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Abstract: A major share of wastewater treatment includes treatment of water of fairly complex compositions. For 

instance, a major part of Textile Industry wastewater composition are azo-dyes, used to give color to fabrics and proteins, 

mostly used as enzymes for catalytic activity in some processes. In this work it was studied the influence of using protein as 

the only carbon source in aerobic granular sludge performance, and moreover, the capability of aerobic granular sludge 

being used to reduce azo-dyes. For this purpose, a Sequencing Batch Reactor was used. 

The morphology of the granules was more filamentous and irregular at the surface when compared to fast-

biodegradable substrates, yet the granules always showed good settleability. Measurements showed hydrolytic activity for 

protein both in aerobic and anaerobic periods, starting with 56% protein hydrolysis on day 1 and the maximum of 81% on 

day 69. Complete nitrification of ammonium was shown, but denitrification was only observed anaerobically, oscillating from 

7% to 34%. The efficiency of phosphate removal was initially 50%, however it decreased with the increase in anaerobic 

operation time. As for azo-dye reduction, 38% was observed initially, but 78% reduction was reached, due to both biomass 

adaptation and higher biomass concentration. 
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Introduction: 

Traditional wastewater treatment requires extensive 

surface areas, which are usually not available or are very 

expensive. In the new generation technologies for 

wastewater treatment is aerobic granular sludge, due to its 

capability to treat high chemical oxygen demand (COD) 

loads, and simultaneous nitrogen and phosphate removal, 

demanding less space and economic investment. 

Aerobic granular sludge is obtained with certain 

conditions, such as low settling time, low growth rate, and 

high shear stress. (1) Settling time and shear stress can be 

controlled easily by changing the operational conditions of 

the reactor. Low growth rate can be obtained by using a 

feast-famine regime, so that microorganisms store available 

substrate anaerobically, and use the internally stored 

substrate aerobically for growth. The growth rate on stored 

substrate is typically lower than readily biodegradable 

substrate. (1) 

Textile industry is one of the major industries in the 

world and plays a really important role in the economy of 

numerous countries. It involves many different activities, 

from raw materials processing to the finishing of fabrics. The 

industry consumes enormous quantities of water (80 to 150 

m
3
 water/ton of finished textile) and produces huge volumes 

of wastewater, (2) that have fairly complex compositions (3), 

such as, azo-dyes, used to give color to textiles, (4) and 

proteins (5; 6; 7). 

Although aerobic degradation of azo-dyes is unlikely, 

some microorganisms are able to do it, such as the fungi 

Phanerochaete chrysosporium, and Trametes versicolor, or 

the bacteria Aeromonas hydrophilia, Pseudomonas cepacia 

and Pseudomonas luteola. (8) However, most research 

suggests that azo-dyes should be treated anaerobically, 

where microorganisms can use azo-dyes as electron 

acceptors, reducing them into aromatic amines. (9) One 

important limiting factor in the capability of anaerobic azo-

dye reduction is the presence of other electron acceptors 

that are preferably reduced, inhibiting color removal. In 

wastewater treatment systems, the inhibition by presence of 

nitrite or nitrate is extremely significant, since they are 

typically present, and azo-dyes are not reduced until all 

nitrate and nitrite has been denitrified. (10) 

The anaerobic reduction of azo-dyes results in the 

production of aromatic amines that are in many cases more 

toxic than the original dye (4) Research has shown that this 

amines are not susceptible to anaerobic treatment (8), in 

opposition to aerobic mineralization. (11). However, a few 

studies that focus on aromatic amine degradation showed 

no effective biodegradation of the metabolites. (12; 13) In 

this work there will be studied the kinetics and mechanisms 

involved in the degradation of azo-dyes by aerobic granular 

sludge. 

Proteins are slowly degradable substrates that have to 

be hydrolysed extracellularly into soluble molecules, to be 

used by bacteria in wastewater treatment systems. The 

hydrolysis step is often the limiting step on heterotrophic 

growth. (14) Several studies have used starch as a model to 

study slowly biodegradable substrates biodegradation (14; 

15; 16; 17; 18; 19), however, there is still lack of publications 

involving protein. Research on the behavior of aerobic 

granular sludge using protein as a partial source of substrate 

was started (20) and it will be continued during this work 

using protein as the only source of carbon. 

