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摘要 

本研究係利用台中福田水資源回收中心的廢棄活性污泥、紅土以

及氧化鐵重製燒結成顆粒載體，藉由反應曲面法(RSM)找出最佳的載

體配比以提升其抗壓強度、吸水率、容積密度及比外部表面積，並將

重製之顆粒當作生物載體用於循序批分式生物膜反應器(SBBR)以達

到同時硝化脫硝(SND)。將兩個系統分別添加 40%和 60%的載體比例，

並且比較兩個系統在相同操作條件下去除氨氮及過程中產生中間產

物羥胺(Hydroxylamine)和亞硝酸鹽的效果，利用反應器中氧化還原電

位(ORP)之變化藉由能斯特方程式(Nernst Equation)導出適用線上即

時監控的模式，最後針對載體上之生物膜進行菌相分析。實驗結果得

知顆粒載體最佳配比污泥 :紅土 :氧化鐵為 5:3:2，其抗壓強度為

46.1±1.2 Kgf/cm
2，吸水率為 52.7±4.4%，容積密度為 2.2±0.5 g/cm

3，

比外部表面積為 2.9±0.2 m
2
/g，實驗發現在 SBBR-60%系統中，氨氮

大部分轉為亞硝酸鹽約 5.7 mg/L 且只生成微量的硝酸鹽約 1 mg/L 以

下，推測反應器中進行部分硝化(nitritation)，且硝化速率(KN)及脫硝

速率(KDN)分別為 9.7 mg NH4
+
-N/ L-hr 和 9.5 NOx

-
-N/ L-hr 皆比

SBBR-40%系統好。由親源樹圖顯示生物膜上具有自營硝化菌和異營

脫硝菌，其中好氧脫硝菌 Dokdonella immobilis 及 Acinetobacter sp.在

系統中也被發現，其間接證明溶氧在 1 至 2 mg/L 時系統也能進行脫

硝反應，並且將亞硝酸鹽逐漸還原成氮氣以達到除氮效果。 

 

關鍵字: 反應曲面法、部分硝化、同時硝化脫硝、羥胺、好氧脫硝



 

 
 

Abstract  

This study used recyclable materials which include wasted activated 

sludge, laterite and a combination of iron and sintered into pellet carrier 

from Futian water resource recycling center of Taichung City. The 

purpose was used response surface methodology (RSM) to determine the 

best pellet carrier ratio to rise compressive strength, water absorption, 

bulk density and specific external surface area, then remake of the 

particular materials as biological carrier molecules for sequencing batch 

biofilm reactor (SBBR) in order to achieve simultaneous nitrification and 

denitrification (SND). Two systems were added pellet carrier ratio of 40% 

and 60%, compared between the production amount of hydroxylamine 

(NH2OH) and nitrite effect on these two systems with the same operating 

condition. Oxidation reduction potential (ORP) could detect the change 

by the Nernst Equation which was suitable for online monitoring model. 

Finally, biofilm of pellet carrier was used to do bacterial community 

analysis. The experiment resulted that the best pellet carrier ratio, sludge: 

laterite : iron oxide was 5:3:2, compressive strength was 46.1±1.2 

Kgf/cm
2
, water absorption was 52.7±4.4%, bulk density was 2.2±0.5 

g/cm
3
, specific external surface area was 2.9±0.2 m

2
/g, the experiment 

found in SBBR-60% system could lead most ammonium into nitrite 

about 5.7 mg/L, only produced few nitrate which below 1 mg/L that 

partial nitrification (nitritation) was speculated in the system, nitrification 



 

 
 

rate (KN) was 9.7 mg NH4
+
-N/L-hr and denitrification rate (KDN) was 9.5 

NOx
-
-N/L-hr which were all better than SBBR-40% system. The 

phylogenetic tree analyzed that there were autotrophic nitrifier and 

heterotrophic denitrifier in the biofilm. Especially for aerobic denitrifier 

Dokdonella immobilis and Acinetobacter sp. were found in SBBR system. 

It demonstrated that denitrification reaction was activated during 

dissolved oxygen about 1-2 mg/L and nitrite was reduction to nitrogen 

gas in order to reach removal nitrogen effect in the SBBR system. 

 

Keywords: Response Surface Methodology (RSM); Partial nitrification 

(nitritation); Simultaneous Nitrification and Denitrification 

(SND); Hydroxylamine (NH2OH); Aerobic denitrifier



 

I 

 

CONTENTS 

Chapter 1 Introduction ................................................................................ 1 

1.1 Background information ................................................................ 1 

1.2 Objective ........................................................................................ 3 

Chapter 2 Literature Review ....................................................................... 4 

2.1 Wasted activated sludge (WAS) ..................................................... 4 

2.1.1 Characteristic of WAS .......................................................... 4 

2.1.2 Reuse of WAS as recycling material .................................... 5 

2.2 Sintering theory .............................................................................. 7 

2.2.1 Foaming mechanism .......................................................... 10 

2.3 Basics of immobilized-cell processes .......................................... 11 

2.3.1 Biofilm formation .............................................................. 11 

2.3.2 Biofilm system ................................................................... 14 

2.4 Biological nutrient removal (BNR) ............................................. 15 

2.4.1 Nitrification ........................................................................ 15 

2.4.2 Denitrification .................................................................... 16 

2.4.3 Nitritation/denitritation ...................................................... 17 

2.4.4 Simultaneous nitrification and denitrification (SND) ........ 18 

2.4.5 Nitrifier denitrification ....................................................... 19 

2.4.6 Anaerobic ammonium oxidizing (Anammox) ................... 20 

2.5 Sequencing batch biofilm reactor (SBBR) .................................. 20 

2.6 Nernst equation ............................................................................ 23 

2.7 Response surface methodology (RSM) ....................................... 24 

Chapter 3 Material and Methods .............................................................. 26 

3.1 Experimental design and flow chart ............................................ 26 

3.2 Biofilm carrier produced from WAS ........................................... 28 

3.2.1 Source and characteristic of WAS ...................................... 28 

3.2.2 Toxicity characteristics leaching procedure (TCLP) ......... 29 

3.2.3 The procedure of manufacture the WAS pellets ................ 30 

3.3 The basic characteristics analysis of pellet .................................. 32 

3.3.1 Water absorption ................................................................ 32 

3.3.2 The particle size analysis ................................................... 32 

3.3.3 Compressive strength ......................................................... 33 

3.3.4 Bulk density ....................................................................... 33 

3.3.5 Scanning Electron Microscope (SEM) .............................. 34 

3.3.6 B.E.T analysis .................................................................... 34 

3.3.7 Specific external surface area ............................................ 34 

3.4 The sequencing batch biofilm reactor (SBBR) system ................ 36 



 

II 

 

3.4.1 Experiment set-up .............................................................. 36 

3.4.2 Operation of SBBR ............................................................ 38 

3.4.3 Composition of the synthetic wastewater .......................... 39 

3.5 Analytical methods ....................................................................... 41 

3.5.1 Water quality analysis ........................................................ 41 

3.6 Molecular community analysis of biofilm ................................... 43 

3.6.1 Chromosomal deoxyribonucleic acid (DNA) extraction ... 43 

3.6.2 DNA concentration and purity analysis ............................. 45 

3.6.3 Agarose Gel Electrophoresis .............................................. 45 

3.6.4 Polymerase Chain Reactor (PCR) ...................................... 46 

3.6.5 Denaturing Gradient Gel Electrophoresis (DGGE) ........... 50 

3.6.7 Sequencing analysis ........................................................... 54 

3.6.7.1 Basic Local Alignment Search Tool (Blast) ............. 54 

3.6.7.2 Phylogenetic Analysis .............................................. 54 

Chapter 4 Results and Discussion ............................................................. 55 

4.1 The raw materials analysis ........................................................... 55 

4.1.1 The basic characteristics of the raw materials ................... 55 

4.1.2 The TCLP of raw materials ................................................ 57 

4.2 The carrier pellet analysis ............................................................ 58 

4.2.1 The characteristics of carrier pellet .................................... 58 

4.2.2 The TCLP of carrier pellets ................................................ 60 

4.2.3 The composition and surface of the carrier pellets ............ 61 

4.3 The carrier pellets were applied for SBBR systems .................... 63 

4.3.1 The daily monitor profiles in SBBRs................................. 63 

4.3.2 Comparative profiles of two SBBRs ................................. 66 

4.3.2.1 SBBR I (40% ratio) .................................................. 66 

4.3.2.2 SBBR II (60% ratio) ................................................ 67 

4.3.3 Hydroxylamine produced in two SBBR systems .............. 73 

4.3.4 Biomass growth of two SBBR systems ............................. 74 

4.4 Comparison of the KN, KDN and SND efficiency of two SBBR 

systems ............................................................................................... 77 

4.5 Molecular biotechnology analysis ............................................... 79 

4.5.1 Bacterial community analysis at different SBBR systems 

by PCR-DGGE and cloning ........................................................ 79 

4.5.2 Phylogenetic analysis ......................................................... 81 

4.6 Nernst Equation Model Development in SND process ............... 84 

4.6.1 Nernst equation in the overall SND process ...................... 84 

4.6.2 Nernst equation established in the SND process 



 

III 

 

(ammonium and nitrite removal) ................................................ 85 

4.6.3 Nernst equation established in the SND process 

(ammonium removal) .................................................................. 87 

Chapter 5 Conclusions and Suggestions ................................................... 89 

5.1 Conclusions .................................................................................. 89 

5.2 Suggestion .................................................................................... 90 

Reference ................................................................................................. 91 

Appendix ............................................................................................... 105 

Appendix 1 ....................................................................................... 105 

Appendix 2 ....................................................................................... 108 



 

IV 

 

List of Figure 

Figure 2-1 The granule agglutination response schematic drawing (a) 

Initial point contact; (b) Early stage neck growth; (c) Last 

stage neck growth; (d) Terminal condition fully coalesced 

spheres. ...................................................................................... 9 

Figure 2-2 Schematic presentation of the formation of a biofilm. ........... 13 

Figure 2-3 Substances transportation in the biofilm for SND in SBBR. . 14 

Figure 2-4 Pathways of conventional nitrification/ denitrification and 

nitrifier denitrification via nitrite. ........................................... 19 

Figure 2-5 Typical sequencing batch reactor operation. ........................... 21 

Figure 3-1 Flow chart of this study. .......................................................... 27 

Figure 3-2 Flowchart preparation of pellet and analyze basic 

characteristic items. ................................................................. 31 

Figure 3-3 Schematic diagram of the SBBR system with 40% (A) and 

60% (B) ratios of pellets in the reactor. Both reactors were 

connected with on-line DO, pH and ORP sensor to a Lab 

VIEW
®
 system in a personal computer to maintain the 

operational parameters. ........................................................... 37 

Figure 3-5 Flow chart of the NH2OH analysis (Peng, 2002). .................. 42 

Figure 4-1 Particle size distribution analysis of (a) WAS powder and (b) 

laterite powder. ........................................................................ 56 

Figure 4-2 Surface plot of compressive strength (CS), dry sludge and 

temperature from RSM analysis. ............................................ 59 

Figure 4-3 Surface plot of surface area, dry sludge and temperature from 

RSM analysis. ......................................................................... 60 

Figure 4-4 Surface of carrier pellet with the formula ratios of WAS: 

laterite: chemical additive are (a) 5: 3: 2 and (b) 5: 4: 1. ........ 61 

Figure 4-5 The SEM images of carrier pellets in this study and previous 

studies. ..................................................................................... 62 

Figure 4-7 Concentration profiles of ammonium in the influent and 

effluent of SBBRs in this study. The daily profiles of 

ammonium in two types of system (SBBR with 40% and 60% 

filling ratio). The period of phase I (loading: 0.033 kg NH4
+
-N/ 

m
3
-day) under 70 days, phase II (loading: 0.046 kg NH4

+
-N/ 

m
3
-day) under 47 days and highest concentration was phase III 

(loading: 0.062 kg NH4
+
-N/ m

3
-day) under 39 days, 

respectively. ............................................................................. 65 



 

V 

 

Figure 4-8 Batch profiles of on-line measured parameters under three 

loadings with filling ratio of 40% in the SBBR system (a) DO, 

(b) pH and (c) ORP. ................................................................. 69 

Figure 4-9 Batch profiles of continuous monitoring under three loadings 

with filling ratio of 40% in the SBBR system (a) COD, (b) 

Ammonium, (c) Nitrite, (d) Nitrate, (e) Phosphate. ................ 70 

Figure 4-10 Batch profiles of on-line measured parameters under three 

loadings with filling ratio of 60% in the SBBR system (a) DO, 

(b) pH and (c) ORP. ................................................................. 71 

