 

The SBR operation consisted of cycles, each 

with a total duration of 6 hours. Each cycle was 

divided into six stages. They were: the filling 

(SBR1/2 30 min, SBR3 1.5 h), the anaerobic 

reaction (SBR1/2 1.5 h, SBR3 30 min), the 

aerobic reaction (SBR1/2/3 3.5 h), the settling 

(SBR1/2/3 1 h→5 min), the drain stage 

(SBR1/2/3 1 min) and in the last part of the 

cycle the reactors were left idle. 

2.3 Preparation of the Ag-NP 

suspensions  

The silver nanopowder was purchased from 

Sigma Aldrich Chemie GmbH. Considering the 

Ag-NP specification, the particle size was less 

than 100 nm, contained PVP as a dispersant 

and was 99.5% pure on a trace metals basis. 

The Ag-NP stock suspension (50 mg L
-1

) used 

in the SBR1 feed was prepared by dispersing 

Ag-NP powder in milli-Q water and then 

applying sonication, which was performed with 

a Sonopuls sonifier, model HD 3200 (Bandelin 

electronic GmbH& Co. KG, Germany), 

equipped with the TT13 probe at a power of 

100 W for 30 minutes. Each sonication run 
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consisted of successive cycles, 5 minutes on 

and 1 minute off, up to the defined total time. 

All Ag-NP suspensions, in different aqueous 

solutions, were subsequently prepared using 

this protocol. 

2.4 Preparation of mixtures for 

spectral analyses 

Mixtures were prepared in distilled water, with 

different concentrations of Ag-NPs, dye (AR 

14), Emsize E1, and the minerals included in 

the synthetic SBR feed (Whole Feed - WF). 

The summary of the different Ag-NP 

suspensions used for UV-Vis measurements is 

shown in the Table I.  

UV-VIS spectra were acquired for all mixtures 

as described below.
 

 

Table I – Summary of the different Ag-NP suspensions analyzed.

Sample 
Ag-NP 
[mg L

-1
] 

Concentration 
range 

[mg L
-1

] 

Content in distilled 
water 

Ag-NP 2-100 2-100 Ag-NP 

Dye 50 5-50 Ag-NP+Dye 

Emsize E1 50 100-5000 Ag-NP+Emsize E1 

Dye and 
Emsize E1 

50 
5-50 and 

287,5-2875  
Ag-NP+ 

Dye+Emsize E1 

Minerals 50 
Proportionally 
to dye conc. 

Ag-NP+Minerals 

Whole feed 
(WF) 

50 
Proportionally 
to dye conc. 

Ag-NP+ 
Dye+Emsize 
E1+Minerals 

 

2.5 Chemometrical analysis of 

spectral data 

The data set was composed of 70 spectra, 

each with 611 variables (absorbance readings 

at the measured range of wavelengths). PCA 

analysis was performed by using these mean-

centered spectra. Univariate and multivariate 

PLS models for the prediction of the Ag-NP 

concentration from the spectra, were also 

developed with mean-centered spectra. The 

PCA and PLS models were developed in 

MATLAB 7.4.0 (The Mathworks Inc., Natick, 

Massachusetts, U.S.A.) with the specific 

package PLS_Toolbox 3.0 (Eigenvector 

Research Inc., Wenatchee, Washington, 

U.S.A.).  

The performance of PLS models was 

preliminarily assessed by using a leave-one- 

 

 

 

out cross validation procedure with the 

calculation of the root mean squared error of 

cross validation, RMSECV, as follows: 
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Where: 

Parj: parameter value of measured sample, for 

sample j.ParM j: parameter value estimated 

from the spectrum and model, for sample j.n: 

number of samples 

2.6 Sampling and analytical 

techniques 

The samples for offline measurements were 

taken at six defined times during one of the 

SBR cycles (10h30 – 15h30), once a week. 