Materials and Methods: 
A lab-scale reactor was used, with 2.7 L and internal 

diameter of 6.25 cm. The reactor operated at room 

temperature, and mixing was accomplished by bubble 

aeration, with a flow of 4 L∙min
-1

. Dissolved oxygen (DO) was 

measured online with an electrode (827 pH lab), and 

controlled with the dosage of nitrogen gas, fresh air and 

recycled off-gas into the main air stream. The pH was also 

measured online with an electrode (Applisens Z010023520), 

and controlled through the dosage of an acid solution (1M 

HCl) or a basic solution (1M NaOH). 

07/11/2014 
Instituto Superior Técnico 

Technical University of Delft 



The operation was performed in a sequencing batch 

reactor. Each cycle begun with an aerobic feeding period, in 

which influent entered from the bottom of the reactor, 

without air feeding and pH control. The next step consisted 

of an aerated period, with the control of DO at 50% of 

saturation (2 mg O2/L) and pH at 7. These parameters were 

measured online with Microsoft Foundation Classes 

Software. Finally, there was a settling period and an effluent 

extraction period. In this last phase, 1.5 L were removed 

from the reactor. Operation was performed in 4 distinct 

phases, represented in Table 1. 

Table 1 – Operation times for the different phases in the reactor 

The influent medium to the reactor was also changed 

for the different phases in the reactor (Table 2). 

Table 2 – Concentrations of the fed medium to the reactor in 
the different operational phases 

The theoretical COD, Nitrogen, Phosphate and Acid 
Red 14 concentrations were calculated and represented in 
Table 3. 

Table 3 – Concentrations of COD, Nitrogen, Phosphate and Acid 
Red 14 in the influent 

Batch experiments: Several experiments were 
performed during the experimental work in the reactor, 
both with granules and bulk liquid taken from the reactor. 
The experiments were performed at room temperature, in 
250 mL flasks, with a total volume of 200 mL The medium 
for each experiment was prepared with a composition of 
10 mM buffer KH2PO4/NaOH pH 7, 0.5 g/L of protein, 0.88 
g/L of MgSO4•7H2O, 0.35 g/L of KCl, 0.735 g/L of K2HPO4, 

0.287 g/L of KH2PO4 and 9.6 mL/L of Trace Elements 
Solution. When granules were used, they were taken from 
the reactor and washed over a 180 µm sieve. Then a 
sample from the wet granules was taken to measure dry 
weight content. Wet granules were weighted and added to 
the flasks, where experiments were run anaerobically, 
mixing with gaseous nitrogen. 2 mL samples were taken 
periodically. 

Anaerobic Ammonium and Acids Release 

Biomass was collected from the reactor at the end of 
cycle on day 111 of operation. Dry weight concentration 
was 0.087 g dW/g Wet Biomass, and 7.7 g of wet biomass 
was added. Initial ammonium concentration was set to be 
5 mg/L N-NH4

+
 from NH4Cl, to facilitate measurement. 

Anaerobic Ammonium Adsorption 

Biomass was collected from the reactor at the end of 
cycle on day 110 of operation. Dry weight concentration 
was 0.121 g dW/g Wet Biomass, and 5 g of wet biomass 
was added. Initial ammonium concentration was set to be 
25 mg/L N-NH4

+
 from NH4Cl. 

Anaerobic Ammonium Release with Bulk Liquid 

At the end of the anaerobic feeding phase, 300 mL of 
liquid were collected (day 110 of operation) from the lab 
scale reactor and centrifuged. (Multifuge 1 S-R; Heraeus) at 
2500 RPM for 15 minutes. 180 mL of clarified liquid were 
added into a 250 mL bottle, with 20 mL of buffer 
KH2PO4/NaOH pH 7, making the final concentration of 
buffer 10 mM. Protein was added with the concentration 
of 1 g/L. The experiment was run anaerobically for 5 hours, 
and the mixture was agitated via N2 gas. Samples with a 2 
mL volume were taken regularly. 

Anaerobic Ammonium and Acids Release 

Biomass was collected from the reactor at the end of 
cycle on during phase II and IV of operation. Several batch 
tests were performed, and the different carbon sources 
used for each test and initial dye concentrations are 
represented in Table 4. 