Figure 4-11 Batch profiles of continuous monitoring under three loadings 

with filling ratio of 60% in the SBBR system (a) COD, (b) 

Ammonium, (c) Nitrite, (d) Nitrate, (e) Phosphate. ................ 72 

Figure 4-13 Growth profiles of biomass in two SBBR systems in each 

pellet. ....................................................................................... 75 

Figure 4-14 Total growth profiles of biomass in this study and previous 

study......................................................................................... 75 

Figure 4-15 DGGE profile of bacterial communities under different 

SBBR systems. 6% (w/v) polyacrylamide 

(acrylamide-bisacrylamide (37.5:1)) gel with a denaturing 

gradient of 30% to 50% and carried out in 1X TAE buffer at 

250V for 8h at 60℃. .............................................................. 80 

Figure 4-16 Phylogenetic tree of cloning from band of DGGE in two 

different SBBR systems. The phylogenetic tree of the 

interrelationship was constructed by using neighbor-joining 

method. Booststrap replication values calculated from 500 

times. ....................................................................................... 83 

Figure 4-17 Comparison of simulation and experimental ORP profiles 

(ammonium and nitrite removal) for “only mix” and “mix and 

aeration” stages of SBBR system with filling ratio 60% carrier 

pellets. ..................................................................................... 86 

Figure 4-18 Comparison of simulation and experimental ORP profiles 

(only ammonium removal) for “mix and aeration” stage of 

SBBR system with filling ratio 60% carrier pellets. ............... 88 



 

VI 

 

List of Table 

Table 2-1 Application of WAS in other literatures. .................................... 6 

Table 2-2 Various types and temperatures of additives on overflowing 

gases. ....................................................................................... 10 

Table 2-3 Comparison the treatment performance by using SBR and 

SBBR systems from other literatures. ..................................... 22 

Table 3-1 The Regulation of heavy metal concentration of leaching. ...... 29 

Table 3-3 Composition of stock synthetic wastewater in this study
1
. ...... 40 

Table 3-4 Concentrations of three phase influent synthetic wastewater... 40 

Table 3-5 Analytical methods and instruments used in this study. ........... 42 

Table 3-6 Agarose gel percentage and efficient range of DNA separation.

 ................................................................................................. 46 

Table 3-7 PCR primer used for amplification of bacterial 16S rDNA. .... 48 

Table 3-8 Reagent and volume for PCR reaction. .................................... 49 

Table 3-9 Heating program of PCR in this study. ..................................... 49 

Table 3-10 Relationship between gel percentage and base pair separation.

 ................................................................................................. 51 

Table 3-11 Reagent of 6% polyacrylamide gel of DGGE in this study. ... 51 

Table 3-12 Reagent and volume of protocol for ligation using T&A
TM

 

cloning vector. ......................................................................... 53 

Table 3-13 LB medium for host cell growth and solution in cloning 

procedures. .............................................................................. 53 

Table 4-2 The TCLP tests for heavy metal concentration of Futian WAS 

and laterite. .............................................................................. 57 

Table 4-3 Comparison of the basic characteristics of the porous WAS 

pellets in this study and previous study. .................................. 59 

Table 4-4 The TCLP test for heavy metal concentration of the porous 

WAS pallets. ............................................................................ 60 

Table 4-5 Comparison of removal concentration of different filling ratios 

in this study and other references. ........................................... 76 

Table 4-6 Nitrification rate (KN), denitrification rate (KDN) and SND 

efficiency under different systems and comparison with other 

reported values. ....................................................................... 78 

Table 4-7 Results of regressive analysis on the Nernst equation for “only 

mix” and “mix and aeration” stages in two SBBR systems 

(ammonium and nitrite removal). ........................................... 86 

Table 4-8 Results of regressive analysis on the Nernst equation for “mix 



 

VII 

 

and aeration” stages in two SBBR systems (only ammonium 

removal). ................................................................................. 88 



 

1 

 

Chapter 1 Introduction 

1.1 Background information 

Wasted activated sludge (WAS) is generated from wastewater 

treatment plants (WWTPs) during the activated sludge process. There are 

more WAS produced in Taiwan in 2010, and the amount is increasing by 

an average rate of 5% every year (Huang and Wang, 2013). Sludge 

management is one of the main problems in WWTPs due to the large 

amount of sludge generated during the treatment process and the costs 

associated with its disposal. WAS has mainly been disposed of using two 

methods: landfilling and soil application (Sanchez-Monedero et al., 2004; 

Kim et al., 2005). Currently, the cost of disposing the WAS in Taiwan is 

reaching $4,500 – 6,000/ton. Therefore, the present conception is to 

develop an effective process to minimize and reuse WAS in order to 

resource recovery. This way will save treatment cost and decrease the 

secondary pollution.  

For a large number of WAS, some studies have been confirmed the 

reuse of processed WAS for lightweight aggregates, bricks, ceramics and 

carrier (Kim et al., 2003; Cusido and Soriano, 2011; Tuan et al., 2013). 

Sintering is the bonding of particles in a mass of powders by molecular or 

atomic attraction in the solid state, by application of heat, causing 

strengthening of the powder mass and possibly resulting in densification 

and recrystallization by transport of materials (Upadhyaya, 2001). In 

order to obtain the desired microstructure and final properties of solids, 

since improving their mechanical properties of hardness, strength, wear 

resistance and toughness (Chinelatto et al., 2014). The main factors affect 

the sintering processes include: particle size distribution, chemical 

composition, temperature, forming pressure and react time (Tay and Yip, 
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1989; Volland et al., 2014).  

The response surface methodology (RSM) is a method to conduct 

minimal tests to find out the critical elements that affect the results and 

can reduce the time of trial and cost (da Silva et al., 2001; Shahabadi and 

Reyhani, 2014). Besides, it can not only test the differences between 

various levels of each factor, but also test the interaction between the 

factors (Yi et al., 2011). Hence, this approach had been used to gain an 

optimal formula to assemble the porous WAS pellets with the requirement 

characteristics of enough porosity and compressive strength to reuse as 

immobilized material. 

Many types of high-performance biological treatment reactors have 

been developed which are characterized by a when compared to 

conventional wastewater treatment plants, as well as compact 

construction and an operation favorable to the environment have been 

developed. The sequencing batch biofilm reactor (SBBR) system has 

attracted a great deal of attention due to its ability to take advantages of 

both a biofilm reactor and a sequencing batch reactor (SBR) (Ding et al., 

2011). Besides, it has many advantages over traditional activated sludge 

system. SBBR not only retain the biomass in reactor but also reduce the 

waste sludge discharge. Simultaneous nitrification and denitrification 

(SND) is simultaneous heterotrophic nitrification and aerobic 

denitrification where both nitrification and denitrification are achieved 

simultaneously under reduced aeration and hence the controlling of 

aerobic and anaerobic consortia is not required (Kulkarni, 2013). SND 

process has some advantages such as decreases cost and reduces waste 

sludge discharge. This study will apply the rebuilt WAS pellets to set up 

SBBR system. Due to WAS contains the trace inorganic substance which 

provides additional nutrient for the biofilm attached to the surface of the 
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immobilized cells. 

1.2 Objective 

This study employs the rebuilt pellets to attach biofilm on pellets 

and places in the SBBR system to remove ammonium with synthetic 

wastewater, and then has tried to compare the performance of different 

pellets ratio and analysis of microbial biofilm to investigate the pathway 

of SBBR system. Finally, this study establishes a Nernst equation of 

model to simulate the entire reaction for expectation to control the status 

of reaction in the future.  
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Chapter 2 Literature Review 

2.1 Wasted activated sludge (WAS) 

After treating industrial or municipal wastewater, large quantities of 

waste activated sludge (WAS) were produced, and the WAS treatment 

and disposal (i.e., sanitary landfill, incineration, composting) was 

expensive (Weemaes et al., 2000) and took up to approximately 60% of 

the overall wastewater treatment plants (WWTPs) cost (Saby et al., 2002). 

In Taiwan, the annual sludge (dewatered) production from 34 industrial 

wastewater treatment plants was approximately 0.67 million tons. In 

general, the dried sludge had higher heavy metal content than that of the 

dewatered sludge (Weng et al., 2003). Sanitary landfill and incineration 

were major disposed of excessive WAS. Sanitary landfills required wide 

land to dispose WAS in Taiwan, quick urbanization had made it 

increasingly difficult to discover suitable landfill site (Lin and Weng, 

2001). The incineration could significantly decrease the quantity of WAS, 

however this treatment method required supplementary fuel to make sure 

the WAS burn completely (Dewil et al., 2005). Therefore, WAS 

management would be moving towards reutilization and minimization of 

sludge as useful resources.  

2.1.1 Characteristic of WAS 

Many literatures have reported more than 50% of fly ash existed in 

WAS. Due to the ash consisted trace of heavy metal, hence one of the 

earliest used investigated was as raw material for the manufacture of 

bricks and tiles (Donatello and Cheeseman, 2013). The characteristic of 

WAS were not the same from different WWTP, and therefore this study 

selected the wasted sewage sludge to reuse. The WAS was often 

dewatered by the sludge dewatering machine to reduce moisture content 
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of WAS. But some factor like particle surface charge and hydration, 

particle size, compressibility and sludge pH etc. which would affect the 

dewatering efficiency (Chen, 2008). The WAS contained over moisture 

would increase the cost and energy consumption of WWTPs. Besides, 

WAS main components included suspended solids, organic matter, Fe-Al 

hydroxide, water and coagulant. The main chemical compounds of sludge 

and its ashes were Al2O3, SiO2, Fe2O3, and CaO (Fang et al., 2015). Due 

to sludge consisted of major element Si, Al, Ca and Fe and so these 

qualities agreed with resource recovery that developed to manufacture the 

useful material (Hamer and Karius, 2002; Lafhaj et al., 2008). 

2.1.2 Reuse of WAS as recycling material 

The WAS had to be pre-treated to stabilize, disinfect and reduce 

volume before it was reused. In recent years, a number of studies have 

been carried out to investigate the reuse of WAS as some useful material 

such as the lightweight aggregate, clay ceramics or biological treatment 

process carrier (Kim et al., 2003; Weng et al., 2003; Cusido and Soriano, 

2011; Volland et al., 2014; Volland and Brötz, 2015). Some literatures 

have been reused the WAS minimization and reutilization were shown in 

Table 2-1. This study would attempt to reuse the WAS as biological 

treatment process carrier that possessed high porosity and compressive 

strength for reusing. Among cell immobilization methods, passive 

immobilization (bio-film on surfaces) and entrapment (cell trapping in 

porous space of carrier) have been used in the bioreactor (Rafiei et al., 

2014). Besides, the reused porous carrier in bioreactor could enhance the 

wastewater removal efficiency by increasing the biomass in a sequencing 

biofilm batch reactor (SBBR).  
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Table 2-1 Application of WAS in other literatures. 

The purpose of reutilization References 

Biofilm carrier This study 

Immobilized pellets and air diffuser Su (2008) 

Lightweight aggregate Volland and Brötz (2015) 

Lightweight aggregate Volland et al. (2014) 

Micro-media Kim et al. (2003) 

Brick Lin and Weng (2001) 

Cement Xu et al. (2014) 

Ceramic Wolff et al. (2015) 

Immobilized cell Chen (2005) 
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2.2 Sintering theory 

Sintering was a thermal treatment for bonding particles into a 

coherent, predominantly solid structure via mass transport events that 

often occur on the atomic scale in the physical phenomenon. The bonding 

leads to improved strength and lower system energy. The sintering 

reaction was heated under the melting point of raw materials and 

rearranged the internal structure of materials up to high-strength, 

high-density of sintered body (Li et al., 2009). 

1. Solid-state sintering: applied surface diffusion, lattice diffusion, 

boundary diffusion or solid material with the surrounding 

atmosphere was reaction of the mass transfer. 

2. Sintering by viscous flow: Sintering was caused by the flow of 

non-crystalline material, viscous flow sintering mechanism of 

sintering as the main environment in silicate (Skrifvars et al., 

1994). Viscous flow sintering would form the airtight pore, the 

reason for the liquid surface into the boundary of lattice was 

diffusion and then contraction (Nowok et al., 1990). 

3. Liquid phase sintering: applied the fusion and solid precipitation 

to increase particle size and density. The process of liquid phase 

sintering had three stages: rearrangement, solution-precipitation 

and final densification. 

