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Abstract 

Aerobic granular sludge (AGS) was developed in anoxic/anaerobic/oxic sequencing batch 

reactors (SBR) for the removal of antibiotic sulfamethoxazole from municipal wastewater. First, 

the stability and biological nutrient removal (BNR) efficiency of aerobic granules at low organic 

loads (when applied to municipal wastewater) was studied.  For this aim, granules obtained with 

high-strength (COD = 1400 mg/L) wastewater were fed with medium (COD = 700 mg/L) and 

then low-strength (COD = 400 mg/L) municipal wastewater. The granules rapidly acclimated to 

the medium-strength wastewater. However, feeding with low-strength wastewater reduced the 

food/microorganisms (F/M) ratio from 0.4 to 0.2 gCOD/gVSS d and granules disintegration 

occurred. Re-granulation was obtained after poor settling biomass was washed out and the F/M 

ratio reached 0.4 gCOD/gVSS d.  

Second, the BNR treatment performance of the granules was evaluated under two operation 

strategies: i) continuous anaerobic feeding and ii) anaerobic contact. Results indicated that, 

anaerobic contact increased anaerobic COD utilization from 17-24% to 45-53% with improving 

mass transfer and consequently, improved phosphorus removal from 63 to 93%. The anaerobic 

contact also improved the effluent quality from 87 to 46 mg/L VSS with prevention of flocs 

formation. With the application of anaerobic contact retention time (SRT) increased from 15 to 

32 days. 

Third, the removal of SMX in aerobic granular sludge was compared with conventional 

activated sludge in anoxic/anaerobic/oxic SBRs under the same operation conditions.  For three 

months, 2μg/L SMX was spiked into the reactors’ feeds (synthetic municipal wastewater). The 

presence of SMX had no significant impact on treatment performance of the suspended and 

granular biomass in terms of removing organics and nutrients. Overall, with 12 h of hydraulic 
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retention time (HRT), mean removal efficiencies of 84±8% and 73±10% were obtained for the 

granular and suspended biomass, respectively. Results of SMX elimination during eight hours of 

a cycle consisting of anaerobic/anoxic and aerobic phases showed that SMX removal was 

obtained only under aerobic condition while mixing under anoxic/anaerobic condition did not 

remove SMX. This confirms the insignificance of SMX removal via anoxic/anaerobic 

transformation and/or sorption onto activated sludge. The pseudo-first order SMX 

biodegradation constant rate constants (kbio) in the granular and suspended biomass at steady-

state operating condition, were 2.25±0.30 and 1.34±0.39 L/gVSS.d, respectively. The mean 

value of kbio obtained with granular sludge was significantly greater than that with the suspended 

biomass. These results, suggest that aerobic granular sludge, which has advantages such as high 

biomass retention and high biomass concentration, could be used as an efficient process for the 

removal of such organic micropollutants. 
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Chapter 1: Introduction and Objectives 

1.1. INTRODUCTION 

Uncontrolled release of endocrine disrupting compounds (EDCs) and pharmaceuticals and 

personal care products (PPCPs) in the aquatic environment has been a global health concern 

(Rahman et al., 2009). Lately, antibiotics has become a serious issue due to: i) the increasing use 

in human and veterinary medicine, ii) potential adverse effects on aquatic animals and plants, 

and iii) potential impacts on the micro-ecosystem (e.g., formation of antibiotic resistance) (Ding 

& He, 2010; Kumar et al., 2012; Oberle et al., 2012). Municipal wastewater treatment plants are 

known as a main source from which these micropollutants are discharged into the environment 

(Michael et al., 2013). Sulfamethoxazole (SMX) is one of the most commonly used antibiotics, 

and was reported as one of the most detected (100%) organic micropollutants monitored in 139 

streams in the U.S. (Kolpin et al., 2002). 

Current wastewater treatment facilities, which are designed for biological removal of 

organics (COD) and nutrients (nitrogen and phosphorus), are not capable of effective removal of 

all micropollutants. Application of advanced treatment technologies, such as adsorption onto 

activated carbon and degradation with advanced oxidation processes (AOPs) before effluent 

discharge, has been suggested for the effective removal of poorly biodegradable micropollutants. 

However, this will increase capital and operational costs of the treatment (Michael et al., 2013). 

Different values have been reported for the removal efficiency of SMX in full-scale 

wastewater treatment plants (WWTP) using activated sludge processes. Batt et al. (2007) 

compared removal of antibiotics in four WWTPs in Erie County, New York.  First, the Amherst 

WWTP with two-stage activated sludge (stage 1: BOD removal with HRT= 1h and SRT- 6d; 

stage 2: nitrification with HRT= 2h and SRT=49d) receiving 2.8 μg/L SMX achieved 57 and 17 
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% removal via the first and second stages, respectively. Second, the East Aurora WWTP with an 

extended aeration process (HRT= 28-31h and SRT= 17d and ferrous chloride addition) removed 

72% SMX from wastewater containing 0.88 μg/L SMX. Third, the Holland WWTP with RBC 

(rotating biological contactor) treatment system (HRT= 4h) obtained 36% SMX removal 

(influent SMX = 0.75 μg/L). Fourth, the Lackawana WWTP with pure oxygen activated sludge 

(HRT= 1h and SRT= 15d) receiving 0.72 μg/L SMX also achieved 36 % removal efficiency. 

Gao et al. (2012) reported 89% removal of SMX (1.57 μg/L in raw influent) in a full-scale 

conventional treatment plant (East Lansing WWTP, Michigan, US) containing preliminary 

treatment (aerated grit removal, equalization basin), primary treatment (primary clarifier), 

secondary treatment (aeration tank followed by secondary clarifier) and tertiary treatment 

(disinfection, rapid gravity sand filters and post-filtration aeration). The secondary biological 

treatment process removed 63% of the receiving SMX. Another full-scale plant (Kloten-Opfikon 

WWTP, Zurich, Switzerland) receiving 1.7 μg/L SMX obtained an overall removal of 62% using 

primary treatment (screens, aerated grit-removal and primary clarifier), secondary treatment 

(activated sludge system capable of nitrification and denitrification) and tertiary treatment (sand 

filter).  The secondary treatment obtained 59% SMX removal. Rosal et al. (2010) reported 17.3 

% SMX removal (with 279 ng/L SMX in the influent) in a full-scale WWTP (Alcala´ de 

Henares, Madrid, Spain) operated for BNR (A2O with anoxic, anaerobic, and oxic zones). 

The effectiveness of biological wastewater treatment for degrading these compounds is 

mostly determined by operational conditions. The A2O (anoxic/anaerobic/oxic) process, used for 

nitrification, denitrification, BOD and phosphorus removal, and the A/O (anaerobic/oxic) 

process used for nitrification, phosphorus and BOD removal, both had higher efficiencies in 

elimination of antibiotics compared to conventional activated sludge (oxic) process which uses 



3 

 

only BOD  removal (Ghosh et al., 2009). Increasing solids retention time (SRT) was found to 

improve the removal of micro-pollutants by enhancing the microbial diversity and hence 

enzymatic activity of activated sludge (Joss et al., 2006; Kreuzinger et al., 2004; Polesel et al., 

2016). Enrichment of nitrifying bacteria by increasing SRT was reported to enhance 

biotransformation of pharmaceuticals in activated sludge (Suarez et al., 2010). Using a 

membrane bioreactor (MBR) was found to be effective for the removal of antibiotics 

(erythromycin, sulfamethoxazole, ofloxacin, and trimethoprim) when run with high SRTs 

(Radjenovic et al., 2009). According to Yu et al. (2009), extended sludge age process with 

providing high SRT (higher than 200 days) and biomass concentration (16 gTSS/L) was reported 

to be effective for the removal of pharmaceuticals. Removal efficacies of 91 and 86% were 

obtained for SMX when initial concentrations of 1 and 5 μg/L were applied, respectively. 

Immobilized cell bio-carrier process which also provides high solid retention time was applied 

for the removal of antibiotics (Yu et al., 2011). This type of treatment was found to obtain above 

40% removal of sulfamethoxazole by degradation and less than 40% removal by bio-sorption. 

Aerobic granular sludge (AGS) is a promising treatment technology for simultaneous 

removal of organics and nutrients from wastewater. AGS is basically a type of biofilm formed 

via self-immobilization of activated sludge without any carrier. Granulation process is controlled 

by different factors such as: i) hydrodynamic force which provides physical movement to initiate 

bacterium to bacterium contact (Liu & Tay, 2002); ii) hydraulic selection pressure by which 

suspended flocs and sludge with poor settling capability are washed out (Wang et al., 2004); iii) 

production of extracellular polymeric substances which enhance polymeric interaction and 

promote aerobic granulation  and is associated with the shear force (Tay et al., 2001; Wang et al., 
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2006); and iv) organic loading rate (OLR) which is a crucial factor in fast formation of stable 

granules and determines granules size (Tay et al., 2004). 

AGS technology has attracted a lot of attention because of the unique characteristics of 

granules which provide: i) high biomass concentration without settling problems; ii) high 

biomass retention by fixing slow-growing organisms inside the granular structure; and iii) strong 

microbial structure by favouring the growth of organisms with different functionality inside one 

small unit. Additionally, due to the production of extra-cellular polymeric substances, bacteria 

inside biofilms are more resistant to antibiotics compared to freely floating bacteria (Schmidt et 

al., 2012). Despite the advantages of aerobic granules, there are limited studies on their 

application for degradation of such micropollutants. Balest et al. (2008) investigated the 

effectiveness of an aerobic granular bio-filter with SRT over 6 months and biomass 

concentration greater than 40 g/L for removing EDCs (estrogens, bisphenol A, and 4-tert-

octylphenol) from sewage. The process achieved higher removal efficiencies (60-90 %) for all 

tested EDCs compared to conventional activated sludge process (41-72%). Using nitrifying 

granules, Wang and Ivanov (2009) obtained complete degradation of estrogens (17β-estradiol, 

estriol, and 17a-ethynylestradiol) with initial concentrations of 100 μg/L over 60 days. 

1.2. OBJECTIVES AND HYPOTHESES  

This research was conducted in three experimental phases with the following objectives: 

 Phase I was aimed to study the long-term stability as well as organics and nutrient 

removal performance of aerobic granules cultivated with high-strength wastewater when 

applied for treatment of low-strength municipal wastewater. 

 The purpose of phase II was to study the effect of anaerobic contact on treatment 

performance (effluent quality and nutrient removal efficiency) as well as properties of 
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granular sludge including solid residence time, settling properties, granules size, and EPS 

content the aerobic granules. 

 Phase III was aimed to evaluate the effectiveness of aerobic granules for the removal of 

antibiotic sulfamethoxazole compared to conventional activated sludge. Additionally, 

treatment performance and microbial community structure of the two types of biomass 

exposed to SMX were investigated. 

Hypotheses of this research are as follows: 

 The research hypothesis of phase I was that the granular sludge could acclimate to the 

change in wastewater strength. 

 In phase II, increasing contact during anaerobic phase was hypothesised to increase mass 

transfer and enhance anaerobic COD uptake. 

 The research hypothesis in phase III was that compared to conventional activated sludge, 

aerobic granules could be more effective in SMX removal by providing higher SRT. 

 

1.3. ORGANIZATION OF THIS THESIS 

This document was prepared with three stand-alone manuscripts presented in chapter two, 

three and four. Each chapter contains its own introduction, materials and methods, results and 

discussion, and conclusion. Chapter two discusses the development of aerobic granular sludge 

with high-strength wastewater and its application for nutrient removal from low-strength 

wastewater. Chapter three, investigate the improvement of treatment performance of aerobic 

granules by increasing anaerobic COD utilization. The forth chapter studies the application of 

aerobic granules for the removal of antibiotic sulfamethoxazole in comparison with conventional 

activated sludge. 
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Chapter 2: Long-term stability and nutrient removal efficiency of aerobic 

granules at low organic loads 

 

Abstract 

The feasibility of application of aerobic granular sludge cultivated with high organic loads 

for biological nutrient removal (BNR) from low-strength wastewater was studied. Granules 

obtained with high-strength (COD = 1400 mg/L) wastewater were fed with medium 

(COD = 700 mg/L) and then low-strength (COD = 400 mg/L) wastewater. The granules rapidly 

acclimated to the medium-strength wastewater. However, feeding with low-strength wastewater 

reduced the F/M ratio from 0.4 to 0.2 gCOD/gVSS d. Consequently, granules’ disintegration 

occurred and biomass settling was deteriorated. Re-granulation was obtained after the poor 

settling biomass (flocs) was washed out and the F/M ratio reached 0.4 gCOD/gVSS d. 

Disintegration of granules coincided with the decrease in extracellular polymeric substances 

(EPS) content and protein-to-carbohydrate ratio and re-granulation was assisted with the increase 

in EPS and protein-to-carbohydrate ratio. This confirms the suggested theory that granules’ 

stability is determined by EPS content and EPS matrix. The results indicated that cultivation of 

aerobic granules with high organic loads and its implication for BNR treatment of low-strength 

wastewater while balancing the F/M ratio can be an alternative to reduce start-up period. 

Keywords: Aerobic granules, Long-term stability, Low organic loads, Extracellular polymeric 

substances, F/M ratio 
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2.1. INTRODUCTION 

Aerobic granular sludge is a promising technology capable of removing a wide range of 

organics and nutrients from different types of wastewater ranging from low-strength municipal 

wastewater (Coma et al., 2012; Lashkarizadeh et al., 2015) to high-strength industrial effluents 

such as that of palm oil mills (Abdullah et al., 2011), fish canning (Figueroa et al., 2008), 

piggeries (Kishida et al., 2009), textiles (Muda et al., 2010) breweries (Corsino et al., 2016) and 

landfill leachates (Ren and Yuan, 2016). 

To date, various research works have been conducted on cultivation of aerobic granules in 

sequencing batch reactors (SBR) and different factors such as reactor design, seed sludge, carbon 

source, hydrodynamic selective pressure, shear force, organic loading rate (OLR), hydraulic 

retention time (HRT), production of extracellular polymeric substances (EPS), F/M ratio, COD 

to nitrogen ratio, feast/famine balance and starvation time were found to control the granulation 

process. However, different authors reported different requirements for development of aerobic 

granules. For example, a minimum OLR of 2 kgCOD/m3 d was first reported by Tay et al. 

(2004). However, successful granulation by utilizing lower OLRs was reported later (Ni et al., 

2009). Although higher OLRs encourage granulation, when high-strength wastewater was used, 

longer HRT resulting in lower OLR was found be more effective by providing longer starvation 

time (Corsino et al., 2016). The high shear force with the application of up-flow air velocity 

higher than 1.2 cm/s was suggested as the requirement for granulation (Liu and Tay, 2002; Tay 

et al., 2001). Although, a recent study successfully achieved stable granules by applying 

hydrodynamic shear as low as 0.4 cm/s (Henriet et al., 2016). Devlin et al. (2017) suggested that 

removal of fast growing organisms such as ordinary heterotrophic organisms (OHO) from 

granule surfaces was the mechanism through which hydrodynamic shear benefits the granulation. 