Table 4 – Different carbon sources and initial dye concentrations 
used for the batch tests for the anaerobic dye reduction 

Phase II 

Day 57   

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

Day 71   

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

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

Phase IV 

Day 134   

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

Dye Test 3B 0.4 g/L protein 20 mg/L azo dye 

Anaerobic Ammonium Release with Bulk Liquid 

At the end of the anaerobic feeding phase, 300 mL of 
liquid were collected (day 115 of operation) from the lab 
scale reactor and centrifuged. (Multifuge 1 S-R; Heraeus) at 
2500 RPM for 15 minutes. 180 mL of clarified liquid were 
added into a 250 mL bottle, with 20 mL of buffer 

Phase I II III IV 

Feeding (min) 60 120 120 120 

Aeration (min) 111 111 109-111 110 

Settling (min) 4 4 4-6 5 

Effluent 
Extraction (min) 

5 5 5 5 

Total Time (min) 180 240 240 240 

Experimental 
time (days) 

0-50 50-76 76-111 111-133 

Phase I II III IV 

Protein (g/L) 3.0 3.0 4.0 4.0 

MgSO4·7H2O 
(mg/L) 

880 880 880 880 

KCl (mg/L) 350 350 350 350 

K2HPO4 (mg/L) 735 735 735 735 

KH2PO4 (mg/L) 287 287 287 287 

Trace Elements 
(mL/L) 

9.6 9.6 9.6 9.6 

Acid Red 14 (mg/L) - 360 - 200 

Phase I II III IV 

COD (mg O2/L) 388.5 429.8 503.1 526.0 

Nitrogen (mg N/L) 50.9 53.2 66.3 67.6 

Phosphate (mg P-PO4
3-

) 19.6 19.6 19.6 19.6 

Acid Red 14 (mg/L) - 36 - 20 
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KH2PO4/NaOH pH 7, making the final concentration of 
buffer 10 mM. Initial dye concentration was 36 mg/L. The 
experiment was run anaerobically for 90 minutes, and the 
mixture was agitated via N2 gas. Samples with a 2 mL 
volume were taken regularly. 

Anaerobic Batch Tests with Granules from the Full Scale 
plant in EPE – The Netherlands 

Granules were obtained from a full scale located in 
Epe, The Netherlands, and the experiments were started 
within 24 hours after collection. The granules were washed 
with tap water over a 180 µm sieve. Granules were sieved 
and some paper was added at the bottom. Wet granules 
were then weighted into a 250 mL bottle. A sample from 
wet granules was taken to measure dry weight content 
(0.093 g DW/g Wet Granules). Medium was prepared, with 
10 mM buffer KH2PO4/NaOH pH 7, (1 g/L of protein for, 1 
g/L of acetate and no extra carbon source), 0.88 g/L of 
MgSO4•7H2O, 0.35 g/L of KCl, 0.735 g/L of K2HPO4, 0.287 
g/L of KH2PO4 and 9.6 mL/L of Trace Elements Solution. 
The total volume used was 200 mL and 6.8 g of wet 
granules were added to each flask. Initial dye 
concentration was 36 mg/L. The experiment was run 
anaerobically until no change in absorbance was observed, 
and the mixture was agitated via N2 gas. Samples with a 2 
mL volume were taken regularly. 

Measurements: Analysis in the reactor were 
performed by online measurements (pH (Metrohm 827 ph 
lab), Dissolved Oxygen (DO) (Applisens Z010023520)), daily 
to weekly measurements and cycle measurements, 
including the analysis of COD, ammonium, nitrite, nitrate 
and phosphate concentrations. Other analysis were 
performed on samples from batch experiments, such as 
volatile fatty acids and PHA content.  

Dry weight, or total suspended solids (TSS), were 
determined by filtering mixed liquor or effluent samples in 
a glass fiber filter (type A/E; Pall Life Sciences), and drying 
the filter for at least 24h at 150 °C. Ash content was 
measured by placing the filter with the dry weight for at 
least 2h at 550 °C. 

Bulk mixed liquor samples from the reactor were 
clarified by filtration using a Millex®-HV filter (Low protein 
binding durapore, 0.45 µm; Merck Millipore Ltd.). COD, N-
NH4+, N-NO2-, N-NO3- and P-PO43- concentrations were 
determined spectrophotometrically (DR2800, Hach Lange) 
by using standard test kits (Dr. Lange type LCK; 
manufacturer: Hach Lange, Düsseldorf, Germany; LCK 339 
and LCK 340 for ammonium, LCK 341 and LCK 342 for 
nitrite, LCK 339 and LCK 340 for nitrate, LCK 314 for COD, 
LCK 348, LCK 349 and LCK 350 for phosphate). 