After sampling, each tube was centrifuged 
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(Eppendorf, model 5810 R, USA) to remove 

suspended solids. The centrifugation was 

performed at 4000 rpm for 10 minutes at 21 

°C. Samples from the feed (F) and the effluent 

(E) were also taken for SBR3. Offline analyses 

were carried out for total suspended solids 

(TSS), volatile suspended solids (VSS), 

chemical oxygen demand (COD), and UV-VIS 

absorbance. 

Total suspended solids (TSS), volatile 

suspended solids (VSS) and chemical oxygen 

demand (COD) were determined according to 

standard procedures (Clescerl et al., 1999).  

UV-VIS absorbance was performed with quartz 

cuvettes (10 mm) by Specord 200, Analytic 

Jena in a range 190 – 800 nm for detection of 

the current amount of concentration of dye in 

each sample from the reactors. Each sample 

was measured twice.  

3. Results and discussion 

3.1 Offline SBR monitoring 

3.1.1 TSS and VSS 

The assessment of the amount of biomass 

during granulation was performed by 

measuring the values of TSS and VSS in 

samples collected from the mixed liquor of 

each SBR and also in samples of the 

corresponding discharged effluent (treated 

wastewater) along the experimental period. 

Fig. 1 represents the evolution of TSS in 

SBR1, supplemented with Ag-NPs, and in 

SBR2, used as Ag-NPs-free control, for 38 

days operation to promote granulation. 

As shown, the TSS values gradually increased 

in both reactors from an initial concentration of 

around 3 gTSS L
-1

 to above 8 gTSS L
-1

. 

Despite the presence of nanoparticles, TSS 

values for SBR1 were higher (up to 9.2 gTSS 

L
-1

) than those for the control SBR2 (up to 8.6 

gTSS L
-1

). This finding is positive in terms of 

the effect of the presence of Ag-NPs in SBR1 

because it shows that Ag-NPs do not have a 

negative influence on biomass growth. At the 

end of the experimental time, discharge of 

biomass in the treated wastewater was 0.17 

gTSS L
-1

 inside both SBR. The VSS/TSS 

values for these two reactors varied within the 

77-91% range, with the highest VSS/TSS 

value (91%) determined for SBR1 on day 24. 

The TSS concentration profile in SBR3 was 

similar to SBR1 and SBR2 (data not shown). 

However TSS values lower than 7 gTSS L
-1

 

were attained in SBR3 starting from an initial 

concentration of 3 gTSS L
-1

. Discharge of 

biomass in the treated wastewater for SBR3 

was 0.07 gTSS L
-1 

(half the amount of biomass 

of the other two bioreactors). 

The VSS/TSS values in SBR3 fluctuated 

between 78 and 88%. 

Figure 1 – Biomass concentration (TSS) profile for SBR1, fed with simulated textile  

wastewater supplemented with Ag-NPs, and SBR2, used as Ag-NP-free control of SBR1. 
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3.1.2 COD removal 

The organic load removal performance of the 

AGS SBR system was evaluated by 

measurements of COD in samples collected 

from the mixed liquor of each SBR during 

selected treatment cycles along the 

experimental run, after clarification. 

The first two monitored cycles of SBR1 and 

SBR2 had lower COD removal efficiencies (the 

data for the first 10 days are not shown). 

However, in Fig. 2, after two weeks of 

operation the differences between the COD 

removal profiles of the two SBRs were 

attenuated due to adaptation of the biomass. 

These profiles are almost the same, so it can 

be suggested that Ag-NPs did not have a 

negative impact on COD removal. COD 

removal moved around 45% and with similar 

time profiles. It is clear that COD removal 

occurred mainly in the anaerobic phase, 

whereas during the aerobic phase the COD 

values stayed almost unchanged. 

COD removal profiles for SBR3 are not shown. 

They were similar to the ones observed in 

SBR1 and SBR2. The first two monitored 

cycles of SBR3 had also low COD removal 

efficiencies, but it increased to 40% along to 

the reported experimental period. 