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0010
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0005
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0030
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0040
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0070
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0015
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0080
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0100
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0100
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0075
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0075
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0015
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0060
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0060
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0035
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0025
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The granulation was achieved with low-strength wastewater at low hydrodynamic shear; while 

when medium and high-strength wastewater was used, unstable granules with undesirable 

surface coating were obtained. Therefore, the effect of different parameters should be considered 

together. 

One of the challenges in the granulation process is biological nutrient removal (BNR) from 

low-strength wastewater. Successful granulation with the application of short HRT resulting in 

high OLR has been reported in previous studies (De Kreuk and van Loosdrecht, 2006; Ni et al., 

2009). However, nitrification, denitrification, and phosphorus removal were not achieved. Coma 

et al. (2012) reported that granulation with low-strength wastewater for BNR purposes was 

unsuitable with long start-up periods. On the contrary, granules capable of nitrogen and 

phosphorus removal were cultivated with low-strength wastewater in few works (Devlin et al., 

2017; Lashkarizadeh et al., 2015). A study by Coma et al. (2012) could enhance the granulation 

of flocs with the addition of crushed granules and also achieve granules capable of BNR 

treatment of domestic wastewater. Cultivation of aerobic granules using wastewater with higher 

organic loads allows the application of a longer HRT with anoxic/anaerobic and aerobic 

conditions that seem to be easily feasible and also beneficial for reducing start-up time. Although 

the application of granules cultivated with high organics for BNR treatment of low-strength 

wastewater could be an option to reduce start-up period, to date, no study in this area has been 

conducted. 

The purpose of this work, was to study the stability as well as organics and nutrient removal 

performance of aerobic granules cultivated with high-strength wastewater when applied for 

treatment of medium and low-strength wastewater. 

  

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0020
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0020
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0010
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0010
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0025
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0025
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0010
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2.2. MATERIALS AND METHODS 

2.2.1. Reactors configurations and operation strategies 

In this study, granulation of conventional activated sludge for COD, nitrogen and 

phosphorus removal from high-strength wastewater (COD = 1400 mg/L) was performed in 

SBRs. After stable granules were achieved, the reactors were fed with medium-strength (COD = 

700 mg/L) and low-strength (COD = 400 mg/L) wastewater, respectively, under the same 

operation conditions. 

Three identical reactors named R1, R2 and R3 with 3L working volume (D = 10 cm) and the 

exchange ratio of 2/3 were used. A schematic diagram of the reactors is shown in Figure 2.1. 

Fine air bubbles were introduced from the bottom of the reactors with a flow rate of 2 L/min 

resulting in superficial air velocity of 0.43 cm/s. The SBRs were operated with 8-h cycles 

including 90 min of anaerobic feeding, 370 min of aeration, 4 min of settling and 15 min of 

discharge. Reactors were inoculated with conventional activated sludge taken from the South 

End sewage treatment plant in Winnipeg, MB, Canada. The plant was operated with SRT of 1–

2 days for BOD removal from municipal wastewater. During the first stage of the experiment, 

reactors were operated with high-strength wastewater with COD concentration of 1400 mg/L 

resulting in OLR of 2.8 kgCOD/m3 d. After 75 days, medium-strength wastewater with COD of 

700 mg/L was used as feed resulting in OLR of 1.4 kgCOD/m3 d. In the third stage, the reactors 

were fed with low-strength wastewater representing municipal wastewater characteristics. The 

operating parameters are presented in Table 2.1. 

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#f0005
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#t0005
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Figure 2.1. The schematic diagram of SBRs (1. Air pump; 2. Fine bubble air diffuser; 3. Feeding 

pump; 4. Discharge pump). 

Table 2.1. Operation parameters and wastewater characteristics. 

Parameter/Component Stage I Stage II Stage III 

Operating day 1–75 76–166 167–304 

Yeast extract (mg/L) 1250 625 357 

NH4Cl (mg/L) 33 55 29 

K2HPO4·3H2O (mg/L) 9 19 20 

MgSO4 (mg/L) 5.8 5.8 5.8 

CaCl2 (mg/L) 12 12 12 

EDTA (mg/L) 3 3 3 

Mineral solution (mL/L) 0.3 0.3 0.3 

COD (mg/L) 1400 700 400 

TN (mgN/L) 140 80 45 

TP (mgP/L) 20 12 8 

HRT (h) 12 12 12 

OLR (kgCOD/m3 d) 2.8 1.4 0.8 
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2.2.2. Wastewater characteristics 

Synthetic wastewater was prepared using different amounts of yeast extract, ammonium 

chloride (NH4Cl) and dipotassium phosphate (K2HPO4·3H2O) to obtain different levels of COD, 

TN and TP as listed in Table 2.1. Other components such as magnesium sulfate, calcium chloride 

and ethylenediaminetetraacetic acid (EDTA) as well as mineral solution containing 0.15 g/L 

H3BO3, 0.03 g/L CuSO4·5H2O, 0.03 g/L KI, 0.12 g/L MnCl2·4H2O, 0.06 g/L Na2MoO4·2H2O, 

0.12 g/L ZnSO4·7H2O, 0.15 g/L CoCl2·2H2O, and 1.5 g/L FeCl3·6H2O were also used. In order 

to achieve complete nitrification, sufficient alkalinity (7.14 g CaCO3/g NH4
+-N) was provided by 

adding sodium bicarbonate (12 g NaHCO3/g NH4
+-N) to the feed during the entire operation 

period. 

2.2.3. Analytical methods 

The concentration of suspended solids in the mixed liquor (MLSS) and effluent (ETSS), 

influent and effluent COD and Sludge Volume Index (SVI) after 5 and 30 min of settling were 

measured according to standard methods. Concentrations of phosphorous in form of 

orthophosphate (PO4
3--P) and nitrogen in forms of ammonium (NH4

+-N), nitrite (NO2
−-N) and 

nitrate (NO3
−-N) were measured via a flow injection analyser (Quick Chem 8500, LACHAT 

Instruments) with a detection limit of 0.2 mg/L. All the measurements for nitrogen and 

phosphorus were performed using filtered samples, which represented the concentration of 

soluble nitrogen and phosphorus. In the case of COD, the measurement for filtered samples were 

presented as sCOD. Granule size distribution was measured using Malvern laser light scattering 

instrument (Mastersizer 2000 series, Malvern Instruments), which measured particle sizes 

ranging from 0.02 to 2000 μm. Surface morphology of the granules was observed using a 

stereomicroscope (Axio Vert.A1, ZEISS). 

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#t0005
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Extracellular polymeric substance content of the biomass was extracted according to Le-

Clech et al. (2006). For EPS extraction, 50 mL of mixed liquor was centrifuged at 5000 rpm for 

5 min. The supernatant was removed and the solids were re-suspended with deionized water up 

to 50 mL. The suspension was placed in a water bath at 80 °C for 10 min. After cooling down to 

room temperature, the sample was centrifuged at 7000 rpm for 10 min at 4 °C. The supernatant 

was filtered and protein and carbohydrate concentrations were measured using phenol–sulphuric 

acid method and Lowry protein assay, respectively. In this study, the summation of protein and 

carbohydrate of biomass was reported as EPS content. 

In this paper, the results for MLSS, ETSS, SVI5, granules’ size and EPS are the average of 

replicates of the three identical reactors and error bars represent the standard error of the mean 

(SEM). However, the results of effluent sCOD, nitrogen and phosphorus concentrations are 

individually reported for each reactor. 

2.3. RESULTS AND DISCUSSION 

2.3.1. Aerobic granulation with high-strength wastewater 

The concentrations of MLSS and SVI5 are presented in Figure 2.2. At the beginning of the 

experiment, the reactors were inoculated with more than 6 g/L of conventional activated sludge. 

However, MLSS decreased to 5.2 ± 0.2 g/L after one day of operation, due to the discharge of 

poor settling flocs. The decrease in the reactors MLSS continued until day 40 when the biomass 

concentration of 3.3 ± 0.1 gTSS/L was observed. It should be noted that the biomass reduction 

increased food to microorganisms (F/M) ratio from around 0.45 to 0.99 ± 0.03 gCOD/gVSS d. It 

was reported that higher F/M ratios favor production of extracellular polymeric substances and 

consequently enhance granulation (Li et al., 2011; Tay et al., 2004). From day 40 to 69, biomass 

accumulation was observed and MLSS reached 6.7 ± 0.4 g/L. With the increase in MLSS, F/M 

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0050
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0050
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#f0010
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0055
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ratio decreased to 0.50 ± 0.03 gCOD/gVSS d at the end of the first stage. The results were in 

agreement with the suggested F/M ratios to initiate granulation and to maintain stability. Tay et 

al. (2004) reported that stable granules with 0.33 gCOD/gVSS d of F/M were obtained when 

initial F/M ratio of 1.35 gCOD/gVSS d was applied at high OLR (4 gCOD/gVSS d). Li et al. 

(2011), suggested F/M ratio higher than 1.1 gCOD/gVSS d for initializing granulation and F/M 

ratio lower than 0.3 gCOD/gVSS d for granules stabilization. 

 

Figure 2.2. Mixed liquor suspended solids (MLSS) concentration and sludge volume index after 

5 min (SVI5) during the first two stages. 

Although the application of selective pressure resulted in the residence of biomass 

aggregates, it caused high suspended solids concentrations in the effluent (ETSS) up to 

429 ± 65 mg/L on day 48. However, after the appearance of granules and biomass accumulation, 

ETSS decreased to 42 ± 5 mg/L at the end of the first stage. The effluent quality confirmed that 

the applied hydrodynamic shear and HRT was appropriate to avoid accumulation of fast growing 

organisms such as OHO in the suspension. It was recently reported that OHOs accumulated in 

the suspension and also appearing on granules’ surface caused undesirable surface coating when 

hydrodynamic shear of 0.41 cm/s was applied for granulation with high-strength with wastewater 

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0100
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0100
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0055
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0055
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(Devlin et al., 2017). Based on the reactors MLSS and ETSS, the average solid retention time of 

34 ± 3 days was calculated for the granules in the first stage, suggesting the proliferation of slow 

growing organisms in the granular sludge. 

The sludge volume index after 5 min of settling decreased from 111 ± 3 to 55 ± 6 mL/g after 

33 days of operation. Granules with SVI5 < 50 mL/g and mean diameter greater than 200 μm 

were obtained after 40 days of operation. Results from microscopic analyses indicated that 

granules were uniform and compact with a smooth surface. The granules were yellowish-brown 

in color with a thin outer layer of a white substance which could be active cells or EPS. Mature 

granules with SVI5 of 46 ± 2 mL/g and a diameter greater than 2 mm were obtained at the end of 

the first stage of operation. 

The results of the first stage confirmed the important role of selective pressure and F/M ratio 

in granulation of activated sludge. Stable granules were successfully cultivated with high-

strength wastewater by applying HRT of 12 h which resulted in OLR of 2.8 kgCOD/m3 d and 

about 4.5 h of starvation time. This strengthened the importance of starvation time over OLR, as 

suggested by Liu and Tay (2007). Compact granules with desirable surface properties could be 

successfully achieved at low hydrodynamic shear (superficial upflow air velocity of 0.43 cm/s). 

Successful granulation was also achieved at the dynamic shear as low as 0.42 cm/s as reported 

by Henriet et al. (2016). The application of high superficial air velocity (higher than 1.2 cm/s) 

was suggested as a crucial factor in the granulation process (Liu and Tay, 2002; Tay et al., 2001). 

However, Devlin et al. (2017) also reported that low dynamic shear applying up-flow air velocity 

of 0.41 cm/s resulted in the undesirable surface coating when medium and high-strength 

wastewaters were used. 

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0025
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0065
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0035
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0060
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0025
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2.3.2. Stability of the granules at medium-strength wastewater 

In the second stage of operation, mature granules cultivated with high-strength wastewater 

were fed medium-strength wastewater that resulted in the reduction of OLR from 2.7 to 

1.4 kgCOD/m3 d. Consequently, F/M ratio decreased from 0.50 ± 0.03 to 0.29 ± 0.03 gCOD/ 

gVSS.d. As a result of this change, SVI5 rapidly increased from 46 ± 2 to 63 ± 4 mL/g. 

Consequently, MLSS decreased from 6.7 ± 0.4 to 5.4 ± 0.3 g/L due to the discharge of biomass 

with poor settling and F/M rose to 0.33 ± 0.02 gCOD/gVSS d. However, in less than 20 days, 

stable granules with SVI5 of 45 ± 3 mL/g and MLSS concentration of 7.2 ± 0.5 g/L was recorded 

again. 

As a result of the discharge of poor settling biomass, ETSS rapidly increased up to 

302 ± 37 mg/L on day 93, however, after obtaining well settling biomass, the ETSS gradually 

decreased to 69 ± 13 mg/L on day 118. High levels of solids up to 424 ± 91 mg/L were found in 

the effluent again (day 153). At this time, the presence of granules in the effluent caused high 

ETSS. Biomass accumulation to the level exceeding the capacity of the reactors was the potential 

reason. A gradual decrease in both MLSS and ETSS was observed until the end of this stage with 

the concentrations of 6.2 ± 0.2 g/L and 58 ± 12 mg/L for MLSS and ETSS, respectively. The 

average solid residence time of 34 ± 2 days was calculated for the stable granules at the end of 

this stage. 

The change in OLR also affected the granules’ size. An expected gradual decrease in the 

granules’ size was observed during this stage. It has been previously reported that organic 

loading rate determines granules’ size (Tay et al., 2004). More compact granules with a mean 

diameter of 1.11 ± 0.04 mm were obtained at the end of the second stage. The EPS content 

(protein + carbohydrate) of the granules at the end of this stage was measured as 150.3 ± 3.0 

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0100
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mg/gVSS with a protein-to-carbohydrate ratio of 25.2 ± 3.2. These values for a suspended 

activated sludge taken from a lab-scale reactor operating at the same HRT and feed 

characteristics (but SRT of 10 days) were measured as 115.8 ± 1.1 mg/gVSS and 12.9 ± 0.8, 

respectively. However, the suspended biomass was a well-settling sludge with SVI30 of 

33 ± 2 mL/g. The results of EPS measurements confirmed the higher levels of EPS and a higher 

ratio of protein to carbohydrate in granular sludge when compared to the flocs as reported by 

other researchers (Wang et al., 2006; Zhang et al., 2007; Lashkarizadeh et al., 2015). 