Acid Red 14 concentrations were determined 
spectrophotometrically (DR 2800 spectrophotometer; 
Hach Lange). The calibration curve was established by 
measuring the absorbance at 515 nm of different dye 
solutions with known concentrations (Figure 1). 

 

Figure 1 – Calibration curve obtained for the azo-dye 
concentration and absorbance at 515 nm 

The concentration of organic acids was measured 

using a HPLC, with a BioRad Aminex HPX-87H column and a 

UV/RI detector (Waters 2489). The mobile phase was 1.5 

mM of H3PO4 in Milli-Q water at 60 °C. The used flow rate 

was 0.6 mL/min. 

Spectrophotometric scan tests for UV-Visible light 

absorption were made in a spectrophotometer Hewlett 

Packard 8453. 

Results: 

Reactor Operation: The reactor has been operated for 
133 days. Dry weight concentration in the reactor was 
represented in Figure 2. 

 

Figure 2 – Dry Weight Concentration (g/L) in the reactor 

The concentration of dry weight in the reactor 
oscillated very much during the operation time, mostly due 
to operational problems and changes to the system. 

Nitrogen Removal: Nitrogen present in the system 
comes from protein (that gets hydrolyzed into volatile 
acids and ammonium), a recalcitrant component present in 
the trace solution (EDTA) and azo-dye during phase II and 
IV. During the operating period in the reactor, it was 
observed an increase in the ammonium concentration, 
from protein hydrolysis. After the initial increase in 
ammonium concentration, this concentration started to 
decrease, due to nitrification of ammonium into nitrite, 
and nitrite into nitrate. The nitrification was followed by 
denitrification, where nitrogen was reduced into N2 and 
released in the air. 

Nitrogen removal was calculated dividing 
ammonium, nitrite and nitrate present in the effluent by 
theoretical fed nitrogen. In Figure 3 it is possible to 

y = 0,0147x + 0,0007 
R² = 0,9999 
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observe the nitrogen removal in the reactor. Removal 
reached 86% in day 108, however, at day 108 there was a 
problem with protein feeding, therefore, nitrogen fed was 
less than the theoretical nitrogen, so the removal appears 
higher than it really is. For this reason, a peak in nitrogen 
removal was observed at day 115 with 68%. 

 
Figure 3 – Nitrogen Removal in Reactor through time 

Nitrification: Nitrification of ammonium occurs in the 
reactor in the presence of oxygen. Nitrification was 
estimated, and it was almost 100% during the entire 
operation, except from day 78 to 108, where there was a 
huge decrease, most likely due to a wash out in nitryfiers. 
The nitrifying population was recovered by the end of 
operation. 

Denitrification: In the cycle measurements made to the 
aerobic mode, there were no evidences of denitrification, 
therefore, only denitrification in the anaerobic mode was 
considered. Denitrification started at only 12%, and it 
reached a maximum of 34%, being far from the desirable 
value. 

COD Removal: COD in the operated reactor comes 
essentially from protein, but there is also some COD from 
EDTA and from the azo-dye. The fed COD is used by the 
micro-organisms as an energy source for metabolism and 
for growth. COD is removed with the extra biomass 
produced and as CO2 released to the atmosphere. In order 
to assess COD removal, anaerobic (Figure 4) and aerobic 
(Figure 5) hydrolysis of protein were estimated, assuming 
that there is no denitrification in the aerobic mode of 
operation, and neglecting the nitrogen uptake for biomass 
growth. 

 
Figure 4 – Anaerobic Protein Hydrolysis in the Reactor 

 

 

Figure 5 – Aerobic Protein Hydrolysis in the Reactor 

Summing aerobic and anaerobic protein hydrolysis, 

total hydrolysis of protein is rather constant (around 60% 

total removal), starting with 56% on day 1 and reaching 

the maximum of 81%, which suggests that some 

aminoacids can’t be hydrolysed. It is also possible to verify 

that when hydrolysis is higher in the anaerobic mode, 

there is less hydrolysis in the aerobic mode. Therefore, 

longer anaerobic periods can induce smoother granules 

since there is less extracellular substrate available in the 

aerobic mode. 