These results suggest that the different feeding 

regime of SBR3 did not have a negative impact 

on COD removal. 

 

 

 

Figure 2 – COD removal profiles in monitored cycles of SBR1 and SBR2 along 

days 17-38 of operation. 

 

3.1.3 Color removal 

Color removal profiles during SBR treatment 

cycles were obtained using UV-Vis 

spectroscopy to estimate azo dye (AR14) 

concentration. The biomass rapidly adapted to 

the dye-laden synthetic wastewater (during the 

first reported cycle (day 1)) for both SBRs 

(data are not shown). All subsequent cycles 

demonstrated a significant reduction of dye 

concentration, which is also evident in Fig. 3, 

where color removal profiles from day 17 on 

are shown for SBR1 and SBR2. The lowest 

dye concentration achieved was around 2.5 

mg L
-1

, which corresponds to a dye removal 

level of 87.5%. 

Dye removal took place during the anaerobic 

phase since dye concentration during the 

aerobic phase stayed almost unchanged.  

Color removal profiles for SBR3 are not shown. 

The reduction in dye concentration was not as 

large as in SBR1 and SBR2. This might be a 

consequence of the longer filling stage of 
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SBR3 with a correspondent reduction of the 

anaerobic phase duration. The lowest final dye 

concentration value in SBR3, 7.2 g L
-1

, which 

corresponds to 64% color removal. These 

results show that SBR3, with its plug-flow 

feeding regime, is less effective for azo dye 

color removal than SBR1 and SBR2. 

 

 

 

 

Figure 3 – Azo dye concentration in monitored cycles from  

day 17 to 38 for SBR1 and SBR2. 

 

3.2 Qualification of Ag-NP wastewater 

suspensions with Principal 

Component Analysis 

3.2.1 UV-Vis spectra of Ag-NP 

suspensions 

From UV-Vis spectra acquisitions Ag-NP 

suspensions with different concentration of 

whole reactor feed (WF) (Fig. 4), it is not easy 

to identify the effect of wastewater components 

on those spectra without a more detailed 

analysis. The absorbance decrease around the 

300-400 nm wavelength range is typical for Ag-

NPs suspensions, however it is not clear, what 

this region is affected with. Due to this 

insufficient resolution fact it is necessary to use 

more efficient methods to extract the 

information such as, in this case, PCA. 

 

 

 

Figure 4 – Measured UV-Vis spectra of Ag-NPs (50 mg L
-1

) with different concentration of whole 

reactor feed. 
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3.2.2 PCA model development 
In a PCA model, the number of principal 

components represents a measure of data 

complexity and it may be considered as the 

number of independent basic phenomena. 

Therefore, a suitable selection of the number 

of components number is necessary. The 

number of relevant PCs to include in the PCA 

models was selected based on the analysis of 

the variance captured by each PC (Lourenço 

et al. 2006), complemented with the analysis of 

the eigenvalues. 

Six different PCA models were developed 

using UV-Vis spectra of Ag-NP suspensions to 

assess the influence of synthetic wastewater 

on spectra of these suspensions. 

PCA6 model scores plot for PC1 and PC2 was 

chosen for demonstration because of its well 

distinguishing effect. This scores plot is 

presented, including the UV-Vis spectra in the 

250-400 nm wavelength range and excluding 

the samples with 50 mg L
-1

 AR14 

concentration, since they presented a behavior 

significantly different than the others. As it is 

seen in Fig. 5, four different groups of samples 

were identified. 