The factors of affecting sintering were sintering temperature, the 

time of heating, chemical composition, forming pressure and size 

distribution.  
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German (1996) built the mechanism of sintering model which was 

divided into four steps sintering in Figure 2-1. The four steps included 

initial point contact, early stage neck growth, last stage neck growth and 

terminal condition full coalesced spheres. German thought the 

mechanism of sintering that started at the point between particles to 

contact and then the neck growth. The new grain boundary was formed 

between the particles under the sufficient reaction time and then two 

particles were integrated into a single particle.  
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(a) Initial point contact 

 

(b) Early stage neck growth 

 

(c) Last stage neck growth 

 

(d) Terminal condition fully coalesced spheres 

Figure 2-1 The granule agglutination response schematic drawing (a) 

Initial point contact; (b) Early stage neck growth; (c) Last stage neck 

growth; (d) Terminal condition fully coalesced spheres.  
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2.2.1 Foaming mechanism 

Foaming phenomenon was between the softening point and 

maximum heating temperature to heat the raw material. Foaming needed 

some special composition, such as amphetamine sulfate, carbonate, oxide 

and organic wastes so as to release gases to form a cell nest structure 

(Kose and Bayer, 1982; Bhatty and Redit, 1989). The viscosity and gas 

production were two important conditions on expansion or foaming 

phenomenon in raw materials. If raw material without the 

above-mentioned conditions, it had to add additives to make the above 

two points occurred. Although the expansion was a factor of affection for 

foaming mechanism, but after heating might not be production the 

enough gases to cause swelling effect. Table 2-2 listed the various types 

of chemical composition and temperature of overflowing gases. 

Table 2-2 Various types and temperatures of additives on overflowing 

gases. 

Chemical equation Reaction temperature (℃) 

FeS2+O2 → FeS+SO2 ↑ 350 - 450 

4FeS＋7O2 → 2Fe2O3 +4SO2 ↑ 500 - 800 

Fe2(SO4)3 → Fe2O3＋3SO3 ↑ 560 - 775 

MgCO3 → MgO＋CO2 ↑ 400 - 900 

Na2CO3 → Na2O + CO2 ↑ >400 

CaCO3 → CaO+CO2 ↑ 600 - 1,050 

CaSO4 → CaO+SO3 ↑ 1,250 - 1,300 

6Fe2O3 → 4Fe3O4＋O2 ↑ 1,000 - 1,550 
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2.3 Basics of immobilized-cell processes 

2.3.1 Biofilm formation 

Nowadays, there are many systems for selecting to treat different 

characteristic of wastewater. However, immobilized bioreactor systems 

were confirming to be better alternatives to the conventional suspended 

growth bioreactor systems. The advantages are easy operation in 

continuous flow, lower cell losses, improved physical and chemical 

stability of the biocatalyst, lower power requirements and the ease with 

which the cells can be reused (Mudliar et al., 2008). Various immobilized 

bioreactor configurations such as horizontal and vertical packed beds, 

fluidized beds and rotating biological contactor (RBC) have been 

reported (Das et al., 2002). 

The formation of biofilm could be divided into suspended-growth 

and attached-growth systems. The former was the microbial remained 

suspended such as activated sludge and the latter was microbial attached 

to the inert medium to form the local high-density of biofilm. 

Microorganisms universally attached to surfaces and produce 

extracellular polysaccharides, resulting in the formation of a biofilm. 

Organisms within biofilms can withstand nutrient deprivation, pH 

changes, oxygen radicals, disinfectants, and antibiotics better than 

planktonic organisms (Jefferson, 2004). In this study, the rebuilt pellets 

were utilized as bio-carriers to form the biofilm in the bioreactor system. 

The bioreactor was made up of support material and attached growth 

biomass. Figure 2-2 showed the biofilm systems were complicated as a 

result of a combination of factors, such as bacterial growth, substrate 

consumption, attachment, external-internal mass transfer of substrate and 

products, cell death, shear loss (biofilm loss because of erosion), 
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sloughing (fragments disrupting from the film), structure of the support 

material, competition between bacterial species, and effects of predators 

(Wijffels and Tramper, 1995). 

The biofilm formation processes included as follows: 

(1) Microbial attachment: Microorganisms in the bulk liquid were 

attached onto the surface of support material (bio-carriers).  

(2) Substrate adsorption: Substrate adsorbed into the support 

material. 

(3) Attached growth biomass: Substrate utilized with the attached 

growth biomass. The thickness of biofilm can be increased 

and become matured gradually. 

(4) Biofilm detachment: When the biofilm become matured for a 

long time, the biofilm was peeled out owing to the inner 

starvation zone formed.  
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Figure 2-2 Schematic presentation of the formation of a biofilm (Wijffels 

and Tramper, 1995). 

 

The immobilized system compared with traditional activated sludge 

system had main advantages as follows (Chiu et al., 2007; Daniel et al., 

2009): 

1. Without the need for external carbon source dosage. 

2. Has a higher load capacity. 

3. Lower sensitivity to toxicity effects, as well as to other adverse 

environmental conditions. 

4. Reduce operating costs and expenses. 

5. Elimination of long sludge-settling periods.  
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2.3.2 Biofilm system 

Biofilm system was the common biological process for the polluted 

water treatment. Conventional biofilm treatment always used plastic 

carriers, which were only for biofilm support (Feng et al., 2015). But in 

this study that used rebuilt WAS pellet for providing biofilm support and 

inorganic matters. The biofilm could bear a great potential for the 

simultaneous removal of organic matters and nutrients, such as nitrogen 

and phosphate in the biofilm system (Duan et al., 2013). Figure 2-3 

showed the biofilm was aerobic on the surface, anoxic zone was in the 

middle and anaerobic zone was at the point of attachment to the pellet. 

The concentration gradients of dissolved oxygen (DO) and organic 

matters were similar, being highest at the external surface of the biofilm 

and lowest at the surface of pellet (Semmens et al., 2003). The diffusion 

reaction theory indicated that the growth rate of biofilm was dependent 

on substrate loading rate applied to the biofilm system. Hence, the 

substrate loading rate might represent the capability of biofilm growth, 

and could be regarded as the growth force of biofilm culture (Liu et al., 

2003). 

 

Figure 2-3 Substances transportation in the biofilm for SND in SBBR 
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(Zhu et al., 2007). 

2.4 Biological nutrient removal (BNR) 

Biological nutrient removal (BNR) involved transformations and 

removal of inorganic nitrogen (ammonium and nitrogen oxide) by 

biomass synthesis and sludge wasting, and nitrification (ammonium 

oxidation to nitrite and nitrate) and denitrification of nitrate and/or nitrite 

to nitrogen gas (Czerwionka et al., 2012). In a traditional BNR activated 

sludge system, mixed fill was comparable to the anoxic zone that was 

used for denitrification. Anaerobic conditions could also be achieved 

during the mixed fill phase. After the micro-organisms used the nitrate 

nitrogen, sulfate became the electron acceptor. Anaerobic conditions were 

characterized by the lack of oxygen and sulfate as the electron acceptor. 

2.4.1 Nitrification 

Nitrification is a two-step sequencing biological oxidation process 

(2-1). The nitritation that ammonium (NH4
+
) oxidation to nitrite (NO2

-
) 

(2-2) is the limiting step carried out by ammonium oxidizing bacteria 

(AOB), while the nitration that nitrite is oxidized to nitrate (NO3
-
) (2-3). 

rapidly by nitrite oxidizing bacteria (NOB), in the presence of molecular 

oxygen (Henze et al., 2008). 

𝑁𝐻4
+
𝐴𝑂𝐵
→  𝑁𝑂2

−
𝑁𝑂𝐵
→  𝑁𝑂3

−          (2-1) 

The complete nitrification reaction showed as (2-2), (2-3) and (2-4). 

𝑁𝐻4
+ +

3

2
𝑂2 → 𝑁𝑂2

− + 2𝐻+ +𝐻2𝑂       (2-2) 

2𝑁𝑂2
− + 𝑂2 → 2𝑁𝑂3

−          (2-3) 

𝑁𝐻4
+ + 2𝑂2 → 𝑁𝑂3

− + 2𝐻+ +𝐻2𝑂       (2-4) 
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Oxygen was required as electron accepter and under aerobic 

condition with the autotrophic bacteria, such as Nitrosomonas and 

Nitrobacter in the nitrification reaction (Siripong and Rittmann, 2007). 

Some factors affected the nitrification reaction, i.e., pH, DO and 

temperature. When nitrification proceeded, the alkalinity was consumed 

by hydrogen ion released and caused the pH to reduce. The optimal pH 

values were between 7 and 8.5 (Guo et al., 2009). Another important 

issue was aeration, which must be adjusted to provide enough DO for 

nitrification (3.16 g O2/ g NH4
+
) but avoiding unnecessary energy 

consumption. Besides, the sludge retention time (SRT) was one of the key 

parameters for nitrification because autotrophic nitrifying bacteria grow 

slowly compared with heterotrophic microorganisms and must be 

maintained in the system to obtain high nitrification efficiencies 

(Ruscalleda Beylier et al., 2011). 

2.4.2 Denitrification 

Denitrification converted nitrate (NO3
-
) and nitrite (NO2

-
) to nitrogen 

gas. However, nitrate existed in drinking water or groundwater would 

cause public health problems, such as the Blue Baby Syndrome in infants, 

where nitrate bound with hemoglobin, was one of the best-known and 

most serious threats (Fan and Steinberg, 1996). 

The denitrifiers bacteria needed organic matters and carry out 

denitrification process under anoxic environment in the traditional 

denitrification. Denitrifier bacteria would utilize nitrite and nitrate instead 

of oxygen as terminal electron acceptors. Besides, the organic carbon 

played the role of electron donors in the meantime. Therefore, the 

availability of organic carbon was one of the most important factors 

influencing denitrification. If organic carbon did not be enough for 
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electron donors, the denitrification would be inhibited. The denitrification 

reaction was following (2-5): 

𝑁𝑂3
− → 𝑁𝑂2

− → 𝑁2𝑂 → 𝑁2         (2-5) 

2.4.3 Nitritation/denitritation 

In recent years, novel biological systems have been developed which 

were different from convention biological nitrification/ denitrification. 

These systems performed partial nitrification (nitritation) which 

converted ammonium to nitrite and stopped at this stage, followed 

directly by reduction to nitrogen gas (denitritation) in anoxic condition 

(Queiroz et al., 2011). Nitritation/ denitritation were an economy of total 

energy consumption which saved 25% of oxygen demand, in comparison 

with the complete nitrification (2-2) and (2-4). Besides, the denitritation 

reduced the 40% reduction of organic matters demand, in comparison 

with denitrification (Jenicek et al., 2004; Queiroz et al., 2011). The 

denitritation and denitrification reaction were following (2-6) and (2-7), 

respectively: 

2𝑁𝑂2
− + 6𝐻+ + 6𝑒− → 2𝑂𝐻− +𝑁2 + 2𝐻2𝑂     (2-6) 

2𝑁𝑂2
− + 10𝐻+ + 10𝑒− → 2𝑂𝐻− +𝑁2 + 4𝐻2𝑂    (2-7) 

The key to achieve nitritation/ denitritation that ammonium 

oxidation bacteria (AOB) must to become the dominant nitrifying 

bacteria while nitrite oxidation bacteria (NOB) need to be inhibited 

(Regmi et al., 2014). Furthermore, the other factors affecting nitritation 

which included temperature (above 25 - 35℃), concentration of free 

ammonia (FA) and free nitrous acid (FNA), low dissolved oxygen (DO) 

concentration and pH (Zeng et al., 2010). 
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2.4.4 Simultaneous nitrification and denitrification (SND) 

As mentioned previously, the nitrification and the denitrification 

processes were usually carried out separately in aerobic and anoxic 

compartments, respectively. In the last decade, the nitrogen loss and 

simultaneous nitrification and denitrification (SND) in step feeding 

process were reported by Zhu et al. (2005). Many studies have revealed 

that nitrification and denitrification can also occur concurrently in the 

same reactor. This phenomenon is called SND. 

SND eliminated the need for a separate denitrification tank and 

mixed liquor recycle (Zhu et al., 2007). The SND process divided into 

two categories; pure-culture and mixed-culture systems. Pure-culture 

system implied the SND reactor had only one bacterium which could 

achieve nitrification and denitrification consecutively. Some bacteria 

could accomplish this process such as Nitrosomonas europaea and 

Paracoccus denitrificans (Stuven and Bock, 2001). However, the 

pure-culture had a good performance of the nitrogen removal, but 

pure-culture was strictly limited to apply to the small-scale and was 

difficult to apply in the field. Hence, the mixed-culture system was 

concentrated on improving the field SND treatment process. 