2.3.3. Stability of the granules at low-strength wastewater 

In the third stage of operation, stable granules obtained at the end of the second stage were 

fed with a low-strength wastewater, resulting in OLR of 0.8 kgCOD/m3 d. The results from 

monitoring biomass concentration and settling properties of the granules during this stage are 

presented in Figure 2.3a. With the change in COD load, the F/M ratio decreased from 

0.35 ± 0.03 to 0.24 ± 0.02 gCOD/gVSS d. Consequently, the granules disintegrated and the 

biomass settling was demolished. As can be seen in Figure 2.3a, rapid changes in SVI5 occurred 

in the first 2 weeks of this stage. The concentration of MLSS decreased from 6.2 ± 0.2 to 

3.7 ± 0.1 g/L in 10 days due to the discharge of poor settling biomass. The MLSS continued to 

decline for more than 2 months and the lowest concentration was recorded as 2.2 ± 0.1 g/L on 

day 243. This resulted in a gradual increase in F/M up to 0.45 ± 0.03 gCOD/gVSS d. After this 

point, re-granulation was observed followed by improvement of the biomass settleability with 

the decrease in SVI5. At the end of this stage, the granular sludge achieved SVI5 and MLSS 

concentration of 47 ± 3 mL/g and 3.0 ± 0.3, respectively. Also, the F/M ratio was calculated as 

0.33 ± 0.03 gCOD/gVSS d. Although after re-granulation, quality of the effluent in terms of 

suspended solids improved; however, fluctuation in the ETSS concentration was observed. The 

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0105
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average concentration of 87 ± 3 mg/L was calculated for the TSS in the effluent for this stage. 

Based on the concentration of the biomass in the reactor and in the effluent, the average SRT of 

16 ± 0.6 days was calculated. 

Figure 2.3. (a) MLSS and SVI5 and (b) EPS and granule sizes under low OLR (stage 3). 

The data of EPS and granules’ size measurements are presented in Gigure 2.3b. As can be 

seen, the granules size gradually decreased from 1.11 ± 0.04 to 0.57 ± 0.02 mm on day 238 and 

no further reduction was observed afterward. The reduction in granules’ size caused by 

disintegration is in agreement with the results of biomass settling which showed an increase in 

SVI5. After the start of re-granulation, the mean diameter increased over time, which coincided 

with the decrease in SVI5. At the end of this stage the compact granules with mean diameter of 

0.75 ± 0.01 mm was obtained. 

As shown in Fig. 3b, EPS content (protein + carbohydrate) of the granular biomass 

decreased from 150.3 ± 3.0 to 119.4 ± 5.7 mg/gVSS from day 175 to 210. The decrease in the 

EPS coincided with the granules disintegration and deterioration of biomass settling. In addition 

to EPS content of the biomass, a change in the EPS component was observed during this period, 

wherein the ratio of protein-to-carbohydrate decreased from 25.2 ± 3.2 to 10.2 ± 0.3. After 

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#f0015
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acclimation of the microorganisms to the new feed, production content increased up to 

156.3 ± 6.3 mg/gVSS on day 230 after which re-granulation and improvement of the biomass 

settling was observed. After this point, a gradual change in the ratio of protein-to-carbohydrate 

was observed. The ratio increased up to 31.2 ± 1.3 on day 252 when compact granules were 

achieved. The results showed the role of EPS content especially protein in re-granulation and 

formation of stable granules. Increase in EPS content as well as the ratio of protein-to-

polysaccharide during the formation of granules from flocs and re-granulation was reported in 

previous studies (Lashkarizadeh et al., 2015; Wang et al., 2006; Zhang et al., 2007). It was also 

reported that protein content is responsible for stability and settleability of granules (Zhang et al., 

2007; Zhu et al., 2012). However, elsewhere, polysaccharides or types of glycosides were found 

as gel-forming components of EPS and were considered responsible for granules’ stability 

(Seviour et al., 2009). 

Although the change in the wastewater strength from medium to low reduced the EPS 

content; however, after re-granulation, the new granules obtained EPS levels as high the previous 

stage. This was not observed in the case of granules size and the new granules could never 

achieve their initial size. This can be explained by the fact that granules size is determined by 

organic loading rate (Tay et al., 2004) while EPS production is encouraged by shear force and 

selective pressure (Lin et al., 2008; Tay et al., 2001). EPS production was also reported to be 

affected by feast/famine balance (Liu and Tay, 2007) and the length of the starvation period 

(Corsino et al., 2016). 

In our work, the organics load decreased with the reduction in COD from 700 to 400 mg/L 

while the hydraulic retention time (HRT) remained the same. Therefore, fewer organics were 

available and hence were consumed in a shorter time. Consequently, at lower organic loads, the 

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0045
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0115
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0115
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0090
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0100
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b9000
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0065
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0015
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microorganisms experienced a shorter feast and a longer starvation period. Accordingly, bacteria 

produced more EPS to utilize as carbon and energy source for endogenous respiration when the 

presence of substrate was limited (Zhu et al., 2012). Corsino et al. (2016) reported that when 

lower OLR was applied with increasing HRT, EPS production was enhanced and resulted in 

more compact and hence smaller granules. They also reported that higher protein-to-

carbohydrate ratio was achieved when lower OLR (longer HRT) was used. These results 

confirmed the role of starvation time in both EPS production and EPS composition of granules. 

The results from the third stage indicated that implication of aerobic granules stabilized with 

medium-strength wastewater for treating low-strength wastewater is feasible. However, a long 

time is required for the biomass acclimation and re-granulation when the organic loads are 

reduced but the same MLSS and HRT can be applied. The results confirmed that F/M is a 

controlling factor in the stability of the granules. Therefore, the granules should be dosed 

according to COD of the feed to balance the F/M ratio. This could avoid long time required for 

acclimation and stabilization and also avoid the biomass wash-out and hence high ETSS 

concentrations can be attained. 

2.3.4. Organics and nutrient removal efficiency of the granules 

The result of monitoring reactors effluent quality in terms of sCOD, ammonium, nitrite, 

nitrate, and phosphorus concentration is presented in figure 2.4. Organic and nutrient removal 

efficiency of the reactors during the different stage are presented in table 2.2. During the first 

stage, when influent COD was high (1400 mg/L), sCOD in the effluent was not stable and 

increased up to 120 mg/L. Average COD removals for R1, R2 and R3 were 94.1 ± 0.4, 

93.9 ± 0.3 and 94.1 ± 0.3%, respectively. Results of a kinetic test on day 55 showed COD 

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0120
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0015
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removal between 33 and 55 percent in the 1.5 h anaerobic phase. The remaining COD was 

utilized very fast in the aerobic zone and it decreased to less than 50 mg/L after 1.5 h. 

 

Figure 2.4. Concentrations of sCOD, nitrogen and phosphorus in the effluent during the three 

stages of operation. 

Phosphorus removal higher than 80% was observed in the three reactors in one week after 

inoculation that improved until day 56; however, no soluble phosphorus was detected in the 

reactors’ effluent thereafter. It was found that the granules are capable of EBPR (enhanced 

biological phosphorus removal) performed by polyphosphate accumulating organisms (PAOs). 
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In addition to anaerobic sCOD uptake, 6–11 mgP/gVSS anaerobic phosphorus release in 

followed by 8–11 mgP/gVSS aerobic uptake was observed in the reactors, confirming the 

activity of PAOs. In the first stage, phosphorus removal efficiencies of 92.6 ± 3.1, 96.3 ± 1.5 and 

92.8 ± 3.0 percent was obtained for R1, R2 and R3, respectively. 

Nitrification was not observed until day 20, which was due to the type of activated sludge 

used as inoculum. The seed sludge was taken from a conventional activated sludge system 

operated with SRT of 1–2 days for BOD removal. Therefore, nitrification was not achieved until 

nitrifiers which are relatively slow growth organisms accumulated in the system. After day 53, 

ammonium removal as high as 99% was observed in the three reactors, confirming the 

proliferation of ammonia oxidizing bacteria (AOB) in the system. However, after this point, 

fluctuations in the effluent’s ammonium concentration ranging from 0.5 to 13.2 mgN/L as well 

as effluent nitrite from 43.5 to 84.6 mgN/L were observed. Nitrate was not detected in any of the 

reactors effluent. This could be due to the absence of nitrite oxidizing bacteria (NOBs) in the 

system, which was confirmed by the results of the kinetic tests. However, nitrogen removal of 

47.0 ± 3.3, 47.8 ± 3.5 and 48.0 ± 2.4 percent was achieved by R1, R2, and R3, respectively. 

When the reactors were fed with medium strength wastewater, effluent sCOD decreased to 

less than 50 mg/L in the three reactors. Average COD removal efficiencies of 93.1 ± 0.5, 

95.8 ± 0.1 and 95.9 ± 0.2% was achieved for R1, R2 and R3, respectively. With the reduction in 

influent ammonium from 140 to 80 mg/L, nitrification was improved and effluent nitrite of the 

reactors gradually decreased to less than 1 mg/L. Consequently, the concentration of nitrate 

increased from 35 to 48 mgN/L. Denitrification was also observed in the anaerobic phase of the 

three reactors. The result of monitoring sCOD showed 52–61 percent anaerobic COD removal 

which was higher than that of the first stage, confirming the rbCOD uptake by denitrifiers. At 
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this stage, the average nitrogen removal efficiencies for R1, R2, and R3 were 47.0 ± 1.3, 

52.5 ± 2.2 and 51.9 ± 2.1%. No soluble phosphorus was detected in the reactors effluent until 

day 89. After this point, variation in the phosphorus removal of the reactors was observed and 

concentrations as high as 6.9 mg/L were recorded. This could be due to the transition from the 

anaerobic phase to anoxic that resulted in nitrate production and caused the competition of PAOs 

and denitrifiers for rbCOD uptake. Microorganisms that compete with PAOs such as glycogen-

accumulating organisms (GAOs) were reported as dominant species in the granules when 

influent COD ranging from 500 to 800 mg/L was used (Yu et al., 2014). With the acclimation of 

PAOs to the new condition, phosphorus removal improved in R2 and R3 and effluent 

concentrations less than 1 mgP/L (soluble phosphorus) was achieved after day 150. However, in 

the case of R1 stable phosphorus was not achieved and fluctuation between 1.4 and 4.6 mgP/L 

was observed in the reactor effluent. 

In the third stage, when the reactors were fed with low-strength wastewater, the effluent 

sCOD decreased to below 25 mg/L. In terms of nitrogen, nitrate concentration between 20 and 

30 mgN/L was obtained, while ammonium and nitrite were not detected in the reactors’ effluent. 

Nitrogen removal efficiencies of 43.2 ± 0.6, 42.8 ± 0.8, and 45.4 ± 1.6% were obtained for R1, 

R2, and R3, respectively. In terms of nitrification and COD removal, the change in the feed and 

accordingly the granule disintegration did not cause any problems. On the contrary, high 

phosphorus removal efficiencies (>96%) obtained for R1 and R2 dwindled right after the change 

in feed. This was caused due to the less available rbCOD which is required for both 

denitrification and EBPR. The fluctuation between 50 and 95% was observed in phosphorus 

removal efficiency of the reactors. Fluctuation in the anaerobic COD uptake by denitrifiers and 

PAOs was also observed. It was found that due to the small size of the reactors, the anaerobic 

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0110
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feeding over 1.5 h could not provide mixing or a proper contact between substrate and 

microorganisms. Liu and Tay (2002) suggested that hydrodynamic turbulence plays an important 

role in the mass transfer of substrate and hence substrate flux in the biofilm. Rocktäschel et al. 

(2013) also reported that mixing during the anaerobic phase benefits the nutrient removal with 

equal distribution of substrate. It should be noted that when it comes to full-scale applications, 

anaerobic plug-flow feeding at high flow-rates would be effective to produce hydrodynamic 

turbulence and provide adequate contact. 

Table 2.2. Characteristics and performance of granular sludge at different stages of operation. 

Parameter Stage I Stage II Stage III 

SRT (d) 34 ± 3 34 ± 2 16 ± 1 

SVI5 (mL/g) 46 ± 2 45 ± 3 47 ± 3 

MLVSS (g/L) 4.6 ± 0.2 4.4 ± 0.4 2.8 ± 0.3 

Effluent VSS (g/L) 38 ± 11 41 ± 10 88 ± 17 

Granules’ size (mm) >2 1.11 0.75 

COD removal (%) 

 R1 94.1 ± 0.4 93.1 ± 0.5 95.4 ± 0.5 

 R2 93.9 ± 0.3 95.8 ± 0.1 95.3 ± 0.7 

 R3 94.1 ± 0.3 95.9 ± 0.2 95.4 ± 0.7 

N removal (%) 

 R1 47.0 ± 3.3 47.0 ± 1.3 43.2 ± 0.6 

 R2 47.8 ± 3.5 52.5 ± 2.2 42.8 ± 0.8 

 R3 48.0 ± 2.4 51.9 ± 2.1 45.4 ± 1.6 

P removal (%) 

 R1 92.6 ± 3.1 71.3 ± 2.7 62.9 ± 2.6 

 R2 96.3 ± 1.5 73.9 ± 3.1 64.2 ± 2.5 

 R3 92.8 ± 3.0 72.2 ± 3.2 63.4 ± 3.2 

 

  

http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0060
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0085
http://www.sciencedirect.com.uml.idm.oclc.org/science/article/pii/S0960852417303279?via%3Dihub#b0085
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2.4. CONCLUSION 

In this study, stability of aerobic granules at different organic loads was studied. The results 

demonstrated that: 1) When COD was changed from 1400 to 700 mg/L, granules were rapidly 

acclimated while, applying COD of 400 mg/L caused disintegration of the granules due to the 

reduction of F/M ratio from 0.4 to 0.2 gCOD/gVSS d. Re-granulation was obtained when F/M 

ratio reached 0.4 gCOD/gVSS d after discharge of poor settling biomass. 2) Both Granules’ EPS 

content and protein-to-carbohydrate ratio decreased with the disintegration of the granules and 

then increased with re-granulation. EPS production play a significant role in granules’ stability, 

therefore, EPS play a significant role in the granules’ stability. 3) Lower organic loads resulted in 

higher EPS content and protein-to-carbohydrate ratio and hence more compact granules were 

obtained. 
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Chapter 3. Effect of Anaerobic COD Utilization on the Treatment 

Performance of Aerobic Granules in Anaerobic/Aerobic SBRs 

 

Abstract 

Influence of anaerobic COD consumption on the properties of aerobic granules and their 

nutrient removal performance was studied in sequencing batch reactors (SBR). Three identical 

anaerobic/aerobic SBRs were operated under two operation strategies over four months. During 

the first stage, anaerobic feeding was applied for a 90 min. anaerobic phase, while in the next 

stage, 15 min. of feeding followed by 75 min. of anaerobic contact was provided with circulating 

the liquid through settled biomass. Results indicated that, anaerobic contact increased anaerobic 

COD utilization from 17-24% to 45-53% with improving mass transfer and consequently, 

improved phosphorus removal from 63 to 93%. The anaerobic contact also improved the effluent 

quality from 87 to 46 mg/L VSS with prevention of flocs (rapidly-growing organisms) 

formation. With the application of anaerobic contact, slowly growing organisms dominated the 

system and solid retention time (SRT) increased from 15 to 32 days. Alerting anaerobic 

continuous feeding with anaerobic contact also affected granules’ properties. More compact 

granules with less extracellular polymeric substance (EPS) content and lower protein-to-

carbohydrate (P/C) ratio were obtained when anaerobic contact was applied. 