Phosphate Removal: PAOs release phosphate 

anaerobically and store substrate as PHA. During the 

anaerobic step, phosphate release was observed, which 

indicates the presence of PAO activity. The longer duration 

in the feeding (from phase II) caused a higher phosphate 

release, possibly since higher contact time caused a better 

uptake in protein. Total removal of phosphate was initially 

50% in phase I, however it decreased during the 

subsequent phases, most likely due to higher phosphate 

release. On day 130 it was observed a wash out in PAOs, 

hence the settling time was reduced, to keep them less 

time in the reactor. 

Azo-dye Reduction: Azo-dye was fed to the reactor 

during phase II (36 mg/L) and phase IV (20 mg/L) of 

operation. Azo-dye reduction through time in phases II and 

IV is represented in Figure 6. 

During phase II, dye removal was approximately 38%, 

and during phase IV, dye removal reached 78%, mostly due 

to higher biomass concentration. 

 

Figure 6 – Azo-Dye Reduction in the Reactor, in Phases II and IV 

Mineralization of Amines: A UV-Visible scan was made 

to evaluate the presence of aromatic amines. The pure dye 
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(20 mg/L), showed the presence of 3 different peaks that 

represent the azo bond (516 nm) and the aromatic rings 

(217 and 322 nm). Measurements with a sample taken 

after 120 minutes of anaerobic reaction showed an 

increase in the first peak (217 nm), which suggests the 

formation of a new compound (aromatic amine). However, 

after 120 minutes of aerobic reaction, there was no 

decrease in this peak, which suggests that there is no 

aerobic mineralization for this compound. 

Cycle Measurements in the Aerobic Mode: Several cycle 

measurements were performed in the aerobic mode to the 

reactor. (Example from day 124 of operation in Figure 7) 

From these cycle measurements, an increase in nitrate is 

observed, as ammonium concentration depletes. However, 

as soon as there is no ammonium present, the nitrate 

concentration remains constant, which suggests that there 

is no denitrification occurring in the aerobic mode of 

operation. Overall, total nitrogen as either ammonium, 

nitrite or nitrate increases, showing aminoacid hydrolysis. 

It was also possible to observe from this cycles that 

phosphate concentration is being reduced, demonstrating 

uptake by PAOs. It was also observed in cycle 

measurements during phases II and IV that there is no 

depletion in azo-dye concentration during the aerobic step 

of operation. 

 

Figure 7 – Concentration of N-NH4
+
, N-NO2

-
, N-NO3

-
, COD and P-

PO4
3-

 during the aerobic mode cycle measurements on reactor 
on day 124 of operation 

Protein hydrolysis rates were calculated from the 

slopes increase in total nitrogen as ammonium, nitrite or 

nitrate, considering the average molecular formula for 

protein(𝐶𝐻1,62𝑂0,38𝑁0,25𝑆0,08). Results are represented in 

Table 5. 

Table 5 – Aerobic Protein Hydrolysis Rates estimated from the 
Nitrogen Release in the Cycle Measurements. *On day 78 it was 
not possible to measure dry weight content 

Day 
Protein Hydrolysis Rate 

(gprot/(gDW∙h)) 

13 0.71 

28 1.68 

78 * 

108 0.20 

113 2.14 

124 2.36 

130 2.66 

Granule Morphology: Granule morphology was 

determined with the microscope.(Figure 8) Relatively smooth 

granules were found, which points to good anaerobic 

conversion of COD. 

 

Figure 8 – Sterozoom microscopic pictures (7.8x – 160x) from 
granules taken from the reactor on day 125 of operation (phase 
IV). Scale is 1000 μm 

Anaerobic Batch Experiments: On day 111 of operation, 

granules were taken to measure ammonium and volatile 

acids release from protein in the presence of granules. 

HPLC measurements were made to analyze the volatile 

acids composition through time. It was found a small 

presence of lactate and acetate that got depleted very fast, 

which suggest that acids uptake is not the limiting step in 

protein uptake by the cells. Increase in ammonium 

concentration was also measured (Figure 9), and 

anaerobic protein hydrolysis rate was calculated from the 

slope of the curve (4.52 mg protein/(g DW∙h)). 

 

Figure 9 – Release of ammonium from protein by granules 
through time in anaerobic mode 

An anaerobic ammonium adsorption by granules 

experiment was devised to complete the ammonium 

release experiment, and it was found that the granules 

were not adsorbing ammonium. 

In order to find if ammonium release from protein 

was related to enzymatic activity in the bulk liquid, on day 

110 of operation, bulk liquid from the end of the anaerobic 

mode was taken from the reactor, and ammonium 

concentration was measured, with the addition of protein. 