The biodegradable organic matter availability in the deep biofilm 

regions and the DO concentration gradients were the two main 

parameters affecting SND performance. The DO limitation was 0.5 to 1.5 

mg/L for SND (Chiu et al., 2007). Due to the rate of nitrification was 

much faster than that of denitrification, so a balance controlled reaction 

system will insure the consecutively processes work smoothly. If DO 

concentration was too low that could decrease nitrification reaction rate 

and furthermore inhibit the denitrification process. SND was more cost 
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effective with respect to the conventional process in separate aerobic and 

anoxic tanks because the C-source consumption was 22–40% lower and 

the sludge yield was reduced by 30% (Sun et al., 2010). The optimal C/N 

ratio for SND was calculated at 11.1, where the nitrification and 

denitrification reactions were in balance (Chiu et al., 2007). Nitrification 

in SND could consume 8.64 g CaCO3/ g NH4
+
-N alkalinity in the reactor; 

while the denitrification reaction would produce 3.6 g CaCO3/ g NO3
-
-N 

alkalinity and maintain pH in the solution. Due to the alkalinity demand 

for nitrification was partially compensated for by the inorganic carbon 

released during denitrification, and the dependence on a pH control was 

reduced (Ruscalleda Beylier et al., 2011). 

2.4.5 Nitrifier denitrification 

In nitrifier denitrification, the oxidation ammonium to nitrite was 

directly followed by the reduction of nitrite to nitrous oxide and nitrogen 

gas. The pathway of conventional nitrification/ denitrification and 

nitrifier denitrification reaction was followed Figure 2-4. Nitrifier 

denitrification contrasted with nitrification-denitrification, where different 

groups of coexisting microorganisms could together transform 

ammonium to finally nitrogen gas (Wrage et al., 2001). 

 

Figure 2-4 Pathways of conventional nitrification/ denitrification and 

nitrifier denitrification via nitrite (Wrage et al., 2001).  

NH4
+ NH2OH
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NO2
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2.4.6 Anaerobic ammonium oxidizing (Anammox) 

The anaerobic ammonium oxidizing (Anammox) bacteria was a 

chemical autotrophic utilized inorganic carbon as carbon source which 

reduce operating costs compared with traditional nitrification and 

denitrification. Anammox was capable of ammonium oxidation with 

nitrite as terminal electron acceptor (Ma et al., 2015). In the anammox 

process, about half of the ammonium oxidized to nitrite (nitritation) with 

nitrogen removal rates in the range 0.50-7.1 kg N/m
3
/d (Joss et al., 2009; 

Kampschreur et al., 2009) that had noticeable reductions in oxygen 

consumption and to an increase in biogas production (Siegrist et al., 

2008). However, Anammox bacteria Anammox bacteria had a slow 

growth rate was approximately 10-14 d and a high sensitivity to changing 

environmental conditions, which made them extremely difficult to 

cultivate (Ni and Meng, 2011). That caused application of the Anammox 

process had been restricted by the growth characteristics of the Anammox 

bacteria (Jin et al., 2012a). 

2.5 Sequencing batch biofilm reactor (SBBR) 

The sequencing batch reactor (SBR) was a fill-and-draw activated 

sludge system for wastewater treatment. In an SBR system, wastewater 

was added to a single batch reactor, treated to remove undesirable 

components, and then discharged. SBR systems have been successfully 

used to treat both municipal and industrial wastewater. The sequencing 

series for treatment consists of the following process stages: fill, react, 

settle, decant and idle (Figure 2-5).  
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The sequencing batch biofilm reactor (SBBR) was packed with 

carriers covered with biofilm and operated based on a SBR. Few reports 

have been found on the SND when real wastewater used in the SBBR 

(Jun et al., 2007). Besides, the SBBR system had attracted a great deal of 

attention due to its ability to take advantages of both a biofilm reactor and 

a SBR. 

 

 

Figure 2-5 Typical sequencing batch reactor operation (Boopathy et al., 

2007).  
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The SBBR systems showed improved biomass concentration in 

reactors with corresponding higher specific removal efficiencies, greater 

volumetric loads, increased process stability toward shock loadings and 

are capable of covering small areas (Ding et al., 2011). 

Table 2-3 showed the comparison treatment performance by using 

the SBR and the SBBR systems from other literatures. There were 

different kinds of wastewater treated by using SBR and SBBR systems to 

provide a satisfactory effluent water quality. 

Table 2-3 Comparison the treatment performance by using SBR and 

SBBR systems from other literatures. 

Reactor 
Wastewater 

source 

Removal efficiency (%) 
Reference 

COD NH4
+
-N TP 

SBBR 

Municipal 97.6 94.4 97.2 Jin et al. (2012b) 

Swine 98.2 95.7 96.2 Hai et al. (2015) 

Domestic 96.0 99.0 100 Ding et al. (2011) 

Domestic 95.0 94.0 97.0 Yin et al. (2015) 

SBR 

Synthetic 86.0 83.0 92.0 Tsuneda et al. (2006) 

Swine 82.0 100 20.1 Won and Ra (2011) 

Municipal 93.5 88.3 97.5 Ghehi et al. (2014) 

Municipal 94.0 93.0 79.0 Bagheri et al. (2015) 
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2.6 Nernst equation 

Nitrification and denitrification in the biological nitrogen removal 

process which was an oxidation-reduction reactions during which 

electron were transferred from the reducing agent to oxidizing agent until 

the reaction reaches equilibrium. The electrochemical potential between 

the reducing and the oxidizing agents was known as the 

oxidation-reduction potential (ORP), which measured the net potential of 

the system (Weissenbacher et al., 2007). Recently, many wastewater 

treatments used real-time control to monitor the water quality that not 

only improved effluent quality but also decreased excessive energy 

consumption. Therefore, many literatures pointed out that used the 

measured on-line ORP could provide better control of the reaction in the 

bioreactor (Ga and Ra, 2009; Won and Ra, 2011). The measured ORP 

value in biological system was correlated to the concentration changing 

of the reductive and the oxidative species represented in a Nernst 

equation (Chiang et al., 2006). The general Nernst equation was shown in 

(2-8): 

𝐸 = 𝐸0 + (
𝑅𝑇

𝑛𝐹
) 𝑙𝑛⁡(

[𝑂𝑥𝑖]

[𝑅𝑒𝑑]
)         (2-8) 

where: 

E = ORP (mV) 

E
0
 = standard ORP for the given oxidation-reduction process (mV) 

R= gas constant (8.314 J mol
-1

K
-1

) 

T= absolute temperature (K) 

N= number of electrons transferred in the reaction 

F= Faraday constant (96,500 C mol
-1

) 
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[Oxi] = Concentration of oxidizing agent 

[Red] = Concentration of reducing agent 

Chang et al. (2004) used on-line measured data (e.g. ORP) and 

nitrogen compounds (e.g. ammonium, nitrite and nitrate) in the reactor to 

substitute terms in Nernst Equation. Deduced Nernst equation could be 

used to comprehend the nitrification and denitrificaion conditions in 

reactor. ORP value of any degree conversion of reactants to products in 

reactor can be precisely calculated (appendix 1). Therefore, on-line 

control strategy could effectively utilize in the bioreactor system. 

2.7 Response surface methodology (RSM) 

In statistics, response surface methodology (RSM) explored the 

relationships between several explanatory variables and one or more 

response variables. The main idea of RSM was to use a sequence of 

designed experiments to obtain an optimal response. This model was only 

an approximation, but used it because such a model was simple to 

calculate and apply, even when little was known about the process. 

MINITAB
®
 14 was statistical software used to analysis the optimal 

analysis of operation factors (Gunawan et al., 2005). Chose the major 

factors and after the test, a response surface and contour plot was 

obtained which would display the optimal operation zone for the 

following study. 

In order to correlate the dependent variables and independent 

variables with the minimum possible number of experiments, a central 

composite design for two factors has been used. The total number of 

experiments (N) required for two independent variables was determined 

by (2-9). 
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N = 2𝐾 + 2𝐾 + 𝑛𝑐           (2-9) 

Where K represents the number of independent variables, in the 

present study, K=2 and nc was the center point. The data were analyzed 

using MINITAB
®
 14 statistical software. Three replications of center 

point were selected for center composition design and totally, 11 

experiments were predicted by the software. 
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Chapter 3 Material and Methods 

3.1 Experimental design and flow chart 

In this study, frameworks had been built for 4 parts (Figure 3-1). 

First part A, after materials collection had been carried out which carrier 

was made for applicable SBBR systems and test the basic characteristic. 

Second part B, the carriers in different ratio of volume for each system 

was attached by biofilm in process of culturing sludge. Influent loading 

had three phases from low level to high level. Third part C, influent and 

effluent of water qualities were analyzed every day and assessed the 

efficiency of SND. And then, microbial on the biofilm would be analyzed 

so as to realize the population. The last part D was to utilize Nernst 

equation to build the model which was applied on-line monitored. 
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Figure 3-1 Flow chart of this study.  
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3.2 Biofilm carrier produced from WAS 

3.2.1 Source and characteristic of WAS 

The WAS was collected from Futian water resource recycling center 

of Taichung City which treated 55,000 CMD domestic wastewater from 

downtown Taichung City and produced 327 tons sludge cake daily. The 

wasted sludge was collected from digester, which contained 80% of 

moisture. The WAS was dried at 105℃ for two days before sintering. 

The ash content of WAS was measured after baking sludge under 800℃ 

for three hours (NIEA R205.01C). The formula of the moisture, ash and 

flammable contents in WAS were shown in (3-1), (3-2) and (3-3). 

M (%) = (W1-W2) / W1 × 100%        (3-1) 

A (%) = W3 / W1 × 100%         (3-2) 

F (%) = 100% - M - A          (3-3) 

where: 

M : Moisture content 

A : Ash content 

F : Flammable content 

W1 : weight of sample before dried in the oven (25℃) 

W2 : weight of sample dried at 105℃ 

W3 : weight of sample burned at 800℃ 
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3.2.2 Toxicity characteristics leaching procedure (TCLP) 

The WAS from the domestic wastewater plant may contain trace 

heavy metals. Therefore, WAS would be free from toxicity as determined 

by using the leaching test before rebuilt pellets. Five toxic heavy metals 

(Cu, Pb, Cr, Zn and Cd) were analyzed and all were found below the 

restriction (NIEA R201.14C). 

Table 3-1 The Regulation of heavy metal concentration of leaching. 

Element Regulation of TCLP from heavy metal (mg/L)
 

Cu 15 

Pb 5 

Cr 5 

Zn 25 

Cd 1 
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3.2.3 The procedure of manufacture the WAS pellets 

The process of rebuilding the WAS to the biofilm carrier which 

mixed the WAS, laterite and chemical additive (iron (III) oxide). The 

three raw materials were mixed after drying at 105℃ in oven for three 

days. The laterite helped the WAS to shape into pellet and the chemical 

additive generated foam agent to increase the hardness. The tiny powder 

could enhance the structure strength of pellet after sintering.  

The mix formula of WAS and laterite were designed by MINITAB
®
. 

Application RSM tested every design proportion then tried error found 

out the optimal formula. First, the pellets had to air-dry and then to bake 

after air-drying. Finally, the pellets were baked in a programmable 

furnace under the temperature raised from 200℃ to the final temperature 

of 1000℃ thereafter. The total time of sintering was 6.6 hours (400 min). 

After sintering, those pellets cooled down to the room temperature (25℃). 

The method of manufacture of the pellet was shown in Figure 3-2.  
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Figure 3-2 Flowchart preparation of pellet and analyze basic 

characteristic items.  
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3.3 The basic characteristics analysis of pellet 

3.3.1 Water absorption 

In physical characteristics of the porous pellet, the water absorption 

was measured by the reference density measurement (Cheesemnan et al., 

2003). The water absorption testing was following the Chinese National 

Standard (CNS-487). The sample was immersed in 23℃ water for 24 

hours, and then removed out the water. The surface water of sample was 

wiped and measured the sample weight that was the weight of water 

saturation sample. The equation of water absorption was shown in  

(3-4). 

Water absorption (%) =（Ws-Wd）/ Wd × 100 %    (3-4) 

where: 

Ws : the weight of saturation water sample (g) 

Wd : the weight of dry sample (g) 

3.3.2 The particle size analysis 

The laser particle size analyzer (LS), BECKMAN COULTER LS230 

(USA) in Cheng Kung University, according to ISO 13320 provided 

guidance on instrument qualification and size distribution measurement 

of particles in many two-phase systems e.g. powders, sprays, aerosols, 

suspensions, through the analysis of their light-scattering properties.  

It did not address the specific requirements of particle size 

measurement of specific materials. The laser particle size analyzer was 

applicable to range of particle sizes from approximately 0.04 µm to 2 mm 

(appendix 2).  