Keywords: Aerobic granules, Aerobic/anaerobic SBR, Anaerobic COD uptake, Treatment 

performance, Nutrient removal, Granules’ properties. 
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3.1. INTRODUCTION 

Aerobic granular sludge is a type of biofilm formed by self-immobilization of activated 

sludge in spherical shape when hydrodynamic shear force (resulted from air flow) and hydraulic 

selective pressure (short settling time) are applied (Devlin et al., 2017). The unique structure of 

aerobic granules offers different layers with aerobic, anaerobic and anoxic conditions, which 

provides simultaneous removal of organics, phosphorous, and nitrogen from wastewater 

(Winkler et al., 2013).  

Successful application of aerobic granules for organics removal from municipal wastewater 

in aerobic SBRs has been reported (De Kreuk and van Loosdrecht, 2006; Ni et al., 2009). 

However, nitrification, denitrification and phosphorus removal were not achieved due to the high 

organic loading rate (OLR) applied. Coma et al., (2012) reported that granulation with low-

strength wastewater for biological nutrient removal (BNR) is unsuitable and requires long start-

up periods the low OLR required to obtain BNR. Results of the second chapter suggested that 

granulation at high OLR and application of lower OLR can obtain stable granules with BNR.  

Stable granules capable of simultaneous nitrogen and phosphorus were obtained with low-

strength wastewater in few studies (Devlin et al., 2017; Lashkarizade et al., 2015). However, 

biological removal of nutrients, especially phosphorus, from low-strength wastewater with 

granular sludge has been a challenge (Yu et al., 2014; Coma et al., 2012; Henriet et al., 2016). 

Competition between polyphosphate accumulating organisms (PAO) and glycogen-accumulating 

organisms (GAO) for carbon uptake during the anaerobic phase was suggested as a possible 

reason for unsuccessful phosphorus removal in granular systems (Yu et al., 2014). Different 

strategies were applied to enhance granules’ phosphorus removal. Selective biomass removal 

was found to improve the activity of PAOs (Winkler et al., 2011) and their studied found 
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Competibacter (GAOs) to be more dominant at the top of the settled sludge while 

Accumulibacter (PAOs) was more dominant at the bottom. However, Henriet et al. (2016) 

reported that Candidatus Accumulibacter (PAO) was more dominant in intermediate density 

fraction of granules. Therefore, high selective pressure with short settling time has improved 

phosphorus removal. 

Anaerobic COD removal during the feeding period was also beneficial for the development 

of aerobic granules with the reduction in yield of rapidly growing aerobic microorganisms 

(Devlin et al., 2017). Rocktäschel et al. (2013) found mixing advantageous to anaerobic COD 

utilization and hence enhanced phosphorus release and denitrification due to high mass transfer. 

However, at large scale, anaerobic feeding can be strong enough to provide hydrodynamic 

turbulence, which benefit mixing. It should be noted that shear force in the anaerobic period can 

affect the granules’ structure. Also, excess shear can be harmful to granules and cause 

disintegration of the granules. Therefore, a feeding system that provides an equal substrate 

distribution can provide anaerobic COD uptake and enhance BNR treatment (Rocktäschel et al., 

2013), while being cost-effective as compared to anaerobic mixing in large-scale SBRs. 

The purpose of this work was to study the effect of anaerobic COD utilization on nutrient 

removal performance of the aerobic granules. Moreover, the effluent quality as well as properties 

of granular sludge including solid residence time, settling properties, granules size, and EPS 

content were monitored under the two operating conditions: (i) continuous anaerobic feeding and 

(ii) feeding followed by anaerobic contact.  
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3.2. MATERIALS AND METHODS 

3.2.1. Reactor configuration and operation strategies 

Three identical reactors named R1, R2, and R3 with 3 L working volume and 10 cm 

diameter were used. The reactors were fed with 2 L wastewater (resulting in an exchange ratio of 

2/3) delivered through a four-way splitter located on the reactors’ floor. Fine air bubbles were 

introduced from the bottom of the reactors through two spherical stone diffusers having 3 cm 

diameter. Air flow rate of 2 L/min during the aerobic period resulted the superficial air velocity 

of 0.43 cm/s. Dissolved oxygen (DO) was not controlled during the aeration and DO reached 

saturation. The sequencing batch reactors with the schematic diagram shown in figure 3.1 were 

operated in 8 hour cycles including: 90 min of anoxic/anaerobic phase, 370 min of aerobic phase, 

4 min of settling and 15 min of discharge.  

During the first stage of the experiment, the anaerobic phase was obtained during the feeding 

over 90 min; while in the second stage, the operation was changed to 15 min feeding followed by 

75 min of anaerobic contact. The aerobic phase, settling and discharge time was the same during 

the two stages. Anaerobic contact was provided by circulation of wastewater with pumping from 

the top of the reactor to the bottom with 0.1 L/min flow rate, while the biomass was being 

settled. Solid retention time was not controlled during the whole operation period. Therefore, the 

only way of wasting biomass was through the effluent solids. The three identical reactors were 

operated under the same condition in order to ensure reproducibility to the study. 

Aerobic granules with mean size of 1.11 ± 0.04 mm and extracellular polymeric substance 

(EPS) content of 150.3 ± 3.0 mg/gVSS were initially obtained with OLR of 1.4 kgCOD/m3d. 

The reactors were then operated under the conditions of first stage (resulting in OLR of 0.8 
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kgCOD/m3d) for over two months until stable granules were achieved. In this work, data 

reported for the first stage are for the stable granules. 

 

  

Figure 3.1. The schematic diagram of SBRs for the two stages of operation (1. Air pump; 2. Fine 

bubble air diffuser; 3. Feeding pump; 4. Discharge pump; 5. Circulating pump) 

3.2.2. Wastewater characteristics 

Synthetic wastewater simulating the characteristics of typical municipal wastewater with 

COD, TN and TP concentrations of 400, 45 and 8 mg/L, respectively, was used in this study. 

Yeast extract (357 mg/L) was used as source of COD (400 mg/L), nitrogen (37 mgN/L) and 

phosphorus (5.3 mgP/L). In order to obtain characteristics of municipal wastewater, nitrogen and 

phosphorus concentrations were adjusted using 30m/L NH4Cl (8 mgN/L) and 20 mg/L 

K2HPO4.3H2O (2.7 mgP/L). Other ingredients were 5.8 mg/L MgSO4, 12 mg/L CaCl2 and 3 

mg/L EDTA. Additionally, 0.3 mL/L of mineral solution containing 0.15 g/L H3BO3, 0.03 g/L 

CuSO4.5H2O, 0.03 g/L KI, 0.12 g/L MnCl2.4H2O, 0.06 g/L Na2MoO4.2H2O, 0.12 g/L 

ZnSO4.7H2O, 0.15 g/L CoCl2.2H2O, and 1.5g/L FeCl3.6H2O was used for the wastewater 

preparation. In order to achieve complete nitrification, sufficient alkalinity was provided by 
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adding sodium bicarbonate (12g NaHCO3/g NH4
+-N) to the feed during the whole operation 

period. 

3.2.3. Analytical methods  

The concentration of suspended solids in the mixed liquor (MLSS) and effluent (ETSS), 

influent and effluent COD and Sludge Volume Index (SVI after 5 and 30 minutes settling) were 

measured according to standard methods for the examination of water and wastewater. 

Concentrations of phosphorous in form of orthophosphate (PO4
3--P) and nitrogen in forms of 

ammonium (NH4
+-N), nitrite (NO2

¯-N) and nitrate (NO3
¯-N) were measured via a flow injection 

analyser (Quick Chem 8500, LACHAT Instruments), with the detection limit of 0.2 mg/L. All 

the measurement for nitrogen and phosphorus are performed using filtered samples (via 0.45 µm 

filters), which represented the concentration of soluble nitrogen and phosphorus. In the case of 

COD, the measurement for filtered samples was presented as sCOD. Granules size distribution 

was measured using Malvern laser light scattering instrument (Mastersizer 2000 series, Malvern 

Instruments), with the capacity to measure particle sizes ranging from 0.02 to 2000 μm. Surface 

morphology of the granules was observed using a stereomicroscope (Axio Vert.A1, ZEISS). 

The EPS content of the biomass was extracted and measured according to the method carried 

out by Le-Clech (2006). Briefly, 50 mL of mixed liquor was centrifuged at 5000 rpm for 5 

minutes. The supernatant was removed and the solids were re-suspended with deionized water up 

to 50 mL. The suspension was placed in a water bath at 80 °C for 10 minutes. After cooling 

down to room temperature, the sample was centrifuged at 7000 rpm for 10 minutes at 4 °C. The 

supernatant was filtered and protein and carbohydrate concentrations were measured using 

phenol–sulphuric acid method and Lowry protein assay, respectively. In this study, the 

summation of protein and carbohydrate concentrations was reported as EPS.  
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Mixed liquor samples for MLSS, EPS, granules’ size and SVI analyses were grabbed from 

the middle point of the reactors. Except the samples for EPS which were always taken two hours 

after the start of cycle (30 min after the start of aerobic phase), other mixed liquor samples were 

collected at the end of aerobic phase. In this paper, results for sludge properties such as SVI5, 

granule sizes and EPS are reported in the form of average of replicates of the three identical 

reactors and error bars in the graphs represent standard error of the mean. However, the results of 

MLSS, ETSS, sCOD, nitrogen and phosphorus concentrations are reported for each reactor, 

individually. 

3.3. RESULTS AND DISCUSSION 

3.3.1. Biomass quantities and effluent quality 

Results of monitoring biomass concentration in the reactors in the form of TSS and VSS 

during both stages of operation are presented in Figure 3.2. At the beginning of the first stage, 

R1, R2, and R3 contained 2.0, 1.7 and 2.0 g/L MLVSS, respectively. During this stage, biomass 

acclimation was observed and the MLVSS increased to 2.6, 2.1 and 2.8 g/L in R1, R2 and R3, 

respectively. The acclimation was expected in the system because the biomass was only removed 

by effluent suspended solids. The ratio of VSS/TSS for the biomass was stable in the three 

reactors during this stage and an average of 0.80 ± 0.01 was calculated for the three reactors.  

The concentrations of VSS and TSS in the reactors’ effluent over time are shown in Figure 

3.2. During the first stage, effluent VSS was found in the range of 30 to 140 mg/L with an 

average concentration of 87 ± 5 mg/L for the three reactors. With the change in operation from 

anaerobic feeding to anaerobic contact, an immediate increase was observed in the effluent VSS 

to 166, 214 and 108 mg/L in R1, R2, and R3, respectively. Consequently, biomass concentration 

in R1, R2 and R3 was reduced to 2.5, 1.9 and 2.6 g/L VSS. Moreover, after acclimation, the 
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effluent VSS decreased down to 10 mg/L on day 67. However, the effluent VSS was not stable 

after this day and fluctuated between 10 to 82 mg/L. An average VSS concentration of 46 ± 3 

mg/L was calculated for the reactors during this stage, which was 47% less than that of the first 

stage.  

As a result of the decrease in effluent VSS, biomass acclimation was obtained and MLVSS 

reached 3.0, 3.1 and 3.8 g/L in R1, R2, and R3, respectively, at the end of the second stage. The 

average ratio of VSS/TSS for the biomass was 0.76 ± 0.01 in all reactors. This biomass 

acclimation under the condition that the organic load is fixed caused a decrease in F/M ratio. The 

F/M ratio decreased from 0.42 to 0.33 gCOD/gVSS.d during the first stage and then to 0.25 

gCOD/gVSS.d during the second stage of operation.  

As can be seen in Figure 3.2, a decrease in the effluent solid resulted in an increase in the 

MLSS in the reactors and vice versa. Therefore, biomass acclimation was controlled with the 

effluent quality which was dependent on the settling performance of the biomass. The biomass 

residence time, which was calculated based on quantities of biomass in the reactors and the 

effluent, was determined by the effluent quality. The average SRT in the three reactors was 15 ± 

1 d during the first stage, while in the second stage, average SRT of 32 ± 3 d was obtained with 

the decrease in effluent VSS. Results of SRT and effluent quality for the three reactors during the 

first and second stage of operation are listed in table 3.1.  

Results of statistical analysis showed that in the three reactors, SRT and effluent solids was 

significantly influenced (p<0.05) by the change in the operation. Compared to anaerobic feeding 

strategies, anaerobic contact obtained better effluent quality and resulted in higher biomass 

residence time in the system. This suggested that in the second stage, the slow-growth organisms 

could proliferate in the system. Also, less biomass in the effluent suggested that ordinary 
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heterotrophic organisms (OHOs) had less chance to grow in the suspension when potentially no 

readily biodegradable COD (rbCOD) was present in the aerobic phase. Devlin et al. (2017) also 

reported that anaerobic uptake of COD (55-77% of total COD removal) reduced the yield of 

rapidly growing aerobic microorganisms. 

 

Figure 3.2. Mixed liquor suspended solid and effluent suspended solid concentrations in the 

reactors 
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3.3.2. Organics and nutrient removal performance of the granules 

The effluent concentrations of COD, nitrogen, and phosphorus removal during the 125 days 

of operation with low-strength wastewater are presented in figure 3.3. Based on these results, 

COD, TN and TP removal efficiency of the reactors during the two stages was calculated and 

presented in Table 1. During the two stages, effluent sCOD ranged from 15 to 25 mg/L with an 

average removal efficiency of 95% in the three reactors. However, anaerobic COD removal was 

different in the two stages. COD removal during anaerobic feeding was between 17 to 24%, 

while contact enhanced COD removal from 45 to 53% in the anaerobic phase. Rocktäschel et al. 

(2013) also reported that compared to anaerobic feeding, anaerobic mixing achieved higher COD 

uptakes. However, Devlin et al. (2017) reported 55-77% COD uptake from low-strength 

wastewater during one hour of anaerobic feeding in four liter reactors without mixing. 

During the two stages, nitrate concentration between 20 to 30 mgN/L was obtained, while 

ammonium and nitrite were not detected in the reactors’ effluent. Results presented in Table 3.1 

showed that the second stage obtained higher nitrogen removals in the three reactors. This could 

be due to complete denitrification obtained during anaerobic contact, which is explained later. 