It was found that ammonium concentration did not 

increase, which suggests that hydrolytic activity takes place 

mainly at the surface of the granules. 

Anaerobic Dye Reduction: Several anaerobic batch 

tests regarding color removal were performed using 

granules from the reactor. The first batch test (Figure 10) 
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Dye Test 4A Dye Test 4B Dye Test 4C

was performed just before starting to feed the dye on 

Phase II. 

 

Figure 10 – Evolution of concentration of dye with time in Dye 
Test 1. Initial dye concentration of 36 mg/L; 0.3 g/L protein. 2.03 
g/L of Total Dry Weight Concentration 

After 14 days, 2 new batch tests (Dye Tests 2A and 

2B) were run, to understand if there had been some 

adaptation to the dye by the biomass population in the 

reactor (Figure 11), and to compare dye removal with the 

system without any extra carbon source. 

 

Figure 11 – Evolution of concentration of dye with time in Dye 
Test 2A (0.3 g/L protein) and Dye Test 2B (No extra carbon 
source). Initial dye concentration of 36 mg/L. 2.62 g/L of Dry 
Weight concentration 

Normalizing this results by the dry weight 

concentration showed that there was an increase in the 

initial rate of azo-dye removal. Moreover, the presence of 

protein seemed to have only a slightly higher removal rate, 

as even without any extra carbon source, the granules 

have internally stored substrate. 

On phase IV of operation, dye was fed to the reactor 

with a lower concentration, hence 2 batch tests were 

performed to analyze the influence of a different 

concentrations on the removal rate and final concentration 

(Figure 12) Results showed a higher initial rate for the 

higher initial concentration (36 mg/L) than for the lower 

initial concentration (20 mg/L). Furthermore, final 

concentration was slightly higher (2.5 mg/L) for the higher 

initial concentration than for the lower initial 

concentration (1.4 mg/L). This shows that a sub product 

from azo-dye reduction could have an inhibiting effect on 

color removal. 

So as to find if azo-dye reduction was related to 

enzymatic activity in the bulk liquid, on day 115 of 

operation, bulk liquid from the end of the anaerobic mode 

was taken from the reactor, azo-dye was added, and 

concentration was measured periodically for a period of 90 

minutes. Results showed that there was no decrease in 

azo-dye concentration, which suggests that in a similar way 

as protein hydrolysis, azo-dye reduction takes place at the 

surface of the granules. 

 

Figure 12 – Evolution of concentration of dye with time in Dye 
Test 3A (36 mg/L of initial azo-dye) and Dye Test 3B (20 mg/L of 
initial azo-dye). Initial protein concentration of 0.4 g/L. 2.70 of 
Dry Weight concentration 

Taking granules from a full scale plant (EPE – the 

Netherlands), 3 anaerobic batch experiments (Figure 13) 

regarding dye removal were performed, using 3 different 

carbon sources (1 g/L protein in Dye Test 4A, 1 g/L sodium 

acetate in Dye Test 4B, no extra carbon source in Dye Test 

4C). Rates of color removal were very similar for each 

carbon source. 

 

Figure 13 – Evolution of concentration of dye in Dye Test 4A (1 
g/L protein), Dye Test 4B (1g/L sodium acetate and Dye Test 4C 
(no extra carbon source). Granules were taken from full scale 
plant in EPE – The Netherlands. Initial dye concentration was 36 
mg/L. Dry Weight concentration was 1.52 g/L. 

Discussion: 

This study has shown that aerobic granules can be 

formed with SBR, using protein as the only carbon and 

nitrogen source for growth. Protein hydrolyzation occurred 

both on anaerobic and aerobic mode of operation. This 

includes breakage of peptide bonds into the different 

aminoacids and breakage of aminoacids into ammonium 



and volatile fatty-acids. The volatile fatty-acids become 

then available for the biomass to be stored as PHA. 

The formed granules were not as stable as granules 

grown under other carbon sources, since small 

perturbances cause the system to lose a lot of biomass and 

reduce their capacity to remove nutrients. After this 

perturbances the system struggled to recover. It can be 

hypothesized that easily biodegradable substrates are 

required to improve the stability of the aerobic granular 

sludge system. 