 

33 

 

3.3.3 Compressive strength 

Strength of various materials was measured by the compressive 

strength, which tested method was adopted by Chinese National Standard 

(CNS1010 R3032). The sample was prepared to make into a 3cm x 3cm 

cube and tested the value of uniaxial compressive stress in Chinese 

Inspection Technology Co., Ltd. 

3.3.4 Bulk density 

Archimedes principle indicated that the upward buoyant force that 

was exerted on a body immersed in a fluid, whether fully or partially 

submerged, was equal to the weight of the fluid that the body displaces. 

According to the Archimedes principle, obtained the sample volume, and 

the weight of sample divided by volume of sample equaled bulk density. 

The equation of bulk density was shown in (3-5) and (3-6). 

Volume: Vs (cm
3
) = Vw – (Wb – Wa)/ ρw      (3-5) 

Bulk density: ρs (g．cm
-3

) = Ws/ Vs       (3-6) 

Where:  

Ws: Weight of dry sample, (g) 

Wa: Weight of graduated cylinder + Ws, (g) 

Wb: Weight of quantitatively to the 100 ml water + Wa, (g) 

Vw: Volume of quantitatively water, (cm
3
) 

Vs: Volume of quantitatively sample (cm
3
) 

ρw: Density of water (g．cm
-3

) 

ρs : Density of sample (g．cm
-3

)  
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3.3.5 Scanning Electron Microscope (SEM) 

Scanning Electron Microscope (SEM) analysis which was a type of 

electron microscope, it imaged the sample surface by scanning it with a 

high-energy beam of electrons in a raster scan pattern. The electrons 

interacted with the atoms that made up the sample produced signals that 

contained information about the surface topography of sample. SEM and 

Energy Dispersive Spectrometer (EDS), JEOL JSM-7000F (Japan) in 

Tunghai University, was used to observe the micro morphologies and 

structure of original sample. 

3.3.6 B.E.T analysis 

Brunauer–Emmett–Teller (BET) theory explained the physical 

adsorption of gas molecules on a solid surface and serves as the basis for 

an important analysis technique for the measurement of the specific 

surface area of a material. The BET analysis used BECKMAN 

COULTER SA3100 (USA) in National Cheng Kung University. 

According to ISO 9277 specifies the determination of the overall specific 

external and internal surface area of disperse (e.g. nano-powders) or 

porous solids by measuring the amount of physically adsorbed gas 

according to the Brunauer, Emmett and Teller (BET) method. 

3.3.7 Specific external surface area 

It was a derived scientific value that can be used to determine the 

type and properties of a material. as was the counting-weighing method. 

Hence, the representative sample of dry particles was counted after the 

weighing. Using the particle density, the volume of the average spheres 

had the same volume, dv, was calculated. Specific external surface area of 

the pellets was measured by the Sustainable Environment Research 
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Center of National Cheng Kung University. The specific external surface 

area was related to dv by this expression (3-7): 

𝑎𝑠 =
𝛿

𝜌𝑝𝑑𝑣
             (3-7) 

where: 

as: specific external surface area, (m
2
/g) 

ρp: particle density, (g/cm
3
) 

δ: particle area (m
2
) 

dv: equivalent diameter from the same volume, (cm
3
). 
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3.4 The sequencing batch biofilm reactor (SBBR) system 

3.4.1 Experiment set-up 

This study used the type specification of experiment setup shown in 

Table 3-2, which includes the basic setup of bioreactor, real-time monitor 

probes and computerized monitoring system. Figure 3-3 showed two 

pilot-scale SBBRs with 40% and 60% filling ratios (v/v) of pellets in the 

reactor to conduct SND reaction. 

The rectangular biological reactor with effective volume of 25 L was 

made by acrylic sheets with the height of 45.0 cm, the internal width and 

length of 25.0 cm and 25.0 cm, respectively. The working volume was 

20L. 

Table 3-2 Specification of experiment setups. 

Item Working range Manufacture 

Biological 

reactor 

45×25×25 cm 

The working volume was 20 L 

Made by acrylic fiber 

glass 

Mixer Operated at 150 rpm Oriental Motor, Japan 

Aeration 

pump 

Maximum air flow rate is 12 

L/min 

Serial No. 1030114, 

Medo Co., Japan 

pH 0 - 14 
SUNTEX PC-310, 

Taiwan, R.O.C 

ORP -1999 - 1999 mV 
SUNTEX PC-310, 

Taiwan, R.O.C. 

DO 0.00 - 60.00 mg/L SUNTEX DC-5100 

LabVIEW - LabVIEW 5.1 
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Figure 3-3 Schematic diagram of the SBBR system with 40% (A) and 

60% (B) ratios of pellets in the reactor. Both reactors were connected 

with on-line DO, pH and ORP sensor to a Lab VIEW
®
 system in a 

personal computer to maintain the operational parameters.  
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The real-time monitor of pH meter (SUNTEX PC-310, Taiwan, 

R.O.C.) was adjusted by using the pH 4.0 and pH 7.0 standard solutions, 

ORP meter (SUNTEX PC-310, Taiwan, R.O.C.) was adjusted by using 

the 220 mV standard solutions, DO meter (SUNTEX DC-5100, Taiwan, 

R.O.C.) was adjusted by using internal aero-correction process. The Lab 

VIEW
®
 software was used for computerized real-time monitory of the 

process, which included monitor software and AD/DA card. The whole 

system was set up in a temperature controlled room (25±2℃). 

3.4.2 Operation of SBBR 

This study conducted the nitrification and denitrification reactions 

by adjusting different levels of airflow in the systems. Nitrogen removal 

could be observed, however, where DO concentrations were relatively 

low (i.e. 1.5 mg/L) (de Silva et al., 1998; Nagaoka, 1999; Holakoo et al., 

2007). In order to achieve the SND reaction, the airflow was controlled 

under low level of DO, i.e., aerated case with 1.0L/min air flow with DO 

ranging from 0.8-1.5 mg/L (Phase I) and the mixed liquor in the reactor 

was stirred at 150 rpm. But air flow was changed with 0.5L/min at phase 

II and III. The SBBR systems were operated with a 12 hours cycle in a 

temperature controlled room. The operation periods of each cycle in 

SBBR systems were shown in Figure 3-4. The hydraulic retention times 

(HRT) of two SBBRs were 12 hours. 

In the cyclical operation stages of cultured the sludge was showed in 

Figure 3-4 (a). In the first stage, the biomass was incubated in the system 

that the reactors only mixed without aerated (1 hour). In the second stage, 

the reactors mixed and aerated (4 hours), and then in the third stage, the 

reactors only mixed (5 hours). Finally, in the fourth stage, the reactors 

were settling (1 hour) then the supernatant was drawn (1 hour). After 

cultured the sludge, the cyclical operation stages was switching to only 
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mixed and aeration without the anoxic stage showed in Figure 3-4 (b). 

(a) The cyclical operations stage of cultured the sludge in the system. 

(b) The cyclical operation stage of SND process in the system. 

Figure 3-4 Operation cycle in (a) the operation stage of cultured sludge (b) 

the operation stage of SND process. 

3.4.3 Composition of the synthetic wastewater 

The synthetic wastewater contained carbon source (glucose), 

nitrogen source (urea), phosphate buffer (KH2PO4) and trace nutrients. 

The general nutrients included acetic acid, glucose, urea, ammonium 

chloride and phosphate. The organic and inorganic nitrogen in the 

synthetic wastewater were urea and ammonium chloride. The milk 

powder in the formula contained protein, lactose, mineral and fat. The 

formula of the stock synthetic wastewater was shown in Table 3-3. The 

stock synthetic wastewater was stored at 4℃ which avoided degradation. 

The concentrations of three phase influent synthetic wastewater were 

shown in Table 3-4. The high nutrient contented synthetic wastewater 

with the average COD: NH4
+
-N: PO4

3-
-P ratio (100: 12.7: 2.2) was used 

in this study.  

Stage: 

Time: 

Mix 

1 hr 

Mix and aerate 

4 hr 

Anoxic 

5 hr 

Settle 

1 hr 1 hr 

Draw 

Stage: 

Time: 

Mix 

1 hr 9 hr 

Aerobic (mix and aeration) Settle 

1 hr 1 hr 

Draw 
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Table 3-3 Composition of stock synthetic wastewater in this study
1
.  

Content Doses (in 3 L distilled water) 

KH2PO4 20 g 

Glucose 18 g 

Urea 60 g 

NH4Cl 125 g 

FeCl3 (10%) 2 mL 

CH3COOH (99.8%) 58 mL 

NaHCO3 256 g 

Peptone 9 g 

Milk powder 272 g 
1
: (Su, 2008; Huang, 2010; Wu, 2012) 

 

Table 3-4 Concentrations of three phase influent synthetic wastewater. 

Components 
Concentration (mg/L) 

Phase I Phase II Phase III 

COD 455±17.1 653±15.7 852±12.4 

NH4
+
-N 55±7.4 76±3.4 103±3.7 

NOx-N N. D N. D N. D 

PO4
3-

-P 10±0.7 13±1.7 19±1.7 

COD: NH4
+
-N: PO4

3-
-P 100: 13.6: 2.1 100: 12.1: 2.2 100: 12.4: 2.2 

N. D: Not detected 
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3.5 Analytical methods 

3.5.1 Water quality analysis 

The analysis of method in this study was listed in Table 3-5. The 

concentration of COD, NH4
+
-N, and MLSS in the mixed liquor was 

analyzed according to the Standard Methods for the Examination of 

Water and Wastewater 21st Edition. NO2
-
, PO4

3-
-P and NO3

-
 

concentrations were analysed by using ion chromatography (IC) (883 

Basic IC plus, Metrohm, Switzerland). All samples were pre- filtered 

with 0.45μm glass fiber membrane before analyzing. Hydroxylamine 

(NH2OH) was determined by calorimetrical method (Peng, 2002), which 

was shown in Figure 3-5. 2 mL sample was filtered with 0.45 μm 

membrane, and then 1 ml of 1% alcoholic 8-hydroxyquinolin (Alfa Aesar, 

USA) and 1 ml of 2N Na2CO3 (Merk, Germany) were added. After 

mixing, sample reaction was placed in room temperature for 2 hrs. The 

resulting indoxine of indigo was measured with a spectrophotometer 

(U-2000, HITACHI, Japan) at wavelength of 705 nm. The hydroxylamine 

standard solution was prepared by dissolving hydroxylamine powder 

(Alfa Aesar, USA) in deionized water, ranging from 0.0 to 1.0 mg/L of 

hydroxylamine and a standard curve was obtained by using the above 

method with a linear regression R
2＞0.995.  
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Sample mix solution

Sample analysis

 Sample

 1% alcoholic 8-hydroxyquinolin

 2N Na2CO3

Sample filtration

Calibration curve of 

NH2OH

Dose curve reach

 R
2
≥0.995 ?Yes

No

 

Figure 3-5 Flow chart of the NH2OH analysis (Peng, 2002).  

Table 3-5 Analytical methods and instruments used in this study. 

Item The Analysis Method and Instrument 

COD Methods 5220B
1 

NH4
+
-N Methods 4500F

1 

NO2
-
-N Ion Chromatography, IC 

NO3
-
-N Ion Chromatography, IC 

PO4
3-

-P Ion Chromatography, IC 

NH2OH Peng, 2002 

pH pH meter, Method 4500-H-B
1
 (SUNTEX PC-310) 

ORP ORP meter, Method 2580 B
1
(SUNTEX PC-310) 

DO DO meter, Method 4500-O-G
1
 (SUNTEX DC-5100) 

Temp Temperature meter, NIEA W217.50A 

MLSS Methods 2540D
1 

1
: Standard Methods for the Examination of Water and Wastewater 21

st
 Edition 

(APHA, 2005) 
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3.6 Molecular community analysis of biofilm 

3.6.1 Chromosomal deoxyribonucleic acid (DNA) extraction 

Samples were collected from different reactor (40% and 60% 

carriers) in phase III during aerobic stage. The soil DNA isolation kit (Mo 

Bio method) was used to performed DNA extraction. The steps express as 

follow: 

1. Provide the 2 ml Bead Solution tubes, add 0.25 – 1 gm of soil 

sample. 

2. Gently vortex to mix. 

3. Check Solution S1. If Solution is precipitated, heat solution to 

60℃ until dissolved before use. 

4. Add 60 µl of Solution S1and invert several times or vortex 

briefly. 

5. Add 200 µl of Solution IRS (Inhibitor Removal Solution). 

6. Secure bead tubes horizontally using the Mo Bio Vortex 

Adapter tube holder for the vortex. Vortex at maximum speed 

for 10 minutes. 