The reactors’ effluent phosphorus fluctuated between values approximately 1 mgP/L to 

higher than 4 mgP/L during the first stage. Average phosphorus removal of less than 65% was 

achieved in the first stage. However, when anaerobic contact was applied, stable phosphorus 

removal with effluent phosphorus less than 1 mg/L was obtained in one week. The average 

phosphorus removal in this stage was higher than 90%. Results of statistical analysis showed that 

anaerobic contact significantly (p<0.05) enhanced phosphorus removal in the three reactors. 

The results of a cycle test performed in the first and the second stage are presented in figure 

3.4. As can be seen in Figure 3.4b, phosphorus release was not achieved during the anaerobic 
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feeding, suggesting that PAOs were not responsible for phosphorus removal. Additionally, 

incomplete denitrification was observed as 3.8 and 3.4 mgN/L nitrate was measured in R1 and 

R3, respectively, at the end of the anaerobic phase. The initial nitrate measured was 29.1 and 

29.8 mgN in R1 and R3, respectively. Assuming the ratio of 7 gCOD/gNO3
¯-N (Lashkarizade et 

al., 2015), 203.6 and 208.5 gCOD was required for the complete denitrification in R1 and R3, 

respectively. However the anaerobic COD reduction for R1 and R3 was 164.6 and 154.4 

mgCOD, respectively.  

As shown in Figure 3.4b, applying anaerobic contact resulted in complete denitrification and 

anaerobic phosphorus release of 6.4 and 6.2 mgP/gVSS was observed in R2 and R3, 

respectively. In the aerobic phase, complete phosphorus removal was obtained with the specific 

uptake rate of 2.1 to 2.5 mgP/VSS.h.  

The results indicated that although sufficient carbon source was present in the feed, 

denitrification and phosphorus release were not achieved with anaerobic feeding. Comparing the 

two operation strategies, substrate gradient during the anaerobic phase was higher in the second 

stage. Also, the applied anaerobic contact provided better mass transfer and improved the 

nutrient removal efficiency of the granules. Rocktäschel et al. (2013) also reported that 

mechanical mixing during the anaerobic feeding benefits the nutrient removal with equal 

distribution of substrate. Liu and Tay (2002) suggested the important role of hydrodynamic 

turbulence in mass transfer of substrate and hence substrate flux in the biofilm. However, the 

hydrodynamic shear applied with the liquid flow during the anaerobic contact was more than 21 

times smaller than that of the aeration. 

The results suggest that anaerobic carbon uptake could be obtained without applying a high 

shear force with mechanical mixing. Although when it comes to full-scale applications, 
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anaerobic feeding at high flow-rates would be effective to produce hydrodynamic turbulence and 

provide adequate contact. Also, fast anaerobic feeding followed by mixing for large sequential 

batch reactors may not be feasible due to the cost ineffectiveness. High shear forces produced 

during the fast feeding could be destructive to the granules. Therefore, design considerations are 

required for feeding system in SBRs introduce the feed while distributing the substrate and avoid 

the need for further mixing. The distribution of feed can also reduce the hydraulic turbulence and 

accordingly prevent the high shear force which could cause granules disintegration. 

 

Figure 3.3. Concentrations of sCOD, nitrogen and phosphorus in the effluent 
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Table 3.1. Overall treatment performance, effluent quality, and SRT of the reactors during both 

stages 

 R1 
 

R2 
 

R3 

 Stage I Stage II Stage I Stage II Stage I Stage II 

SRT (d) 14 ± 2 32 ± 5  17 ± 3 30 ± 4  16 ± 2 34 ± 4 

Effluent VSS (mg/L) 96 ± 8 47 ± 5  86 ± 11 43 ± 4  78 ± 6 48 ± 5 

COD removal (%) 95 ± 1 95 ± 1  95 ± 1 95 ± 1  95 ± 1 95 ± 1 

Phosphorus removal (%) 63 ± 3 94 ± 2  64 ± 2 91 ± 2  63 ± 3 93 ± 2 

Nitrogen removal (%) 43 ± 1 47 ± 1  44 ± 1 45 ± 1  45 ± 1 48 ± 1 

 

  

Figure 3.4. COD, nitrogen and phosphorus removal during one cycle when the reactors operated 

with (a) anaerobic feeding and (b) anaerobic contact 
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3.3.3. Characteristics of the granules 

Characteristics of the granules were monitored during both stages of operation by measuring 

SVI5, granules size, EPS content and EPS composition. The results are presented in Figure 3.5. 

As can be seen, SVI5 was stable during the first stage, while operating with anaerobic contact 

that resulted in the change in granules settleability. After the change in operation, SVI5 increased 

from 49 ± 1 to 90 ± 7 mL/g on day 68. High SVI5 (> 80 mL/g) was observed for 20 days. After 

day 88, the settling improved and stable SVI5 (≈ 50 mL/g) was obtained after day 103.  

As shown in Figure 3.5, EPS content which was stable (≈ 150 mg/gVSS) during the first 

stage decreased to 113 ± 2 mg/gVSS (day 86) after applying anaerobic contact. After acclimation 

to the new condition, with the improvement of biomass stability, the EPS content increased and 

reached 131 ± 1 mg/gVSS at the end of this stage. The EPS content from the first stage could not 

be achieved in the second stage. The results showed that the protein content of the granules 

decreased in the second stage while carbohydrate remained the same. This resulted in lower P/C 

ratio in the second stage. The change in EPS content and EPS matrix (P/C) of the granules could 

be due to the decrease in the amount of COD in the aerobic phase caused by the anaerobic COD 

uptake. Less availability of carbon in the aerobic period altered the feast/famine balance. It was 

reported that EPS production is affected by feast/famine balance (Liu & Tay, 2007; Corsino et al., 

2016). Therefore, in the second stage, applying same aeration time with the availability of less 

carbon could either cause less EPS production during the feast period or more EPS consumption 

during the starvation period. According to Zhu et al. (2012), under the feast condition, bacteria 

produced EPS as an energy source to utilize as carbon for endogenous respiration under famine 

(starvation) condition when the presence of substrate is limited.  

It was reported that higher F/M ratios favor production of EPS and consequently enhance 

granulation (Li et al., 2011). At the end of the second stage, granules stabilized to F/M ratio of 
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0.33 gCOD/gVSS.d while the biomass increased from 3 to 4 g/L VSS, and the F/M ratio 

decreased to 0.25 gCOD/VSS.d. Devlin et al. (2017) also observed a decrease in net EPS content 

when biomass acclimation was obtained in granular SBRs treating low-strength wastewater. Increase 

in biomass concentration decreased F/M ratio and caused aerobic consumption of EPS.  

It should also be mentioned that anaerobic contact could cause hydrodynamic shear and 

affect granules’ properties. Zhang et al. (2011) reported that applying shear during anaerobic and 

anoxic phase by contact can enhance EPS production and aerobic granulation. However, in this 

work, shear caused by the applied liquid circulation was very small compared to that of air flow. 

The shear during the anaerobic phase in the first and second stage was calculated as 0.005 and 

0.02 cm/s, respectively, which were considered insignificant and therefore, should not induce 

any superfluous changes. 

As shown in Figure 5, granule size was also affected by the change in operation. During the 

first stage, a gradual increase in the mean diameter from 0.6 to 0.7 mm was observed. However, 

in the second stage, the granules’ size decreased to less than 0.6 mm, which was later stabilized. 

As can be seen, the granules’ size decreased when the biomass settling was deteriorating 

(suggesting disintegration of the granules) and it stabilized when the biomass settling was 

improved (suggesting re-granulation). As previously reported (Tay et al., 2004; Tay et al., 2001; 

Liu and Tay; 2002), granule size is controlled by organic loading rate and shear force. Although 

the organic loading rate (OLR) and shear were the same in the two stages, the granules could not 

achieve their initial size when anaerobic contact was applied. It could be due to the decrease in 

OLR of the aerobic phase with the increase in removal of organics caused by anaerobic contact. 



40 

 

 

Figure 3.5. Characteristics of granules determined by SVI5, EPS content and granules’ size 

(Error bars represent standard deviation) 
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3.4. CONCLUSION 

Two operation strategies were applied to aerobic/anaerobic SBRs: anaerobic feeding and 

anaerobic contact. Results indicated that the system with anaerobic contact performed better in 

terms of effluent quality and nutrient removal. Anaerobic contact enhanced mass transfer and 

increased anaerobic COD removal from 17-24% to 45-53%. Consequently, phosphorus removal 

was improved from 63 to 93%. Raising mass transfer during anaerobic phase improved the 

effluent quality (from 87 to 46 mg/L VSS) by reducing the growth of rapidly growing organisms 

(floccular biomass) and consequently, improved biomass retention time (from 15 to 32 d). The 

presented results suggest that design considerations should be taken into account to provide 

sufficient anaerobic contact and hence anaerobic COD utilization in granular SBRs treating low-

strength wastewater.  
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Chapter 4. Removal of Antibiotic Sulfamethoxazole by 

Anoxic/Anaerobic/Oxic Granular and Suspended Activated Sludge Processes 

 

Abstract 

This study investigates the removal of the antibiotic sulfamethoxazole (SMX) in two sets of 

anoxic/anaerobic/oxic sequencing batch reactors (SBRs) inoculated with suspended and granular 

activated sludge. For three months, 2μg/L SMX in a synthetic municipal wastewater with COD, 

TN and TP of 400, 43 and 7 mg/L, respectively, was spiked into the reactor feeds. The presence 

of SMX had no significant (p>0.05) impact on treatment performance of the suspended and 

granular biomass in terms of removing organics and nutrients. With 12 h of hydraulic retention 

time (HRT), mean removal efficiencies of 84±8% and 73±10% were obtained for the granular 

and suspended biomass, respectively. Mixing without aeration (1.5 h anoxic/anaerobic phase) did 

not remove SMX, confirming the insignificance of SMX removal via anoxic/anaerobic 

transformation and/or sorption onto activated sludge. The pseudo-first order SMX 

biodegradation constant rate constants (Kbio) in the granular and suspended biomass at steady-

state operating condition, were 2.25±0.30 and 1.34±0.39 L/gVSS.d, respectively. The mean 

value of Kbio obtained with granular sludge was significantly greater than that with the suspended 

biomass. These results, suggest that aerobic granular sludge, which has advantages such as high 

biomass retention and high biomass concentration, could be used as an efficient process for the 

removal of such organic micropollutants. 

Keywords: Wastewater treatment, Aerobic granular sludge, Organic micropollutants, 

Antibiotic Sulfamethoxazole, Biodegradation 
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4.1. INTRODUCTION 

Lately, antibiotics has become a serious issue due to: i) the increasing use in human and 

veterinary medicine, ii) potential adverse effects on aquatic animals and plants, and iii) potential 

impacts on the micro-ecosystem (e.g., formation of antibiotic resistance) (Ding & He, 2010; 

Kumar et al., 2012; Oberle et al., 2012). Municipal wastewater treatment plants are known as a 

main source from which these micropollutants are discharged into the environment (Michael et 

al., 2013). Sulfamethoxazole (SMX) is one of the most commonly used antibiotics, and was 

reported as one of the most detected (100%) organic micropollutants monitored in 139 streams in 

the U.S. (Kolpin et al., 2002).  

During biological treatment, micropollutants are eliminated from wastewater mainly via 

sorption on to biomass, biodegradation, and photolysis. The adsorptive removal of a certain 

organic compound is determined by sorption coefficient (Kd) of the biomass which is a function 

of octanol-water distribution coefficient (Kow) as well as the dissociation constant (Ka) of the 

compound (Joss et al., 2006; Rosal et al., 2010). SMX is resistant to conventional wastewater 

treatment processes due to the relatively low affinity of the compound to both sorption (caused 

by the low Kow and polarity of the compound) and biodegradation (Kassotaki et al., 2016). 

Results from monitoring full-scale wastewater treatment plants also showed the insignificance of 

adsorptive removal of SMX in activated sludge processes (Batt et al., 2007; Rosal et al., 2010). 

Gao et al. (2012) mass fraction of SMX in the dewatered sludge to be less than 0.1%. 

Elseswhere, concentration of 68 μg/kg was reported for SMX in sludge samples (Gobel et al., 

2005). 

The effectiveness of biological wastewater treatment for degrading these compounds is 

mostly determined by operational conditions. The A2O (anoxic/anaerobic/oxic) process, used for 
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nitrification, denitrification, BOD and phosphorus removal, and the A/O (anaerobic/oxic) 

process used for nitrification, phosphorus and BOD removal, both had higher efficiencies in 

elimination of antibiotics compared to conventional activated sludge (oxic) process which uses 

only BOD  removal (Ghosh et al., 2009). Enrichment of nitrifying bacteria was reported to 

enhance biotransformation of pharmaceuticals in activated sludge (Suarez et al., 2010). 

Kassotaki et al. (2016) reported high degradation capabilities of an enriched culture of Ammonia 

Oxidizing Bacteria (AOB) for degradation of SMX. They suggested that AOB could co-

metabolize the compound by producing ammonia monooxygenase (AMO) enzyme which is 

capable of oxidation of micropollutants. In activated sludge, SMX could be used as carbon 

and/or nitrogen source by heterotrophic bacteria which assimilate SMX-C and SMX-N or by 

autotrophic nitrifying bacteria which oxidize the functional amino group of SMX (Drillia et al., 

2005; Muller et al., 2013). 

Increasing solids retention time (SRT) was found to improve the removal of micro-pollutants 

by enhancing the microbial diversity and hence enzymatic activity of activated sludge (Joss et 

al., 2006; Kreuzinger et al., 2004; Polesel et al., 2016). Using a membrane bioreactor (MBR) was 

found to be effective for the removal of antibiotics (erythromycin, sulfamethoxazole, ofloxacin, 

and trimethoprim) when run with high SRTs (Radjenovic et al., 2009). According to Yu et al. 

(Yu et al., 2009), extended sludge age process with providing high SRT (higher than 200 days) 

and biomass concentration (16 gTSS/L) was reported to be effective for the removal of 

pharmaceuticals. Removal efficacies of 91 and 86% were obtained for SMX when initial 

concentrations of 1 and 5 μg/L were applied, respectively. Immobilized cell bio-carrier process 

which also provides high solid retention time was applied for the removal of antibiotics (Yu et 
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al., 2011). This type of treatment was found to obtain above 40% removal of sulfamethoxazole 

by degradation and less than 40% removal by bio-sorption. 

Aerobic granular sludge technology which is the formation of biofilm via self-

immobilization of activated sludge (without carrier), provides: i) high biomass concentration 

without settling problems; ii) high biomass retention by fixing slow-growing organisms inside 

the granular structure; and iii) strong microbial structure by favouring the growth of organisms 

with different functionality inside one small unit. Additionally, due to the production of extra-

cellular polymeric substances, bacteria inside biofilms are more resistant to antibiotics compared 

to freely floating bacteria (Schmidt et al., 2012). Despite the advantages of aerobic granules, 

there are limited studies on their application for degradation of such micropollutants. Balest et al. 