Granule Morphology: In a previous protein removal 

study, when acetate was gradually replaced with protein in 

the feeding to the reactor, filamentous bacteria 

dominated. (20) Smoother granules were observed on day 

60 and on day 125 of operation, for complete protein 

feeding. By microscopic examination, protozoa (vorticella) 

were found to dominate the surface of the granules, much 

similar to what was observed with particulate starch. (14) 

It has been suggested that micro-substrate-gradients 

play an important role in competition under filamentous 

and non-filamentous organisms, because filamentous 

organisms have a higher outgrow velocity due to their 

preferencial growth in one direction. (21; 22) 

Since not all protein is hydrolysed anaerobically, 

there is still protein hydrolysis at the surface of the granule 

during the aerobic mode, hence substrate is mostly 

available at the surface of the granule. Organisms compete 

for this substrate and filamentous growth has advantage 

because filamentous organisms grow faster. Substrate is 

therefore mostly consumed locally. 

Despite the filamentous growth in the outer layers, 

the granule was not porous and were not aggregating, 

which allowed for the high settling velocity. The Sludge 

Volume Index (SVI) in the reactor was relatively low, and 

the SVI 5 minutes after settling was very similar to the SVI 

30 minutes after settling, which indicates good 

granulation. However, there was a propensity for the 

granules in the granule bed to attach together, which 

caused a struggle in maintaining a plug flow during the 

anaerobic feeding. 

Nitrogen Removal: In the operated reactor, nitrogen 

removal requires three steps. Firstly, proteins must be 

hydrolyzed into aminoacids, and aminoacids must be 

hydrolyzed into ammonium and their respective fatty acid. 

Protein hydrolysis was observed both in the anaerobic and 

aerobic modes of operation. It was also verified that 

hydrolysis takes place at the granule surface, since no 

hydrolytic activity was observed in the bulk liquid. In total, 

hydrolysis of protein started with 56% in the first day and 

ended with 57% at day 133, having a maximum of 81% on 

day 69. This indicates that perhaps biomass cannot 

hydrolyse larger aminoacid molecules. 

Secondly, nitrification must occur, to convert 

ammonium into nitrite, and nitrite into nitrate. During the 

time the reactor was operated, full nitrification was 

observed during phases I, II and IV. On phase III the reactor 

was operating very poorly and there was probably a loss 

on nitrifying organisms. By the end of phase III, full 

nitrification of ammonium was restored. Complete 

nitrification by aerobic granular sludge using 40% of 

dissolved oxygen has also been observed in literature. (23) 

Thirdly, nitrate and nitrite must be reduced into 

nitrogen gas in a process called denitrification. In order to 

achieve denitrification, nitrate and nitrite must reach 

anoxic regions With aerobic granular sludge, 

simoultaneous nitrification and denitrification is possible, 

as long as nitrifyiers are present in the outer layers, and 

oxygen is depleted before reaching the core of the granule, 

creating an anoxic region for denitrification. However, 

simoultaneous denitrification was not observed in this 

system. Hydrolytic activity and growth near the granule 

surface should create an anoxic region, thus it is possible 

that the limiting factor is the lack of substrate diffusion 

into the granule core. 

Denitrification was observed only during the 

anaerobic feeding, oscillating between 7% and 34%. 

Overall, nitrogen removal was not very efficient in this 

system. Nonetheless, there is still the possibility that 

particulate unhydrolysed protein is removed by protozoa, 

thus increasing nitrogen removal. 

Phosphate Removal: Phosphate is removed by 

polyphosphate accumulating microorganism (PAO’s) in a 

two-step sequence. Firstly, substrate is stored 

anaerobically as PHA, using the energy provided from the 

hydrolysis of poly-P to PO4
3-

. Finally, in an aerobic mode, 

the cells use stored PHA to grow and poly-P synthesis. In 

order to efficiently remove phosphate, there needs to be a 

growth in PAO’s population. A high phosphate removal 

efficiency (94%) has been shown to be possible in aerobic 

granular sludge, with high enrichment in PAOs population. 

(23) 

The results presented in this work show that the 

presence of protein does not inhibit the growth of PAOs. In 

fact, the efficiency of phosphate removal started at 50% in 

phase I. During this phase, anaerobic feeding step takes 

only 60 minutes, thus there is less phosphate release into 

the bulk liquid. With the change in feeding time to 120 

minutes, it was observed that phosphate release 

increased, and there was a decrease in phosphate removal 

efficiency. With the phosphate release it was possible to 

verify that substrate was successfully being uptaken by the 

biomass. Phosphate release was strongly affected by 

sludge retention time. In order to improve phosphate 

removal, sludge retention time must be controlled. 