7. Make sure the 2 ml tubes rotate freely in your centrifuge 

without rubbing. Centrifuge tubes at 10,000 × g for 30 seconds. 

8. Transfer the supernatant to a clean microcentrfuge tube 

(provided). 

9. Add 250 µl of Solution S2 and vortex for 5 sec. Incubate 4℃ 

for 5 min. 

10. Centrifuge the tubes for 1 minute at 10,000 × g. 
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11. Avoiding the pellet, transfer entire volume of supernatant to a 

clean microcentrifuge tube (provided). 

12. Add 1.3 ml of Solution S3 to the supernatant (careful, volume 

touches rim of tube) and vortex for 5 seconds. 

13. Load approximately 700 µl onto a spin filter and centrifuge at 

10,000 × g for 1 minute. Discard the flow through, add the 

remaining supernatant to the spin filter, and centrifuge at 10,000 

× g for 1 minute. Repeat until all supernatant has passed 

through the spin filter. 

14. Add 300 µl of Solution S4 and centrifuge for 30 seconds at 

10,000 × g.  

15. Discard the flow through. 

16. Centrifuge again for 1 minute. 

17. Carefully place spin filter in a new clean tube (provided). Avoid 

splashing any Solution S4 onto the spin filter. 

18. Add 50 µl of Solution S5 the center of the white filter 

membrane. 

19. Centrifuge for 30 seconds. 

20. Discard the spin filter. DNA in the tube is now application ready. 

No further steps are required. We recommend storing DNA 

frozen (-20℃). Solution S5 contains no EDTA.
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3.6.2 DNA concentration and purity analysis 

After DNA extraction, using a DNA calculator (GeneQuant II, USA) 

set to scan at 260, and 280 nm, was used to quantify DNA based on 

absorbance at these wavelengths (Warburg and Christian, 1942). 

Absorption at UV260 nm measured the concentration of double stranded 

DNA, while absorption at 280 nm measured concentration of protein. 

DNA concentration was 50 µg/mL when absorbance was 1 at wavelength 

of 260nm. The ratio of A260/A280 could be used to illustrate the DNA 

purity in the solution. In general, the better purity ratio ranged from 1.8 to 

2.0. When ratio of A260/A280 was too small that represented ethanol or 

organic solvents might not be completely removed, on the contrary 

represented the proteins were not completely removed. Therefore the 

sample should be extraction and purification again. 

3.6.3 Agarose Gel Electrophoresis 

Agarose gel electrophoresis was a method of gel electrophoresis 

used in biochemistry, molecular biology, and clinical chemistry to 

separate a mixed population of DNA or proteins in a matrix of agarose. 

According to different length of DNA used different concentration of 

agarose gel (Table 3-6) had a best separation for DNA (Chong, 2001). 

Used 1% Tris-Acetate-EDTA (TAE) buffer to prepare 1.5% agarose gel 

(w/v) and heated in the microwave oven until agarose completely 

dissolved. After agarose dissolved, poured the agarose in the horizontal 

gel electrophoresis system. When agarose cooling to room temperature, 

DNA samples and DNA marker mixed ratio with 6x loading dye were 5:1 

(v/v). Followed the previous step, slowly loaded the samples mixture and 

standard molecular weight marker into well of agarose gel. Closed the lid 

of gel electrophoresis tank and attached the electrical led so that the DNA 
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would migrate toward the positive anode. Apply a voltage of 100V for 20 

minutes. After gel electrical that put the gel in the 0.5 µg/mL of ethidium 

bromide (EtBr) solution to stain for 10 minutes. The stained gel was 

finally visualized under UV light (Vilber Lourmat) to take photograph of 

gel. 

Table 3-6 Agarose gel percentage and efficient range of DNA separation. 

Gel concentration (%) DNA size (kbps) 

0.5 0.8 - 25 

0.8 0.5 – 15 

1.0 0.3 – 12 

1.5 0.2 – 10 

2.0 0.1 - 2 

3.6.4 Polymerase Chain Reactor (PCR) 

Polymerase Chain Reactor (PCR) was used for amplified the 

identical of genomic DNA. The whole process was divided into three 

parts with denaturing, annealing and extension. In denaturing period, the 

double stranded DNA was separated into two single stranded and the 

heating temperature generally used at 94℃. Then primer were bound 

with the two short stretches of sequence, the region which utilized the 

characteristics of primers in annealing period with temperature ranged 

from 52℃ - 56℃. Expected to the higher species-specific, the selection 

of primers or genetic fingerprinting was shown significance (Fasoli et al., 

2003). Utilized the characteristics of primers, polymerase, 

deoxy-ribonucleoside triphosphate (dNTP) (components with dATP, 

dTTP, dGTP, and dCTP) and temperatures control could amplify the 

fragment in which we wanted to observe. Final part of PCR was 

extension usually heating at 72℃, where template was used to the bound 
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sequence (Pritchard et al., 2005). The PCR had advantages on maintain 

the completeness of microbial communities and without cloning previous 

separation, because of the PCR could also amplified the dead cells which 

could visually as species bands on the denaturing gradient gel 

electrophoresis (DGGE) gels (Cocolin et al., 2002). The nested-PCR 

technique was necessary to use for amplify the most variable regions of 

16S rDNA gene targeting V3-V5 region, because of the size limited of 

DNA fragments for DGGE (200 - 800 bp).  

The two primers used for nested PCR in this study were 27f/1522r 

(long fragment) and 341f/926r (short fragment). The sequence and target 

of two primers in this study were shown in Table 3-7. The chemical 

reagents and volumes for PCR reaction were shown in Table 3-8 and the 

heating programs of PCR were shown in Table 3-9. 
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Table 3-7 PCR primer used for amplification of bacterial 16S rDNA. 

Primer Target Sequence (5’-3’) Reference 

27f Universal AGAGTTTGATCCTGGCTCAG 
Edwards et al. 

(1989) 

1522r Universal AAGGAGGTGATCCAGCCGCA 
Edwards et al. 

(1989) 

341f Bacteria CCTACGGGAGGCAGCAG 
Hesham et al. 

(2011) 

341f-GC Bacteria 
GC clamp connected to the 5’ end 

of 341f 

Hesham et al. 

(2011) 

926r Universal CCGTCAATTCTTTGAGTTT 
Hesham et al. 

(2011) 

*GC clamp = 5’- CGC CCG CCG CGC GCG GCC GGG GCG GGG 

GCA CGG GGG G - 3’.  
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Table 3-8 Reagent and volume for PCR reaction. 

Reagent Volume (µl) Concentration 

Master Mix 7.5 2X 

Forward 2 10 µM 

Reverse 2 10 µM 

ddH2O 2 - 

Template 1.5 - 

 

Table 3-9 Heating program of PCR in this study. 

Primer Temperature Time Cycle numbers Reactions 

27F/1522R 

94℃ 4 min 1 Activation 

94℃ 1 min 30 Denaturation 

56℃ 1 min 30 Annealing 

72℃ 1 min 30 Extension 

72℃ 7 min 1 Final extension 

341F GC/926R 

94℃ 4 min 1 Activation 

94℃ 1 min 30 Denaturation 

52℃ 1 min 30 Annealing 

72℃ 1 min 30 Extension 

72℃ 7 min 1 Final extension 
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3.6.5 Denaturing Gradient Gel Electrophoresis (DGGE) 

One culture-independent method for studying the diversity of 

microbial communities is analysis of PCR products, generated with 

primers homologous to relatively conserved regions in the genome, by 

using denaturing gradient gel electrophoresis (DGGE) (Muyzer et al., 

1993; Muyzer and Smalla, 1998). Each kind of microbial community had 

difference base composition, especially the content of G and C. DGGE 

could separate similar fragment of DNA with difference GC content from 

lower to higher in proper order. Different fragment of base pair had the 

optimal performance with different gel percentage that the relationship 

was shown in Table 3-10. 

The matters needed attention and the method of casting parallel 

gradient gel with DGGE implements (DCode Universal Matation 

Detection System, Bio-Rad, USA) were depicted in the next following. 

Before cast parallel gradient gel the glass should wash with 70% ethanol 

and air-dried to avoid the inaccurate analysis. The implement of cast gel 

was constructed with two glasses and clips then put the spacer between 

the glass and the bottom should be sealed by tape to avoid gel leaked. 

According to previous experiment, the gradient range of denaturant was 

decided from 30% to 60%. The reagent and concentration of DGGE gel 

in this study was shown in Table 3.11. A gradient delivery system 

(Bio-Rad Model 475 Gradient Delivery System) was used to deliver gel 

mixture into the mold. After pouring the gel, put the comb in the mold 

carefully to avoid the bubble produced and sit for at least 60 minutes for 

gel coagulated. 1X TAE buffer was added to each well after withdrawing 

the comb .Due to the gel placed in the pre-heated electrophoresis tank 

that the temperature would make the urea released to obstruct DNA 

loading. Flushing each well with 1X TAE buffer again and loaded 
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approximately 25 µl of samples then ran the electrophoresis at 250V for 8 

hours at 60℃. After the electrophoresis, the gel was placed to stain in the 

0.5 µg/ml of EtBr solution for 15minutes and cleansed in the ultrapure 

water for 10minutes. The stained gel was finally visualized under UV 

light (Vilber Lourmat) to take photograph of gel. Due to the results of 

DGGE separation was not good so used the sterile scalpel to slice target 

bands and then employed QIAEX II Gel extraction kit (Qiagen, USA) to 

re-suspend the DNA and consequently were analyzed by molecular 

cloning. 

Table 3-10 Relationship between gel percentage and base pair separation. 

Gel percentage Base pair separation 

6% 300 - 1000 bp 

8% 200 - 400 bp 

10% 100 - 300 bp 

 

Table 3-11 Reagent of 6% polyacrylamide gel of DGGE in this study. 

Reagent 30% 50% Brand 

40% Acrylamide/Bis 15 ml 15 ml Bio-Rad 

50X TAE buffer 2 ml 2 ml Biokit 

Formamide (deionized) 2.4 ml 4 ml 
Showa 

Chemicals 

Urea 2.52 g 4.2 g Bio-Rad 

ddH2O To 20 ml To 20 ml - 

Ammonium persulfate (APS) 0.1% 0.1% Bio-Rad 

Tetramethylethylenediamine 

(TEMED) 
8 µl 8 µl Bio-Rad 
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3.6.6 Molecular cloning 

First of all used the primer (341F/926R) proceeded PCR reaction to 

amplify the samples of re-suspending DNA to increase amount of DNA. 

This study adopted the T&A
TM

 cloning kit to conduct next experiment. 

The plasmid DNA was T&A
TM

 (2728 bp) and competent cell was E. Coli 

DH5α in this study. Inserted the target fragment into vector (ligation) that 

incubated in the refrigerator at room temperature (25℃) for 20 minutes. 

Then inserted products of ligation plasmid DNA into E. Coli DH5α 

(transformation) and spread on Luria-Bertani (LB) medium which 

contained antibiotics (50 µg/mL Ampicillin) and blue and white screening 

reagent (40 µg/mL X-gal and 24 µg/mL IPTG) to incubate at 37℃ for 16 

hours. Every LB medium contained 50 µl of blue and white screening 

reagent (X-gal: IPTG= 1: 4). Protocol for ligation using T&A
TM

 cloning 

vector and LB medium preparation were shown in Table 3-12 and 

Table3-13, respectively. Due to the T&A
TM

 cloning vector included Amp
r
 

gene and therefore colony of incubation represented to contain vector. 

However, cut-off point of vector was signed on β- galactosidase gene and 

therefore if target fragment did not insert into T&A
TM

 cloning vector that 

reacted with X-gal to produce the blue colony. On the contrary, if target 

fragment was successfully inserted into vector that did not react with 

X-gal and therefore it would produce the white colony. Due to the blue 

colony represented that did not insert target fragment into vector so only 

selected the white colony to streak onto the LB medium which included 

blue and white screening reagents to incubate at 37℃ for 16 hours. This 

procedure would newly check whether the colony was white colony. It 

finally utilized primer M13 to execute PCR reaction to confirm target 

fragment and then did DNA Sequencing. 
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Table 3-12 Reagent and volume of protocol for ligation using T&A
TM

 

cloning vector. 

Reagent Standard control 

Ligation buffer A 1µl 

Ligation buffer B 1µl 

T&A
 TM

 cloning vector 2µl 

PCR product 3µl 

yT4 DNA ligase 1µl 

Deionized water 2µl 

 

Table 3-13 LB medium for host cell growth and solution in cloning 

procedures. 