The first group (1) describes the samples of 

Ag-NP suspensions in water, samples with 

increasing Ag-NP concentration were 

distributed along the PC2 axis in the positive 

direction. PC2 had a relevant distinguishing 

effect for group 1. The second group (2) was 

composed of samples containing different 

concentrations of dye and was regularly 

distributed along the PC1 axis, while the 

scores on PC1 approached the values 

corresponding to the 50 mg L
-1

 Ag-NP 

suspension in water. The third group (3) 

included samples with different concentration 

of minerals. As it is seen, the scores on PC1 

did not change significantly for this group of 

samples, but there differences along the PC2 

axis were observed, with scores on PC2 

decreasing with the increase in mineral 

concentration. The last group (4) consisted of 

samples with different concentrations of 

Emsize E1. The distribution of this group of 

samples is apparently independent of PC2, 

whose values remained constant and similar to 

the ones corresponding to the 50 mg L
-1

 Ag-

NP suspension in water. PC1 and PC2 are 

represented 97.68% and 1.9% of the total 

variance of the data set. Thus, these two PCs 

featured 99.58% of variance for PCA6. 

 

Figure 5 – Scores plot of PC1 and PC2 from PCA6 model. 
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3.3 PLS model development for the 
quantification of Ag-NPs in 
wastewater suspensions 

The aim of this part of the work was the 

development of calibration models for the 

quantification of Ag-NPs in wastewater 

samples. These models were developed based 

on UV-Vis spectral data of samples 

corresponding to Ag-NP suspensions with 

different concentrations in water.  

Both the univariate and the multivariate models 

gave comparable results in terms of high value 

of the coefficient of determination (R
2
). In fact, 

the PLS model presented an R
2
 value of 0.998 

and the univariate model 0.997 (Fig. 6). There 

is a high agreement between the measured 

Ag-NP concentration values and model 

predicted values. A great advantage of the 

multivariate model is the fact that it was 

developed directly from the raw data without 

any additional spectral pre-processing except 

for mean-centering and even though exhibited 

such accuracy. This model is a   higher 

flexibility for the prediction of Ag-NP 

concentration in suspensions with different 

matrix composition (aggregation) because of 

development using the complete range of the 

UV-Vis spectra and not only one wavelength 

value.  

4. Conclusion 

In the present work two main objectives were 

pursued. One was the off-line monitoring and 

performance comparison of three SBRs 

inoculated with flocculent activated sludge and 

operated in order to promote the formation of 

aerobic granular sludge during the treatment of 

textile wastewater. The other was the 

development chemometric models based on 

UV-Vis spectroscopy for the qualification and 

quantification of Ag-NPs in wastewater 

suspensions. 

COD analysis showed the performance of 

each bioreactor in terms of carbon substrate 

removal. And it can be concluded that different 

feed flow regimes had no impact on COD 

removal. 

Measurements of TSS and VSS served to 

assess the accumulation of biomass in the 

bioreactors. And it can be concluded that 

SBR1 and SBR2, with a static feeding strategy,  

 

Figure 6 – Comparison between a multivariate PLS model calibration model (1) and a univariate 

calibration model (317 nm) for the estimation of Ag-NP concentration in wastewater (2). 

♦ Samples 

   Calibration curve 
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resulted in higher biomass accumulation than 

SBR3 with a plug-flow feeding strategy.  

For dye removal it can be mentioned, that 

SBR3 and its operation regime is not as 

effective for dye reduction as those of the first 

two reactors 

Principal component analysis (PCA) of mean-

centered UV-Vis spectra was carried out. The 

individual observations of each component 

behavior were described, demonstrating that 

UV-Vis spectroscopy is a satisfactory method 

for monitoring the quality of wastewater 

containing Ag-NPs.  

Principal least squares model (PLS) was used 

for the development of a calibration model for 

the estimation of Ag-NPs concentrations 

values in wastewater samples using the mean-

centered UV-Vis spectra. Two main 

advantages of the developed PLS model were 

found. It was the simplicity of the procedure 

using only raw spectral data without pre-

processing methods and higher flexibility and 

performance in predicting the concentration of 

AG-NPs in wastewater in spite of the possible 

aggregation phenomena.  
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