(2008) investigated the effectiveness of an aerobic granular bio-filter with SRT over 6 months 

and biomass concentration greater than 40 g/L for removing EDCs (estrogens, bisphenol A and 

4-tert-octylphenol) from sewage. The process achieved higher removal efficiencies (60-90 %) for 

all tested EDCs compared to conventional activated sludge process (41-72%). Using nitrifying 

granules, Wang and Ivanov (2009) obtained complete degradation of estrogens (17β-estradiol, 

estriol, and 17a-ethynylestradiol) with initial concentrations of 100 μg/L over 60 days. 

This study was aimed to evaluate the effectiveness of aerobic granules operated in 

anoxic/anaerobic/oxic SBRs for the degradation of antibiotic sulfamethoxazole compared to 

suspended biomass taken from a conventional activated sludge process operated for BNR. Fate 

of SMX during anoxic/anaerobic and aerobic phases in the presence/absence of organics and 

nutrients was also studied in the two systems. Additionally, treatment performance and microbial 

community structure of the two types of biomass exposed to SMX were investigated. 
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4.2. MATERIALS AND METHODS 

4.2.1. Reactor setup 

Two sets of SBRs in triplicate were inoculated. All SBRs (Figure 4.1) were operated with 3 L 

working volume and volumetric exchange ratios (VER) of 2/3. Three identical reactors named 

S1, S2 and S3 with inner diameter of 15 cm were inoculated with suspended activated sludge. 

Identical reactors named G1, G2 and G3 with 10 cm inner diameter (to obtain hydrodynamic 

shear required for stability of granules) were used for granular SBRs.  Fine air bubbles were 

introduced into all reactors through 3 cm diameter spherical stone diffusers with air flow rates of 

2 L/min, resulting in saturated oxygen conditions. One stone diffuser was placed near the bottom 

(2 cm above the bottom) of the suspended activated sludge reactors. However, for the granular 

reactors, two diffusers placed on the bottom were used to provide air-lift conditions. This 

aeration produced superficial air velocities of 0.43 cm/s in the granular SBRs. Magnetic stirrers 

were used to obtain gentle mixing (around 50 rpm) in the suspended reactors, while mechanical 

mixers were not used in granular SBRs. To provide mixing during the anoxic/anaerobic phase of 

the granular SBRs, the wastewater was circulated through the settled biomass by pumping the 

supernatant was pumped from the top of the reactors to the bottom with a flowrate of 0.13 L/min. 

All reactors were covered with aluminum foil to eliminate phototransformation of SMX. 

4.2.2. Operation strategy 

The reactors were operated with 8-hour cycles to have hydraulic retention time (HRT) of 12 

h based on a VER of 2/3. Each cycle included filling (15 min), anoxic/anaerobic reaction (75 

min), aerobic reaction (375 min for granules and 349 min for suspended sludge), settling (4 min 

for granules and 30 min for suspended sludge), discharge (10 min), and idle stage (1 min). At the 

end of the aerobic reaction, 100 mL of the mixed liquor was removed from the suspended SBRs, 
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to have a 10 day solid retention time (SRT). In the granular reactors, SRT was not controlled. 

However, at the end of each cycle, a small portion of the biomass (slow-settling flocs) was 

removed through the effluent. The SRT of the granular biomass was calculated by mass balance 

between the mixed liquor suspended solids and the effluent suspended solids. 

 

Figure 4.1. (a) Suspended and (b) granular reactors 

4.2.3. Granular and suspended sludge inoculation 

The suspended SBRs were seeded with conventional activated sludge obtained from a full-

scale wastewater treatment plant (West-End Water Pollution Control Center, Winnipeg, MB, 

Canada). The plant was operated with an SRT of 9 days for biological nutrient removal (BNR) of 
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municipal wastewater. The suspended reactors had been operating for over one year without any 

change in the feed or operating conditions before the start of the experiment. Also, aerobic 

granules had been cultivated (from conventional activated sludge) and stabilized for nutrient 

removal from synthetic municipal wastewater, as previously described (Kang & Yuan, 2017). 

The granular SBRs had been operating without any change over two months before the start of 

the experiment.  

4.2.4. Synthetic wastewater preparation 

A synthetic wastewater (Table 1) representing characteristics of municipal wastewater was 

used in this study. The feed contained 399.1 ± 20.9 mg/L of COD, 43.0 ± 3.0 mg/L of total 

nitrogen (TN), and 7.1 ± 0.6 mg/L of total phosphorus (TP). A mineral solution containing 0.15 

g/L H3BO3, 0.03 g/L CuSO4.5H2O, 0.03 g/L KI, 0.12 g/L MnCl2.4H2O, 0.06 g/L 

Na2MoO4.2H2O, 0.12 g/L ZnSO4.7H2O, 0.15 g/L CoCl2.2H2O, and 1.5g/L FeCl3.6H2O was 

added to the feed. To achieve complete nitrification conditions, sufficient alkalinity was provided 

by adding sodium bicarbonate (12g NaHCO3/g NH4
+-N) to the feed, which resulted in a pH of 

7.5 to 7.8.  

The feed for G2, G3, S2 and S3 was spiked with 2 μg/L of SMX while S1 and G1 which 

were control reactors received wastewater without SMX. SMX stock solution was prepared first 

in methanol (320 mg/L) and then in deionized water (16 μg/L) and added to the feed to obtain 

nominal concentration of 2 μg/L SMX. The amount of methanol added to the feed was 

negligible. Reactors Fresh feed was prepared before each cycle as described in Figure 4.2. In two 

separate buckets, stock solutions of the feed as well as SMX were prepared every 5 days and 

kept at 4 °C and in the dark. SMX stock solution was prepared with adding 1 mL of 320 ppm 
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SMX (in methanol) to 20 L of DI water resulting in concentration of 16 μg/L. The two solutions 

were mixed and diluted with tap water using pumps prior to each cycle. 

Table 4.1. Synthetic wastewater ingredients 

Component Concentration 

Yeast extract (mg/L) 357 

NH4Cl (mg/L) 29 

K2HPO4.3H2O (mg/L) 20 

MgSO4 (mg/L) 5.8 

CaCl2 (mg/L) 12 

EDTA (mg/L) 3 

Mineral solution (mL/L) 0.3 

 

      

Figure 4.2. Synthetic feed preparation setup 

4.2.5. Sampling and analytical methods 

The concentration of mixed liquor suspended solids (MLSS), effluent suspended solids 

(ETSS), and influent and effluent COD were measured according to Standard Methods for the 

Analysis of Water and Wastewater (APHA et al., 2012). All samples taken for SMX and COD 

measurement were filtered with 0.45 μm filters. Concentrations of phosphorous (PO4
3--P) and 

nitrogen in forms of ammonium (NH4
+-N), nitrite (NO2

¯-N) and nitrate (NO3
¯-N) were measured 

via a flow injection analyser (Quick Chem 8500, LACHAT Instruments) with a detection limit of 

0.2 mg/L. Extracellular polymeric substance (EPS) content of the granular biomass was extracted 

and protein and carbohydrate contents were measured according to Le-Clech et al. (2006).  
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For SMX measurement, 100 mL of the filtered sample was concentrated by solid phase 

extraction (SPE) and analyzed by liquid chromatography-tandem mass spectrometry as 

previously described (Brown & Wong, 2016). In brief, SMX was extracted using hydrophilic-

lipophilic balance SPE cartridges, Oasis HLB 3cc, 60mg from Waters Corporation (Milford, 

MA). 3 ml methanol aliquots were used to elute the SMX, dried the eluents under nitrogen at 

42⁰C, reconstituted in 1 ml of 50:50 methanol: deionized water, and syringe filtered through 0.22 

μm white PTFE luer lock inlet syringe filters from Restek (Bellefonte, PA, USA). SMX was 

separated on an Acquity HSS T3 C18 column (2.1 mm  50 mm, 1.8 μm dp), directly coupled to 

a Acquity HSS T3 C18 guard column (2.1 mm  5 mm) at 42⁰C at 0.4 mL/min.  

Chromatographic analysis was performed via ultrahigh-performance liquid chromatography-

tandem mass spectrometry using multiple-reaction monitoring in positive electrospray ionization 

mode. SMX was quantified using internal standards and isotope dilution. 

In order to study microbial community of the suspended and granular sludge, biomass 

samples from the control and SMX spiked reactors were collected over time (day 1, 30, 60 and 

90). Community DNA was extracted from the samples using E.Z.N.A™ Soil DNA Kit (Omega 

Bio-tek, Inc.) according to the protocol provided by the Kit. The DNA samples were sequenced 

by 16S (V4) for bacteria community composition analysis. The sequencing was conducted by 

NovoGene Corporation. Variable region 4 of bacterial 16S rRNA genes were amplified and 

sequenced on an Illumina Hiseq 2000 pyrosequencing machine (Illumina, Inc.), producing 250 

bp paired-end (PE) reads. Principal Coordinates Analysis (PCoA) was performed to determine 

similarities or dissimilarities of sequencing data from different reactors at different operation 

time. In order to determine the differences between bacteria community composition of samples 
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collected from the reactors over operation time, Linear Discriminant Analysis (LDA) effect size 

(LEfSe) method was used. 

4.2.6. Data analyses  

Statistical analysis was performed using IBM SPSS Statistics (Version 22.0). One-way 

ANOVA was done to determine statistical significances between mean values of different 

parameters (such as COD, TN, and TP removal efficiencies) between spiked and control 

reactors. The Student’s t-test was used to compare mean values of parameters (such as SMX 

removal efficiency and biodegradation rate constant) obtained in the granular and suspended 

biomass. Two-way ANOVA was applied to understand the effects of biomass type 

(granular/suspended) and operation conditions (aerobic/anaerobic). For all statistical analyses, a 

significance level (p-value) of 0.05 was used. 

4.3. RESULTS AND DISCUSSION 

4.3.1. Biomass quantities and treatment performance of the SBRs 

Results of monitoring biomass in the reactors as well as the reactors effluent are presented in 

figure 4.3. At the beginning, the granular reactors contained 2.6 to 2.8 gVSS/L biomass, while 

the biomass concentration in the suspended reactors was 1.8 to 2.2 gVSS/L (Table 4.2). During 

the experiment, the suspended biomass concentration was more stable than that of granules. This 

observation could be because biomass quantity was controlled and sufficient settling time were 

applied in the suspended reactors; while, biomass quantity was affected by washout of solids 

through the effluent of the granular reactors, which were operated with much lower settling 

times. The concentration of effluent solids in the granular reactors was not stable and also much 

higher than that of the suspended reactors. Mean values of SRT for granular biomass (presented 

in table 2) were 2.3 to 2.8 greater than the suspended biomass,  which confirmed the fact that 
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granulation process increased biomass retention time by fixing slow-growing organisms inside 

the granules (Devlin et al., 2017). According to the literature, higher SRTs enhance the removal 

of micropollutants. 

 

Figure 4.3. Concentrations of mixed liquor suspended solids (MLSS) and effluent suspended 

solids 

No change in the visual appearance of granular and suspended sludge was observed during 

the operation time. The granules remained compact with mean diameters of 0.6 mm in the three 

reactors until the end of the experiment. In all reactors, the sludge volume index (SVI) of 

SVI5<50 mL/gTSS and SVI30<50 mL/gTSS was maintained by the granular and suspended 

biomass, respectively. To monitor the stability of the granules, extracellular polymeric 

substances (EPS) including protein and carbohydrate were measured during the operation period 

(Table 4.2). As expected, the granular biomass had a higher EPS content compared to that of the 
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suspended activated sludge. EPS content, especially protein content, was reported to influence 

surface properties of biomass which plays an important role in the adsorption of organic 

pollutant (Schmidt et al., 2012; Zhu et al., 2012). According to Zhang et al. (2007) compared to 

suspended biomass, granular sludge is less negatively charged (zeta potential values of −32.4 and  

−13.3  mV was reported for granular and suspended sludge, respectively). This could reduce the 

sorption capacity of granules for the removal of polar organic micro-pollutants such as SMX. On 

the other hand, according to Avella et al. (2010), higher EPS content can be beneficial for the 

protection of bacteria exposed to antibiotics. 

Results of measuring effluent sCOD, nitrogen and phosphorus are presented in Figure 4.4. 

Overall COD, nitrogen and phosphorus removal efficiencies of the reactors are listed in Table 

4.2. During the operation period, all reactors obtained effluent sCOD less than 25 mg/L with as 

well as complete nitrification. Biological phosphorus removal was also obtained in both the 

suspended and granular biomass during the experiment, although effluent phosphorus 

concentration was not stable. Effluent concentrations below the detection limit (less than 0.2 

mgP/L) and up to 3 mgP/L were recorded during the operation. In both suspended and granular 

reactors, in terms of COD, nitrogen and phosphorus removal efficiency, there was no statistically 

significant difference between the control and SMX spiked reactors. According to Schmidt et al. 

(2012), elimination of COD and ammonium was not affected by the presence of antibiotics 

(ciprofloxacin, gentamicin, sulfamethoxazole, trimethoprim, and vancomycin) with total 

concentration up to 20 and 7.2 mg/L, respectively. No significant change in ammonium removal 

was reported (Collado et al., 2013) after spiking 50 μg/L SMX. Elsewhere (Ghosh et al., 2009), 

SMX concentration as high as 0.5 mg/L did not influence nitrification (measured by ammonia 
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dependent oxygen uptake rate); while 20% OUR (oxygen uptake rate) inhibition was reported 

when 1 mg/L SMX was spiked. 

 

Figure 4.4.  Concentrations of sCOD, TN and TP in influent and effluent of the reactors 
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Table 4.2. Overall treatment performance of the reactors and properties of suspended and 

granular biomass (error bars represent standard deviation) 

Parameter G1 G2 G3 S1 S2 S3 

MLVSS (g/L) 2.8±0.6 2.6±0.4 2.8±0.6 2.3±0.3 2.3±0.3 2.2±0.3 

Effluent VSS (g/L) 69±24 68±28 64±31 9±5 10±5 11±7 

SRT (d) * 23±8 24±13 28±17 10 10 10 

EPS (mg/gVSS) 161±16 153±26 162±14 117±1 117±3 114±1 

COD removal (%) 96±1 96±1 96±1 96±1 96±1 96±1 

TN removal (%) 43±7 45±5 44±7 47±7 49±4 50±6 

TP removal (%) 87±13 87±13 89±13 91±9 91±9 93±8 

* SRT in the suspended biomass was controlled via wasting activated sludge and effluent solids 

were negligible, while in the granular biomass SRT was not controlled and discharge of solids 

through effluent determined SRT of the system. 