Solution Addition Volume Store Temperature Brand 

Luria-Bertani 12.5 g To 500 ml 

(DI water) 
4℃ BD 

Agar 7.5 g 

Ampicillin 0.05 g 
To 1 ml 

(DI water) 
4℃ Sigma 

X-gal 0.04 g 
To 1 ml 

(DMF) 
-20℃(dark) GeneMark 

IPTG 0.024 g 
To 1 ml 

(DI water) 
-20℃ GeneMark 

DMF: Dimethylformamide  
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3.6.7 Sequencing analysis 

Samples of sequence trusted Mission Biotech Co., Ltd to do DNA 

sequencing. Due to the signals of two sides were feeble and therefore did 

the two-way sequencing. Then used DNA sequence reverse and 

complement online tool to reverse transcriptase the reverse of sequencing 

and combined with forward of sequencing that would get a complete gene 

sequencing fragment of 16S rRNA. 

3.6.7.1 Basic Local Alignment Search Tool (Blast) 

The complete combination of sequencing did comparison with 

GeneBank on the National Center for Biotechnology Information (NCBI). 

It would get much similar sequencing and then did consecutively the 

phylogenetic tree. 

3.6.7.2 Phylogenetic Analysis 

After comparison, employed the MEGA6 software to alignment all 

the sequencing and then utilized Neighbor-joining method to draw the 

phylogenetic tree under Bootstrap Replication for 500 times.  
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Chapter 4 Results and Discussion 

4.1 The raw materials analysis 

4.1.1 The basic characteristics of the raw materials 

The WAS was sampled from the Futian water resource recycling 

center of Taichung City. The basic physical characteristic of domestic 

WAS and laterite results were shown in Table 4-1. The WAS had 2.07 % 

moisture content, 42.89 % flammable content and 55.04 % ash content 

while the laterite had 0.87 % moisture content, 6.74% flammable content 

and 92.39 % ash content. The laterite had the most component of ash 

content which increased the strength structure of pellets. Besides, the 

WAS possessed more component of flammable than the laterite. 

Therefore, these characteristics would provide the pellets possessed high 

porosity. 

Table 4-1 Basic characteristics of the WAS of Futian water resource 

recycling center of Taichung city and laterite. 

Basic characteristic Dry WAS Laterite 

Moisture content, %
 

2.07±0.07
1 

0.87±0.17 

Flammable content, %
 

42.89±0.42
 

6.74±0.25 

Ash content, %
 

55.04±0.56
 

92.39±0.19 

pH
 

4.83±0.21
 

5.37±0.11 

1
: mean ± standard deviation 

n= 3  
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The WAS and laterite were ground into powder by mill machine 

(BM-072, Hong-Yu Instrument, Taiwan). The average diameters of WAS 

powder was mainly located at the 16 µm (Figure 4-1(a)) and laterite 

powder was at the 18 µm (Figure 4-1(b)). The powders of WAS and 

laterite were smaller than 75 µm which had a better effect in the form of 

pressed pellets (Gomes et al., 2011; Santos et al., 2012). 

 

 

 

Figure 4-1 Particle size distribution analysis of (a) WAS powder and (b) 

laterite powder.  
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4.1.2 The TCLP of raw materials 

The WAS and laterite were necessary to test the toxicity 

characteristic leaching procedure (TCLP) from NIEA before carrier 

pellets was used. The dehydrated sludge and laterite following 

wastewater treatment was used in this study, and the results of TCLP 

were shown in Table 4-2. Due to the concentration of WAS and laterite 

were lower than the standard in law (NIEA, 2004), hence the raw 

materials could be made as pellets. 

Table 4-2 The TCLP tests for heavy metal concentration of Futian WAS 

and laterite. 

Element 
Concentration of 

WAS (mg/L)
 

Concentration of 

laterite (mg/L)
 

Regulatory 

concentration 

(mg/L) 

Cu
 

0.086±0.004
1 

0.011±0.002
 

15 

Pb
 

0.006±0.001
 

0.013 ±0.001
 

5 

Cr
 

N. D 0.006±0.002
 

5 

Zn
 

3.021±0.008
 

0.051±0.007
 

25 

Cd
 

N. D N. D 1 

1
: mean ± standard deviation 

n= 3 

N. D: not detected 
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4.2 The carrier pellet analysis 

4.2.1 The characteristics of carrier pellet 

The purpose of this study was to build carrier pellets for 

immobilized medium and enhanced nitrogen removal efficiency in the 

SBBR systems. Due to WAS was weakness reused directly to build 

carrier pellets. Therefore, the nutrients were added in the carrier pellets to 

increase compressive strength and durability in this study. Theoretically, 

the carrier pellets provided the high external surface area which was 

easily growth for biomass, high strong compression and high water 

absorption. The external surface area provided the supporter of biomass 

while the high water absorption could let the substrate penetrated into 

internal pellet easily. Ding et al. (2011) indicated that hydrophilic 

porosity carrier had stability in biofilm which was increased adsorbed rate 

of biofilm. Table 4-3 showed the basic characteristics of carrier pellets 

and other references. The optimal formula ratios of carrier pellets was 

50% of WAS as raw material in this study. According to the regulation of 

general waste recycle and disposal, the strength must be exceeding the 

standard of recycling pellet compressive strength of 15 Kgf/cm
2
. The 

compressive strength of this study: 46.1±1.2 Kgf/cm
2 

was higher than 

previous study: 35.3±3.5 Kgf/cm
2
 which was strong enough and with 

sufficient porosity. The plot of RSM by MINITAB
®
 was showed in 

Figure 4-2 and 4-3. The result of RSM indicated that the 50% WAS 

mixed in carrier pellets which had the best compressive strength was 46.1 

Kgf/cm
2
 and the highest surface area was 2.9 m

2
/g, respectively. After 

numerous trials, this study obtained the optimal formula ratios of WAS: 

laterite: chemical additive was 5: 3: 2. 
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Table 4-3 Comparison of the basic characteristics of the porous WAS 

pellets in this study and previous study. 

Water 

absorption
1 

(%)
 

Compressive 

Strength
1,2

 

(Kgf/cm
2
) 

Bulk 

Density
1 

(g/cm
3
) 

Specific external 

surface area
1 

(m
2
/g) 

Reference 

52.7±4.4 46.1±1.2 2.2±0.5 2.9±0.2 This study 

45.2±5.8 35.3±3.5 1.8±0.4 2.6±0.1 Wu (2012) 

41.7±2.5 11.3±2.5 1.5±0.3 2.2±0.1 Huang (2010) 

32.9 36.7 7.1 - Su (2008) 

60.49 2.44 0.67 - Chen (2005) 
1
: mean ± standard deviation; 

2
: Standard of recycling pellet compressive strength ≥ 

15 Kgf/cm
2
 

n= 3 
 

 

 

Figure 4-2 Surface plot of compressive strength (CS), dry sludge and 

temperature from RSM analysis.  
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Figure 4-3 Surface plot of surface area, dry sludge and temperature from 

RSM analysis. 

4.2.2 The TCLP of carrier pellets 

The heavy metal concentrations of carrier pellets were analyzed by 

TCLP. The result of TCLP of carrier pellets was showed in Table 4-4. All 

concentrations of the pellets were lower than Taiwan’s limitations (NIEA, 

2004). Therefore, these pellets would not have the impact of pollution in 

the environment and could use as carrier in the SBBR system further. 

Table 4-4 The TCLP test for heavy metal concentration of the porous 

WAS pallets. 

Element 
Concentration of pellet 

samples (mg/L)
1
 

Regulatory concentration 

(mg/L) 

Cu 0.176±0.002 15 

Pb 0.157±0.005 5 

Cr 0.007±0.003 5 

Zn 0.085±0.002 25 

Cd N. D 1 

1
: mean ± standard deviation; N. D: Not detected; n= 3  
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4.2.3 The composition and surface of the carrier pellets 

Figure 4-4 showed the pellet of this study and the diameter (20 - 22 

mm) was similar than that of previous studies. Due to increasing the 

external porosity and compressive strength this study used needle to prick 

and added the chemical additive, respectively. The bulk density was 

2.2±0.5 g/cm
3
, the specific external surface area was 2.9±0.2 m

2
/g and the 

compressive strength was 46.1±1.2 Kgf/cm
2
 in this study. Due to the 

formula ratio of raw materials was different from Wu’s study, the formula 

ratios of WAS: laterite: chemical additive were 5: 3: 2 (Figure 4-4 (a)) in 

this study and 5: 4: 1 (Figure 4-4 (b)) in Wu’s study. All of the basic 

characteristics were better than previous study so that was good as carrier 

pellets in the SBBR system. Figure 4-5 showed the SEM image of carrier 

pellets from this study before used and compared with previous studies. 

As a result of the porous surface of carrier pellets in this study (Figure 4-5 

(d)) was similar to that from Wu’s study (Figure 4-5 (c)) which was better 

than previous others (Figure 4-5 (a) (b)). Therefore, the more porous 

surface was suitable for the bacteria to grow and attach on it. 

 

Figure 4-4 Surface of carrier pellet with the formula ratios of WAS: 

laterite: chemical additive are (a) 5: 3: 2 and (b) 5: 4: 1.  
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Figure 4-5 The SEM images of carrier pellets in this study and previous 

studies.  
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4.3 The carrier pellets were applied for SBBR systems 

4.3.1 The daily monitor profiles in SBBRs 

Two SBBR systems were designed with the pellet filling ratios of 

40% and 60% (v/v) of carrier pellets to conduct the SND and also the 

BNR operation. Two SBBRs were operated for 156 days under three 

different phase. The phase I to phase III of food-to-microorganism ratio 

(F/M), volumetric loading and operation times were 0.476 kg COD/ kg 

MLSS-day, 0.058 kg NH4
+
-N/ kg MLSS-day, 0.273 kg COD/ m

3
-day, 

0.033 kg NH4
+
-N/ m

3
-day for 70 days (phase I), 0.668kg COD/ kg 

MLSS-day, 0.078 kg NH4
+
-N/ kg MLSS-day, 0.392 kg COD/ m

3
-day, 

0.046 kg NH4
+
-N/ m

3
-day for 47 days (phase II) and 0.845 kg COD/ kg 

MLSS-day, 0.102 kg NH4
+
-N/ kg MLSS-day, 0.511 kg COD/ m

3
-day, 

0.062 kg NH4
+
-N/ m

3
-day for 39 days (phase III), respectively. This study 

maintained C/N at 8.2 - 8.6 in this range due to the C/N ratio of 5 -15 was 

suitable for bioreactor (Gieseke et al., 2002; Xia et al., 2008). Figure 4-6 

showed the daily concentration change of COD in the influent and 

effluent. The three initial concentrations of COD were 455±17.1 mg/L, 

653±15.7 mg/L and 852±12.4 mg/L for phase I, II and III. All effluent 

concentrations of COD were below 100 mg/L that conformed to 

regulations in law. Figure 4-7 showed the daily concentration change of 

ammonium in the influent and the effluent. The three initial 

concentrations of ammonium in the influent were 55±7.4 mg/L, 76±3.4 

mg/L and 103±3.7 mg/L for phase I, II and III phases with COD/N ratios 

of 8.2, 8.6 and 8.2, respectively.  
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Figure 4-6 Concentration profiles of COD in the influent and effluent of 

SBBRs in this study. The daily profiles of COD in two types of system 

(SBBR with 40% and 60% filling ratio). The period of phase I (loading: 

0.273 kg COD/ m
3
-day) under 70 days, phase II (loading: 0.392 kg COD/ 

m
3
-day) under 47 days and highest concentration was phase III (loading: 

0.511 kg COD/ m
3
-day) under 39 days, respectively.  

Phase I Phase II Phase III 
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Figure 4-7 Concentration profiles of ammonium in the influent and 

effluent of SBBRs in this study. The daily profiles of ammonium in two 

types of system (SBBR with 40% and 60% filling ratio). The period of 

phase I (loading: 0.033 kg NH4
+
-N/ m

3
-day) under 70 days, phase II 

(loading: 0.046 kg NH4
+
-N/ m

3
-day) under 47 days and highest 

concentration was phase III (loading: 0.062 kg NH4
+
-N/ m

3
-day) under 39 

days, respectively.  

Phase I Phase II Phase III 
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4.3.2 Comparative profiles of two SBBRs 

Two different filling ratios of carrier pellets in the SBBR systems 

were designing in this study. The filling ratios were 40% and 60%, 

respectively. Two SBBRs were run in parallel under the same operation 

conditions. Two SBBRs were operated at a hydraulic retention time (HRT) 

of 12 hours in an air conditioned room (with temperature under 25±2°C) 

and the performances were observed regularly.  