COD Removal: Protein fed contains soluble and 

suspended protein. Soluble protein was gone almost 

completely at the end of each cycle, which shows good 

COD removal efficiency. It was observed that protein is 

hydrolysed in contact with the granule, and there was 

hydrolytic activity both aerobically and anaerobically. 

Other mechanisms might have been envolved in 

protein removal by the granules. As it was previously 



observed with particulate starch (14) and particulate 

protein (5), protozoa can be responsible to adsorb 

suspended particles at the granule surface. 

Azo-dye Removal: It was shown that anaerobic 

reduction of azo-dye is possible with aerobic granular 

sludge. Reduction occurred only in the anaerobic mode of 

operation. The plug-flow feeding is an advantage because 

it allows the dye to be present in an anaerobic 

environment, without the interference from nitrate and 

nitrite from the previous cycle. 

In the reactor, initial reduction was 38% in phase II, 

and in phase IV it was shown a maximum reduction of 

78%. The main reason for such a discrepancy is the amount 

of biomass in the reactor. It was also noted that anaerobic 

reduction of azo-dye improves after an initial adaptation 

period. Enzymatic activity was found to be related to the 

surface of the granule, since no hydrolytic activity was 

found in the bulk liquid. Color removals of 76.5% were 

observed a similar system (3), using mixed culture granular 

sludge in a sequential anaerobic-aerobic phase for textile 

wastewater treatment, with lower biomass 

concentrations, by increasing the anaerobic reaction time. 

In fact, the most important factor seems to be time of 

operation, since in every performed batch test, dye 

concentration decreased and reached a plateau. In future 

reactor operation, a longer feeding time should be tried in 

order to improve dye removal efficiency. 

The influence of different carbon sources was also 

analyzed in batch tests. It was verified that batch tests 

running with granules from the lab-scale reactor and using 

protein as carbon source, reduced the azo-dye faster then 

batch tests running with no extra carbon source (only 

intracellular stored substrate) and using acetate. It can be 

hypothesized that since the granules are fully adapted to 

using protein as the only carbon source, it is easier to start 

reducing the azo-dye. In batch tests ran with granules 

taken from the full scale treatment plant in Epe, no 

significant difference in reducing rate was observed 

between protein, acetate or no extra carbon source, which 

might be because this granules are subject to many 

different carbon sources. Initial concentration of dye 

seems to be also an important factor in azo-dye reducing 

activity, as higher initial dye concentrations showed higher 

rates of reduction in batch tests. 

Aerobic Mineralization of Aromatic Amines: Aromatic 

amines were formed by azo-dye reduction during the 

anaerobic period of operation. However, there was no 

aerobic mineralization observed for this amines during the 

aerobic period, hence an alternative process should be 

deviced. This result has been shown in previous reports 

(12; 13). In order to achieve aerobic mineralization, amine-

degrading aerobic bacteria may be required to be added to 

the mixed culture. 

Conclusions: 

During this work it was found that Aerobic Granular 

Sludge would be suitable for a wastewater provenient 

from a textile industry. The granules could be formed even 

in a medium containing only protein as the source of 

carbon and nitrogen, which can be important due to the 

addition of proteins as adjuvants in the industry. Granules 

presented a filamentous outgrowth at the surface, but still 

had good settling capabilities. 

Good COD removal was achieved, due to protein 

hydrolysis at the surface of the granule, and due to 

adsorption of particulate protein by protozoa growing in 

the outside layer of the granule. There was growth of 

PAO’s, thus it is possible to optimize phosphate removal in 

one single step using Aerobic Granular Sludge. It was 

observed full nitrification, however, in the operated 

conditions, simoultaneous denitrification was not possible. 

The typically used azo-dye was reduced anaerobically 

by granules as it was fed to the reactor. It was noted that 

reduction rate improved after an initial adaptation period. 

It was observed however, that aromatic amines were not 

mineralized, which can be a problem when implementing 

the technology. 

List of Symbols: 

COD Chemical Oxygen Demand 

DO Dissolved Oxygen 

TSS Total Suspended Solids 

PHA Polyhydroxyalkanoates 

PAO Poliphosphate Accumulating Organisms 

HPLC High-Performance Liquid Chromatography 

SBR Sequencing Batch Reactor 
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