 

4.3.2. Overall removal of SMX in the SBRs 

The setup for feed preparation, designed to spike 2 µg/L of SMX into the synthetic 

wastewater, yielded mean SMX concentrations of 2.19 ± 0.24 µg/L. No SMX ( 0.5 μg/L 

instrument limit of quantification) were quantified in influent and effluent samples from the 

control reactors (G1 and S1). In all spiked reactors, SMX removal was observed from the first 

cycle of operation after SMX was spiked in the feed (Figure 4.5). However, according to 

previous studies (Drillia et al., 2005; Muller et al., 2013), SMX removal in SBRs was expected 

to happen after a couple of days of adaptation of the biomass to biodegrade the compound. 

Considering the exchange ratio of 2/3 for the SBRs, granular and suspended sludge achieved 73 

and 60 % removal, respectively in the first cycle. 
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Figure 4.5. Influent and effluent concentrations of sulfamethoxazole 

In the first month of operation, decreases in the SMX effluent concentration in all the dosed 

reactors was observed. On day 22, SMX removal greater than 90% was obtained in all reactors, 

although the removals were not consistent after this point. Overall, SBRs inoculated with 

granular sludge contained lesser effluent SMX concentrations than those with suspended sludge. 

Mean values of 0.38±0.15, 0.31±0.19, 0.55±0.21, and 0.61±0.23 µg/L were obtained for the 

effluent concentration of SMX in G2, G3, S2, and S3 reactors, respectively. The mean SMX 

concentrations in the effluent of the granular reactors were significantly lower than those of the 

suspended reactors. However, there was no significant difference between S2 and S3 and also 

between G2 and G3 in terms of effluent SMX. Comparing mean removal efficiencies (one-way 

ANOVA), both reactors with granular sludge obtained statistically greater SMX removal 

efficiencies (G1=83±7% and G2=86±9%) than the suspended ones (S2=75±11% and 

S3=72±11%). Granular biomass achieved significantly lower SMX concentrations in effluent 

(G=34±17 µg/L and S=0.58±22 µg/L) and thus significantly higher SMX removal performance 

(G=84±8% and S= 73±10%). 

Different values have been reported for the removal efficiency of SMX in full-scale WWTPs 

using activated sludge processes. Batt et al. (2007) compared removal of antibiotics in four 
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WWTPs in Erie County, New York.  First, the Amherst WWTP with two-stage activated sludge 

(stage 1: BOD removal with HRT= 1h and SRT- 6d; stage 2: nitrification with HRT= 2h and 

SRT=49d) receiving 2.8 μg/L SMX achieved 75% removal. Second, the East Aurora WWTP 

with an extended aeration process (HRT= 28-31h and SRT= 17d and ferrous chloride addition) 

removed 72% SMX from wastewater containing 0.88 μg/L SMX. Third, the Holland WWTP 

with RBC (rotating biological contactor) treatment system (HRT= 4h) obtained 36% SMX 

removal (influent SMX = 0.75 μg/L). Fourth, the Lackawana WWTP with pure oxygen activated 

sludge (HRT= 1h and SRT= 15d) receiving 0.72 μg/L SMX also achieved 36 % removal 

efficiency. Gao et al. (2012) reported 89% removal of SMX (1.57 μg/L in raw influent) in a full-

scale conventional treatment plant (East Lansing WWTP, Michigan, US) containing preliminary 

treatment (aerated grit removal, equalization basin), primary treatment (primary clarifier), 

secondary treatment (aeration tank followed by secondary clarifier) and tertiary treatment 

(disinfection, rapid gravity sand filters and post-filtration aeration). The secondary biological 

treatment process removed 63% of the receiving SMX. Another full-scale plant (Kloten-Opfikon 

WWTP, Zurich, Switzerland) receiving 1.7 μg/L SMX obtained an overall removal of 62% using 

primary treatment (screens, aerated grit-removal and primary clarifier), secondary treatment 

(activated sludge system capable of nitrification and denitrification) and tertiary treatment (sand 

filter).  The secondary treatment obtained 59% SMX removal. Rosal et al. (2010) reported 17.3 

% SMX removal (with 279 ng/L SMX in the influent) in a full-scale WWTP (Alcala´ de 

Henares, Madrid, Spain) with anoxic, anaerobic, and oxic (A2O) process. 

The greater SMX removal obtained by the granular sludge could result from greater SRT of 

the granular system (23 to 28 days) compared with that of the suspended biomass (SRT = 10 d). 

Prolonged SRTs achieved in membrane bioreactors or biofilm reactors could enhance the 
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elimination of pharmaceuticals by expansion of the microbial community or enrichment of slow-

growing bacteria which are capable of utilizing or biotransformation of such compounds (Polesel 

et al., 2016).  

Yu et al. (2009) reported high removal efficiencies (65 to 96 % with initial concentration of 

0.5 to 10 µg/L) for SMX removal using extended sludge age biological process (SRT>200 d, 

HRT = 12 h, and MLSS = 16 gTSS/L). However, according to the reported SMX removal 

efficiency in other studies, high SRTs did not necessarily result in high SMX removal. For 

example, an activated sludge system with 10 d of SRT 12 h of HRT receiving SMX 

concentration of 0.25 to 1.3 µg/L obtained 74% removal efficacy (Radjenovic et al., 2009); while 

Ghosh et al. (2009) and Carballa et al. (2007) reported SMX removal efficiencies of 26% (SRT = 

18 d, HRT = 5.5 h and SMX = 0.18 µg/L) and 50% (SRT = 24 d, HRT = 24 h and SMX = 0.6 

µg/L), respectively. According to Polesel et al. (2016), variations in the reported removal 

efficiency of SMX in full-scale WWTPs could be due to the measurement of SMX without 

considering the deconjugation of SMX conjugates to SMX) during the treatment process. 

4.3.3. Fate of SMX in the granular and suspended SBRs 

To study the fate of SMX under anoxic/anaerobic and aerobic conditions and the removal of 

SMX as a source of carbon and nitrogen in the presence of organics and nutrients, sCOD, 

nitrogen, and SMX were monitored during one cycle (Figure 4.6 and 4.7). During the 

anoxic/anaerobic phase, the decrease in sCOD, elimination of nitrate left from the previous 

cycle, and increase in phosphorus concentration confirmed the activity of heterotrophic 

organisms: polyphosphate accumulating organisms (PAOs) and denitrifying glycogen 

accumulating organisms (GAOs). In the case of ammonium, an increase in the concentration was 
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observed during the anoxic/anaerobic period. This could be due to the hydrolysis of organic 

nitrogen present in yeast extract (used for wastewater preparation) into NH4
+.  

In cycle tests performed previously with both granular and suspended systems (under the 

same conditions), sCOD removal and complete nitrification were obtained in 1 and 3h after 

aeration, respectively. Therefore, the SMX concentration in the reactors was recorded at time 2.5 

and 4.5 h (from the beginning of the cycle) when COD was removed and when ammonium was 

nitrified, respectively. As can be seen in Figure 4.6, no COD removal was observed after time 

2.5h and nitrification was completed (ammonium removal and nitrate production were not 

observed) at time 4.5h.  In the case of SMX, after the start of aeration, a gradual decrease of the 

concentration over time was observed in both systems. SMX reduction over time was statistically 

significant. It was also confirmed that in the granular system, SMX concentration was 

significantly lower than that in the suspended system. 

The effect of various processes affecting SMX, such as sorption, volatilization, and 

biodegradation, can be evaluated by estimating the extent of these processes based on known 

information from the literature, and from the results obtained in this experiment. The overall 

specific removal rate of SMX under aerobic conditions was 1.86 ±0.44 and 1.37±0.22 

μg/gVSS.d in granular and suspended biomass, respectively, with the former significantly greater 

than the latter. According to the literature (Joss et al., 2006; Kassotaki et al., 2016; Suarez et al., 

2010; Yang et al., 2011), removal of antibiotics in activated sludge system could be obtained 

through sorption, volatilization, and biodegradation. The amount of compound sorbed onto 

biomass can be expressed (Joss et al., 2006):  

𝐶𝑆 = 𝑆𝐾𝑑𝑋𝑆𝑆 
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where CS is the compound concentration sorbed (μg/L), S is the soluble compound concentration 

(μg/L), XSS is the concentration of suspended solids (gVSS/L), and Kd is the sorption coefficient 

of the compound (L/gTSS). Kd could be predicted according to Xia et al. (2005): 

log 𝐾𝑑 = 0.58 log 𝐾𝑂𝑊 + 1.14 

where KOW is the octanol-water distribution coefficient. Assuming KOW = 0.89 for SMX (Yang 

et al., 2011), the Kd value is estimated to be 45.3 mL/g. The amount of SMX which can be 

removed via sorption onto biomass was calculated based on the initial SMX concentration and 

biomass concentration in the reactor. For the granular and suspended reactors this portion was 

found to be 11.6±1.2 and 11.1±0.9 % of the initial SMX concentration. Experimental results 

showed that mixing obtained negligible SMX removals after 90 min; mean removal efficiencies 

of 1.4±2.0 and 0.7±1.8 percent were obtained in granular and suspended reactors, respectively. 

To study the removal of SMX via sorption onto biomass, sterilized sludge has been used. Yang 

et al. (2011) reported 7.2% for the removal of SMX onto sterilized sludge (initial concentration 

of 100 μg/L). However, elsewhere (Yu et al., 2011), 31% removal was reported for sorption of 

SMX with in initial concentration of 100µg/L onto sterilized sludge. It should be considered that 

the sterilization process might change the physical structure as well as surface properties of 

activated sludge which are responsible for sorption of pollutants. 

No significant removal of SMX was observed in any of the reactors during 90 min of 

anoxic/anaerobic period at the beginning of the cycle. Therefore, the removal of SMX via 

adsorption onto biomass and biodegradation/biotransformation were not achieved under the 

anoxic/anaerobic condition in granular and suspended biomass. Ternes et al. (2004) reported that 

sorption of pharmaceuticals onto activated sludge reached equilibrium very quickly (0.5 h after 

spike addition). Assuming that the sorption equilibrium was already obtained in the 
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anoxic/anaerobic phase (first 1.5 h of the cycle), sorption could be considered insignificant in the 

removal of SMX. In some studies on SMX fate in full-scale activated sludge systems (Batt et al., 

2007; Gao et al., 2012; Gobel et al., 2005; Rosal et al., 2010), extraction of the compound from 

secondary sludge indicated that the contribution of sorption in the removal of SMX to be 

insignificant (<0.1 %). 

The kinetics of removal due to volatilization can be expressed (Joss et al., 2006): 

𝑑𝑆

𝑑𝑡
= −𝐻𝑞𝐺𝑆 

where H is the dimensionless Henry gas-water partitioning coefficient (Lwater/Lair) and qG is the 

air applied per volume of wastewater per unit of time (Lair/Lwater.d). With a Henry gas-water 

partitioning coefficient of 2.6×10-11 (Suarez et al., 2010), the fraction of SMX stripped via 

aeration was very low (0.0000006 % which is negligible). 

The kinetics of removal due to biodegradation can be described with a pseudo-first order 

model as follows (Joss et al., 2006): 

𝑑𝑆

𝑑𝑡
= 𝑘𝑏𝑖𝑜𝑋𝑉𝑆𝑆𝑆 

where, t is the time (d) and kbio is the biodegradation rate constant (L/gVSS.d). Assuming that 

SMX sorption onto biomass reached equilibrium during the anoxic/anaerobic period and that 

SMX removal due to volatilization was insignificant, biodegradation was considered as the only 

removal pathway in the aerobic phase. To find kbio, ln (C/C0) was plotted versus time from the 

data of the cycle test, with C0 as the concentration of SMX at the beginning of aeration. The 

degradation rate constant was determined using the trend line slope and the biomass 

concentration (XVSS). The concentration of biomass was assumed constant during the cycle test. 

The kbio values for granular and suspended sludge were 2.25±0.30 and 1.34±0.39 L/gVSS.d, with 



62 

 

the former significantly greater than the latter. According to Joss et al. (2006), in typical nutrient-

removing municipal wastewater treatment, antibiotic sulfamethoxazole is in the class of 

compounds with kbio < 0.1 L/gVSS.d.  These cannot be removed to a significant extent (less than 

20%). Suarez et al. (2010) reported SMX with kbio of 0.3 L/gVSS.d persistent to 

biotransformation in nitrifying activated sludge (22% removal was reported). 

Joss et al. (2006) suggested that the biodegradation rate constant is significantly influenced 

by diversity of the activity of biomass, the fraction of active biomass, and biomass floc size. 

Diversity of the activity of the biomass is affected by the biomass retention time. Elevated SRTs 

result in the dominance of slowly growing bacteria and enhance the degradation of micro 

pollutants by establishment of a more diverse microbial community (Kreuzinger et al., 2004). 

Polesel et al. (2016) suggested that kinetics of SMX biotransformation was improved when an 

activated sludge system was operated at SRT greater than 16 days. Elsewhere Clara et al., 

2005)reported that WWTPs operating SRTs >10 days (at 10 °C) obtained higher EDC removals. 

Comparing the granular and suspended activated sludge systems, granular biomass had 23 to 28 

days of SRT while SRT of the suspended systems was adjusted to 10 days. This could explain 

the greater biodegradation rate constant and hence greater removal of SMX by granular sludge.  

Comparison of microbial communities of aerobic granules and flocculent sludge fed with the 

same municipal wastewater revealed that the two systems have different bacteria with the same 

functionalities (Winkler et al., 2013). This is because during the aerobic granulation of flocculent 

sludge in anaerobic/anoxic/oxic reactors, the bacterial community of the sludge changes and 

slow-growing organisms are fixed inside the granules (Devlin et al., 2017). This will provide the 

system with enrichment of slow-growing bacteria such as nitrifiers or specialist degrader strains 
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which are responsible for specific biotransformation mechanisms, and/or organisms that are 

capable of utilizing such compounds at low concentrations (Polesel et al., 2016). 

In addition to SRT, the food-to-microorganism ratio (F/M) was as an important factor in 

removal of EDCs because it was reported that higher EDC removals were obtained at lower F/M 

ratios. F/M ratio of 0.2 to 0.3 kgBOD5/kgTSS.d was reported to obtain significant removal for 

most compounds (Kreuzinger et al., 2004). Because granular sludge obtains higher biomass 

concentrations, it obtains lower F/M ratios (Tay et al., 2004). However, in our study, the F/M 

ratios for the suspended and granular reactors were calculated 0.11±0.02 and 0.13±0.02 

kgBOD/kgTSS.d, which were not significantly different (t-test).  

Under aerobic conditions, activated sludge was found capable of utilizing SMX both as a 

carbon and/or nitrogen source (Drillia et al., 2005). Two groups of bacteria were proposed to be 

responsible for SMX biodegradation; 1) heterotrophic bacteria which assimilate SMX-C and/or 

SMX-N and (2) autotrophic nitrifying bacteria oxidizing the functional amino group of SMX 

(Muller et al., 2013). However, a clear mechanism for SMX biodegradation and biodegradation 

pathways of this compound in activated sludge has not been established.  Herzog et al. (2013) 

reported Pseudomonas, Brevundimonas, Variovorax and Microbacterium as the cultures isolated 

from activated sludge that are capable of degradation of SMX in the presence/absence of 

carbon/nitrogen sources. 

Based on results of the cycle test (shown in Figure 4.6), during the aerobic phase, elimination 

of SMX was obtained when COD and ammonium were being removed (time 1.5 to 4.5) and also 

when COD removal and nitrification were completed (time 4.5 to 7.5h). This confirms the 

suggested theory by Müller et al. (2013) that with SMX could be utilized as a co-substrate (co-

metabolism with organics and ammonium) and also, as sole carbon and nitrogen source. They 
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found that in the presence of readily biodegradable carbon and the absence of nitrogen (NH4
+), 

the SMX removal was enhanced. Kassotaki et al. (2016) found ammonium oxidizing bacteria 

(AOB) capable of degrading SMX without an adaptation period. They also reported that higher 

ammonium loads, which resulted in higher specific ammonium oxidation rates (SAOR) obtained 

higher SMX removals. On the contrary, Drillia et al. (2005) reported that SMX removal with 

activated sludge was not obtained when organic carbon and ammonium were present.  

 

Figure 4.6. Concentrations of sCOD, nitrogen and phosphorus during on cycle (error bars 

represent standard deviation) 
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Figure 4.7. Concentration of sulfamethoxazole during one cycle (error bars represent standard 

deviation) 

4.3.4. Bacterial community of the suspended and granular biomass 

Results of bacterial community in class level for granular and suspended biomass at different 

operation times are presented in Figure 4.8. The dominant bacteria (relative abundance>0.02) of 

both types of sludge for the spiked and control samples in phylum level were Proteobacteria, 

Bacteroidetes, Firmicutes, and Planctomycetes (mostly existing in the suspended biomass). At 

the class level, Betaproteobacteria, Saprospirae, Gammaproteobacteria, Alphaproteobacteria, 

Deltaproteobacteria, and Planctomycetia (only in suspended biomass) were the dominant class 

(relative abundance>0.02) for all samples.   

Results of DNA sequencing (analysed to genus level) for suspended and granular biomass 

samples at the end of the experiment are presented in figure 4.9. In the granular biomass samples 

from control reactors, Zoogloea > Dechloromonas > Niabella > Aeromonas > Dokdonella were 

the most abundant genus; while Zoogloea > Dechloromonas > Staphylococcus > Niabella > 

Aeromonas were found most abundant in spiked samples. In the case of suspended biomass the 

identified genus were Gemmata > Zoogloea > Aeromonas > Niabella > Shewanella and 

Zoogloea > Aeromonas > Niabella > Shewanella > Gemmata for control and spiked reactors, 

respectively. The abundance of Zoogloea and Dechloromonas as dominant denitrifying genera in 
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activated sludge was previously reported (Hagman et al., 2008; Juretschko et al., 2002). 

Zoogloea was reported to be dominant in aerobic granules and play a significant role in aerobic 

granulation of activated sludge by producing EPS and binding cells together (Amorim et al., 

2014; Ebrahimi et al., 2010; Li et al., 2008; Zhao et al., 2013). Aeromonas is one of the dominant 

genera in phosphate-removing sludge (Jeon et al., 2003).  

 

Figure 4.8. Bacterial community composition in Class level for suspended (S) and granular (G) 

biomass in control (Ctrl) and SMX fed  reactors (Spiked) from day one (d1) to 90 (d90) 

As discussed before, removal of SMX was mainly carried out by microbial degradation. 

Studies on microbial degradation of sulfonamide antibiotics using mixed and pure cultures 
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suggested bacteria that are responsible for removal of these compounds in activated sludge. 

Kassotaki et al. (2016) suggested that AOB could co-metabolize the compound by producing 

ammonia monooxygenase (AMO) enzyme which is capable of oxidation of micropollutants. 

Strains of Microbacterium, Rhodococcus, Tsukumurella, Achromobacter, and Ralstonia isolated 

from a membrane bioreactor acclimatized to antibiotics sulfamethoxazole, carbamazepine, and 

diclofenac were reported capable of SMX mineralization (Bouju et al., 2012). Pure culture of 

Rhodococcus equi was found effective for the removal of SMX by producing an enzyme 

(arylamine N-acetyltransferase) capable of degrading aromatic amines (Larcher & Yargeau, 

2011). Pure cultures of Pseudomonas, Brevundimonas, Variovorax isolated from an SMX-

acclimated activated sludge showed capability of SMX utilization as sole carbon and nitrogen 

source as well as co-substrate (Herzog et al., 2013). Strains of 

Escherichia and Acinetobacter isolated form marine environments were effectively used for 

biodegradation of sulfonamides sulfapyridine and sulfathiazole (Zhang et al., 2012). According 

to Yang et al. (2016), Acinetobacter and Pseudomonas were major bacteria in activated sludge 

that are involved in removal of sulfonamides (sulfamethoxazole, sulfadimethoxine and 

sulfamethazine). In our study, ammonia oxidizing bacteria Nitrosomonas (relative abundance 

of 0.5 to 1.3%), Pseudomonas (0.2 to 0.3%), Acinetobacter (0.1 to 0.2 %) were detected in 

all biomass samples, which could be responsible for the degradation of SMX. Other 

genera including Chryseobacterium (0.6 to 1.8%), Dokdonella (0.7 to 1.3%), 

Hydrogenophaga (0.2 to 0.3%), Bdellovibrio (0.1 to 0.2%), and Steroidobacter (0.1 to 0.2%) 

were detected in all biomass samples. According to Yang et al. (2016), these bacteria which are 

associated with the degradation of aromatic hydrocarbons could be capable of SMX degradation. 
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Figure 4.9. Bacterial community composition in genus level at the end of experiment (the last 

analysed levels are presented as c_, o_, f_ and g_ referring to class, order, family and genus, 

respectively). 

PCoA results (figure 4.10) showed that aerobic granular sludge and conventional activated 

sludge had different microbial community compositions. In terms of similarity in bacterial 

communities, the samples can be divided into five groups: a) Samples from suspended reactors 

on the first day which showed the most similarity) b) Samples of suspended biomass in SMX 

spiked reactors on day 90 c) Suspended biomass samples from the spiked and control reactors on 

day 30 and 60 d) Granular biomass samples from spiked and control reactors on day 1 and 30 e) 

Granular biomass samples from spiked and control reactors on day 60 and 90. PCoA also 
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showed that in both granular and suspended biomass, microbial community composition varied 

over the operation time. This variation happened even in control reactors which were operated 

without any change in the feed composition and operation strategy. Kaewpipat and Grady (2002) 

reported that bacterial communities of activated sludge are highly dynamic. They observed that 

after 60 day of operation under identical conditions, the microbial communities of two activated 

sludge system were not identical. In our study, change in microbial communities of suspended 

and granular sludge due to the exposure to antibiotic sulfamethoxazole could not be 

distinguished from the change due to the dynamics of microbial communities of activated sludge. 

Results of LEfSe analysis for suspended biomass spiked with SMX showed that during the 

operation time, Rikenellacea and Oscillospira decreased and Rhodocyclaceae, Zoogloea, and 

Shewanella increased. In the case of granular biomass increase in Rhodocyclaceae, Zoogloea, 

and Aeromonas over the operation time was observed. Also Bacteroidales, Ruminococcaceae, 

and Dokdonella increased in the first month but decreased over time. The increase in abundance 

of Rhodocyclaceae, Zoogloea, Shewanella, and Aeromonas might indicated SMX antibiotic 

resistance of these bacteria. Hoa et al. (2008) studied sulfonamide-resistant genes in fish pounds 

receiving piggery waste and hospital and municipal wastewater (Sul) and identified 

Acinetobacter, Aeromonas, Arthrobacter, Cellulosimicrobium, Escherichia, Shigella, 

Vitreosciella, and Wautersiella as the major bacteria carrying Sul gene. Zoogloea was reported  

to become dominant in activated sludge when exposed to antibiotic erythromycin (Fan & He, 

2011). The authors suggested that Zoogloea could form biofilm which protects inner microbes 

from antibiotics. Shewanella, and Aeromonas were reported  as multi-drug (chloramphenicol and 

tetracycline) resistant bacteria in aquatic farms (Yoo et al., 2003). Aeromonas strains were 

reported to become resistant to quinolone antibiotic as a results of discharging municipal 
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wastewater treatment plant effluent to river (Arga, Spain) water (Goñi-Urriza et al., 2000). 

Schmidt et al. (2012) also reported Aeromonas to be resistant to tetracycline. 

 

Figure 4.10. Principal Coordinates Analysis (PCoA) for the microbial community 

composition of granular (G) and suspended (S) biomass in control (1) and spiked (2 and 3) 

reactors at different operation time (day 1, 30, 60, and 90). 
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4.4. CONCLUSION 

In this study, aerobic granular sludge was compared with conventional activated sludge in 

terms of removing antibiotic sulfamethoxazole from municipal wastewater. For this aim, 

anoxic/anaerobic/oxic SBRs inoculated with suspended and granular biomass were operated 

under the same conditions (HRT = 12h) for over 90 days. Results showed that with initial SMX 

concentration of 2 µg/L, the granules obtained 84±8% removal efficiency which was 

significantly higher than that obtained by the suspended sludge (73±10%). It was found that the 

spiked SMX (2 µg/L) did not have any significant impact on the characteristics of granular and 

suspended biomass as well as organic and nutrient removal efficiency of the reactors. The results 

confirmed that aerobic biodegradation was the main pathway for the elimination of SMX while 

sorption and anoxic/anaerobic treatment were insignificant. The granules achieved 

biodegradation rate constant (kbio) of 2.25±0.30 L/gVSS.d which was significantly higher than 

kbio= 1.34±0.39 L/gVSS.d obtained in the suspended biomass. Results of study of DNA 

sequencing confirmed the microbial community difference between granular and suspended 

biomass. Over the experimental period, variations in microbial communities of suspended and 

granular biomass were observed. However, these variations could not be attributed to the 

exposure to SMX. As the major bacteria responsible for degradation of SMX, Nitrosomonas 

Pseudomonas, and Acinetobacter were detected in all biomass samples. Increase in the 

abundance of Rhodocyclaceae, Zoogloea, Shewanella, and Aeromonas suggested these bacteria 

as possible sulfamethoxazole resistant bacteria. 
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Chapter 5: Summary and Conclusions 

Development and stabilization of aerobic granules 

Aerobic granular sludge capable of simultaneous removal of COD, nitrogen and phosphorus 

from high-strength wastewater (COD = 1400 mg/L) was successfully developed and applied for 

the treatment of medium (COD = 700 mg/L) and low-strength (COD = 400 mg/L) wastewater. 

Granules could rapidly acclimate and stabilize at medium-strength wastewater (COD = 700 

mg/L). However, when granule’s feed changed to low-strength wastewater, F/M ratio reduced 

from 0.4 to 0.2 gCOD/gVSS d, which caused disintegration of granules. With washout of poor-

settling biomass, F/M ratio reached 0.4 gCOD/gVSS d and re-granulation at low COD was 

obtained. EPS content of the biomass decreased with the disintegration and increased with re-

granulation. Lower organic loads obtained more compact granules with higher EPS content. 

Enhancement of BNR treatment efficiency of granules 

Two operation strategies applied to sequencing batch reactors inoculated with aerobic 

granular sludge for the BNR treatment of low-strength wastewater: i) continuous anaerobic 

feeding and ii) anaerobic feeding followed by anaerobic contact. Application of anaerobic 

contact enhanced mass transfer and increased anaerobic COD removal from 17-24% to 45-53% 

and consequently, improved phosphorus removal efficiency from 63 to 93%. Anaerobic contact 

also improved the effluent quality (from 87 to 46 mg/L VSS) by reducing the growth of rapidly 

growing organisms (floccular biomass) and increased biomass retention time from 15 to 32 days.  

Application of granules for SMX removal 

Under the same operation conditions (HRT = 12h) aerobic granular sludge and conventional 

activated sludge were exposed to 2µg/L antibiotic sulfamethoxazole. Aerobic granules showed 

higher SMX removal efficiency (84%) compared with conventional activated sludge (73%). The 
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spiked SMX did not significantly influence the characteristics of granular and suspended 

biomass as well as their organic and nutrient removal. Aerobic biodegradation was found as the 

main SMX removal pathway; while sorption and anoxic/anaerobic treatment were insignificant. 

Microbial community structure of granular and suspended biomass were different. Over the 

experimental period, variations in microbial communities of suspended and granular biomass 

were observed. However, these variations could not be attributed to the exposure to SMX. 
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Chapter 6: Engineering Significance 

Aerobic granular sludge is a small-footprint technology for the effective treatment of 

organics and nutrients from different types of wastewater. However, due to the significance of 

high organic loading rate in granulation kinetic, development of aerobic granules for BNR 

capability with low-strength municipal wastewater requires a long start-up period. This study 

suggests that cultivation of aerobic granules with high organic loads and its implication for BNR 

treatment of low-strength wastewater while balancing the F/M ratio can be an alternative to 

reduce start-up period. 

The other issue which could be caused in the application of AGS for BNR treatment of 

municipal wastewater is inefficiency of mass transfer during anaerobic/anoxic phase. In addition 

to sufficient carbon source, a good contact during anaerobic/anoxic is required to obtain 

denitrification and enhance biological phosphorus removal (EBPR) in biofilm systems. Our 

results suggest that enhancing mass transfer during anaerobic phase can improve BNR 

performance as well as effluent quality by reducing the chance of growing floc-forming 

organisms outside of the granular structure.  

Anaerobic carbon uptake could be obtained without applying a high shear force with 

mechanical mixing. Although when it comes to full-scale applications, anaerobic feeding at high 

flow-rates would be effective to produce hydrodynamic turbulence and provide adequate contact. 

Also, fast anaerobic feeding followed by mixing for large sequential batch reactors may not be 

cost-effective. High shear forces produced during the fast feeding could be destructive to the 

granules. Therefore, design considerations are required for feeding system in SBRs introduce the 

feed while distributing the substrate and avoid the need for further mixing. The distribution of 
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feed can also reduce the hydraulic turbulence and accordingly prevent the high shear force which 

could cause granules disintegration. 

The effectiveness of biological wastewater treatment for degrading micropollutant such as 

antibiotics is mostly determined by operational conditions. Increasing solids retention time 

(SRT) by application of membrane bioreactor (MBR) has been suggested to enhance the 

microbial diversity and hence improve the biodegradation of such compounds. However, 

membrane separation has much higher electrical energy demand compare to conventional 

clarification. Aerobic granular sludge technology offers high biomass retention by fixing slow-

growing organisms inside the granular structure and also, high biomass concentration in a small 

bioreactor without settling problems. 
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