4.3.2.1 SBBR I (40% ratio) 

Figure 4-8 showed the batch profiles of continuous monitoring under 

three loadings with filling ratios of 40% in the SBBR system. The DO 

concentration in the phase I was higher than others. Due to biomass and 

ammonium concentration of influent were not high enough that oxygen 

consumed less leads to higher DO concentration in the phase I. The pH 

was maintained among 6 to 8 and had a good stability. The nitrification 

reaction produced the acid which results the alkalinity were consumed by 

producing acid. Therefore supplying alkalinity was important in this 

SBBR system. The ORP under phase I was different from others. Because 

of DO concentration gradually increased 1 to 5 mg/L at 280 min to cause 

ORP with a large variation. Others had not much change that ORP 

controlled -125 to -45 mV at aeration and mix step. 

The batch profiles of nitrogen removal were showed in Figure 4-9. 

The effluent concentration of COD in three loadings had a good treatment 

effect that all reduced below 100 mg/L of the law standard (Fig 4-9 (a)). 

It meant that carbon source was consumed effectively by heterotrophic 

bacteria. However, the concentration of COD in phase I decreased slowly 

at aeration and mix step. Due to the biofilm attached on the carrier pellets 

were not enough. The influents of ammonium under three loadings were 
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55, 78 and 99 mg/L, respectively. The effluents of ammonium under three 

loadings were below 1 mg/L at 620 min (Figure 4-9 (b)). The nitrate was 

produced few amounts in the SBBR-40% system (Figure 4-9(d)). 

However, most of the ammonium mainly converted to nitrite (Figure 

4-9(c)) which like pathway of single reactor system for high-rate 

ammonium removal over nitrite (nitritation) process (Ahn, 2006). The 

maximum concentration of nitrite and nitrate was 5.4 and 2.2 mg/L at 360 

min in the SBBR-40%, respectively. The phosphate was reduced during 

the aeration and mix step due to the aeration phosphate uptake (Figure 

4-9(e)).  

4.3.2.2 SBBR II (60% ratio) 

The SBBR-60% and SBBR-40% had same conditions of operation 

that DO concentration in the phase I was higher than others (Figure 

4-10(a)). The aeration decreased from 1 (phase I) to 0.5 (phase II) L/min. 

Figure 4-10 (a) showed DO decreased at the mix and aeration step in the 

phase II and phase III. The DO of SBBR-60% in the phase III had 

different with SBBR-40% in the phase III. The DO of SBBR-60% 

maintained at 0.8 - 1.5 mg/L that was lower than DO of SBBR-40% in 

the phase III. Because of different filling ratio of carrier pellets in the 

reactors caused the amount of biofilm differently, therefore, DO of 

SBBR-40% was consumed slowly. The pH was not much difference 

between two different filling ratios reactors that kept during 6 - 8 (Figure 

4-10(b)). The ORP of SBBR-60% at mix and aeration step during three 

loadings were steady than SBBR-40% (Figure 4-10(c)). The COD of 

SBBR-60% also reduced below 20 mg/L (Figure 4-11 (a)) that was lower 

than standard in law (100 mg/L). Two SBBR systems had good removal 

effect for organic matters, and the ammonium removal in SBBR-60% 

system was finally reduced below 1 mg/L (Figure 4-11 (b)). While reactor 
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started the aeration and mix step, the ammonium converted to nitrite 

(nitritation) that SBBR-60% system showed nitrite produced more than 

SBBR-40%. It meant that SBBR-60% had a good convertibility which 

was better than SBBR-40%. Moreover, the pathway of few nitrites 

converted to nitrates (nitratation) (Figure 4-11 (d)) was similar to 

nitritation process. Besides, the maximum concentration of nitrite and 

nitrate was 5.7 and 0.5 mg/L at 420 min in the SBBR-60%, respectively. 

This result exhibited the nitritation occurred that most ammonium 

converted to nitrite and less nitrate production in this system. The 

SBBR-60% had a better nitritation than the SBBR-40% because the less 

nitrate production in the SBBR-60% during phase III. It might relate with 

DO concentration which was below 2 mg/L lower than the SBBR-40% 

during the phase III. Due to excessive DO would decrease activity of 

AOB that was good for growth of NOB. Finally, Figure 4-11 (e) showed 

that phosphate was reduced at mix and aeration step in SBBR-60% 

system. But SBBR-60% system had a better removal rate to remove 

phosphate at 320 min completely in the phase III which was faster than 

SBBR-40% at 560 min in the phase III.  
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Figure 4-8 Batch profiles of on-line measured parameters under three 

loadings with filling ratio of 40% in the SBBR system (a) DO, (b) pH and 

(c) ORP. 
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Figure 4-9 Batch profiles of continuous monitoring under three loadings 

with filling ratio of 40% in the SBBR system (a) COD, (b) Ammonium, 

(c) Nitrite, (d) Nitrate, (e) Phosphate.  

Mix Mix and aeration Settle and 

draw 

(a) 

(b) 

(c) 

(d) 
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Figure 4-10 Batch profiles of on-line measured parameters under three 

loadings with filling ratio of 60% in the SBBR system (a) DO, (b) pH and 

(c) ORP.  
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draw 
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Figure 4-11 Batch profiles of continuous monitoring under three loadings 

with filling ratio of 60% in the SBBR system (a) COD, (b) Ammonium, 

(c) Nitrite, (d) Nitrate, (e) Phosphate.  
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4.3.3 Hydroxylamine produced in two SBBR systems 

Hydroxylamine was an intermediate during the nitritation. The 

amount of hydroxylamine produced which could show the amount of 

ammonium converted to nitrite. Therefore, the higher influent ammonium 

concentration would produce more nitrite and hydroxylamine 

theoretically. Due to the ammonium concentration (about 1-10 mg/L) 

would affect growth of nitrite-oxidizing bacteria (NOB) but growing of 

ammonium-oxidizing bacteria (AOB) ineffectively (Hellinga et al., 1998). 

It could induce the ammonium converted to nitrite that produced few 

nitrate. The hydroxylamine would be generated when nitritation carried 

out the mix and aeration step. Figure 4-12 showed hydroxylamine was 

produced in SBBR-60% more than in SBBR-40% which two systems 

were the same phase. 

 

Figure 4-12 Concentration profiles of hydroxylamine under three 

loadings with filling ratio of 40% and 60% in the SBBR systems.  
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The influent ammonium concentration increased from phase I to 

phase III as well as the generation of hydroxylamine. When SBBR 

system started the mix and aeration step at 60 min, the hydroxylamine 

was on the rise and reduced gradually during ammonium removed 

completely. 

4.3.4 Biomass growth of two SBBR systems 

The carrier pellets were took out from two filling ratios of 40% and 

60% to analyze biomass every 10 days. The carrier pellets would dry at 

105℃ and measured the weight until constant weight. After measuring, 

the carrier pellets would be marked and put back in two SBBR systems. 

The weight variations of biomass on carrier pellets in two SBBR systems 

were showed in Figure 4-13. The total growth of biomass in filling ratios 

of 40% and 60% were 9.2 g and 34.2g. The total growth biomass of 

SBBR-40% in this study was more than Wu’s previous study with 11.2 g. 

Figure 4-14 showed the total growth profiles of biomass in this study and 

previous Wu’s study. The total growth of biomass in this study had a 

significant increase compared with previous study. It meant that the ratios 

of carrier pellets enhanced in the SBBR systems beneficially to growth of 

biomass. Furthermore, the denitrifier bacteria would be good to perform 

the reduction of nitrite in the biofilm that balanced the nitrification and 

denitrification rate to increase the nitrogen removal efficiency of whole 

SBBR system.  
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Figure 4-13 Growth profiles of biomass in two SBBR systems in each 

pellet. 

 
Figure 4-14 Total growth profiles of biomass in this study and previous 

study.  
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4.3.5 Compared removal rate with filling ratio of carrier pellets  

Many references indicated the removal rate of ammonium depended 

upon the filling ratio of carriers as biofilm (Jin et al., 2012b; Guo et al., 

2014; Yin et al., 2015). Filling higher ratio of carrier would cause to 

produce thick biofilm. The carrier were filled in the reactor would reserve 

the majority biomass to avoid decreasing biomass loss. More carrier 

pellets were filled in SBBR system that could be conducive to denitrifier 

bacteria to grow and denitrification step (Park et al., 2002; Jin et al., 

2012b). The different filling ratio and removal rate of ammonium and 

COD which the value compared with other references were showed in 

Table 4-5. The result indicated that filling ratio reached above 25% for a 

good removal rate of COD and ammonium in the SBBR system.  

Table 4-5 Comparison of removal concentration of different filling ratios 

in this study and other references. 

Wastewater 
Carrier filling  

ratio (%) 

Removal  

concentration (mg/L) Reference 

NH4
+ 

COD 

Synthesis 
40 99 - 2 848 - 23 

This study 
60 103 - 0 864 - 15 

Synthesis 
20 90 -5 750 - 27 

Wu (2012) 
40 91 - 4 756 - 25 

Municipal 30 37 - 3 410 - 50 
Yin et al. 

(2015) 

Domestic 25 90 - 2 450 - 55 
Ding et al. 

(2011) 

Domestic 30 79 – 2 276 - 15 
Guo et al. 

(2014) 

Municipal 10 90 - 17 460 - 30 
Jin et al. 

(2012b) 
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4.4 Comparison of the KN, KDN and SND efficiency of two SBBR 

systems 

Due to this study showed few nitrite and nitrate produced at aeration 

stage so it indicated the efficient SND process occurred in the SBBR 

system. Some reports proposed the nitrification and denitrification rate 

were in a balance equilibrium that would produce low amount of NOx in 

SBBR system (Munch et al., 1996; Zeng et al., 2003). The equation of 

SND efficiency (4-1) was used to calculate efficiency of the SND process 

(Third et al., 2003). 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑆𝑁𝐷 ⁡(%) = (1 −
𝑁𝑂𝑥⁡𝑟𝑒𝑚𝑎𝑖𝑛𝑒𝑑

−

𝑁𝐻4⁡𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑
+ ) × 100%   (4-1) 

where NH4
+

oxidized was the NH4
+
 oxidized after reaction, NO2

-
remained  

was the NOx
-
 remained after reaction. 

Table 4-6 summarized the calculated nitrification rate (KN), 

denitrification rate (KDN) and the SND efficiency. The results showed 

SND efficiencies in this study ranged between 97 – 99% which had a 

higher performance to compare with other references. The nitrification 

rate (KN= 9.7 mg NH4
+
-N/ L-hr) and denitrification rate (KDN= 9.5 mg 

NOx
-
N/L-hr) of SBBR-60% system were obvious higher than SBBR-40% 

system with KN= 8.8 mg NH4
+
-N/ L-hr and KDN= 8.4 mg NOx

-
N/L-hr 

under phase III. The results of SBBR-40% system in this study also had a 

similar performance with previous Wu’s study. But SND efficiency 

during two studies had no significant variations. Both all studies had high 

SND efficiencies. The KN and KDN of SBBR-60% under phase III had 

better than others. It might be to grow more biomass to increase KN so 

that KDN also increased.
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Table 4-6 Nitrification rate (KN), denitrification rate (KDN) and SND efficiency under different systems and comparison with 

other reported values. 

Wastewater  System type KN 
a 

KDN 
b
 SND efficiency (%) Reference 

Synthesis 

Phase I 

SBBR-40% 

6.2 6.1 97 

This study 

Phase II 7.8 7.5 97 

Phase III 8.8 8.4 98 

Synthesis 

Phase I 

SBBR-60% 

6.5 6.3 97 

Phase II 8.3 8.0 98 

Phase III 9.7 9.5 99 

Synthesis - SBR 3.3 - 78 Third et al. (2003) 

Municipal - SHBR
c
 3.6 2.7 75 Wang et al. (2008)

 

Synthesis 

Phase I 

SBBR-20% 

6.5 6.3 94 

Wu (2012) 

Phase II 7.7 7.4 96 

Phase III 8.3 7.8 96 

Synthesis 

Phase I 

SBBR-40% 

6.8 6.5 97 

Phase II 7.9 7.6 98 

Phase III 8.6 7.9 98 

Synthesis - MBR 1.5 1.3 80 Paetkau and Cicek (2011) 

Municipal - SBBR-10% 5.4 4.3 83 Jin et al. (2012b) 
a
: Represent unit of nitrification rate (KN) as mg NH4

+
-N/ L-hr. 

b
: Represent unit of nitrification rate (KDN) as mg NOx

-
-N/ L-hr. 

c
: Sequence Hybrid Biological Reactor.
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4.5 Molecular biotechnology analysis 

4.5.1 Bacterial community analysis at different SBBR systems by 

PCR-DGGE and cloning 

DGGE method was used to separate the length of base pair was near 

which between 200 to 900 bps. Figure 4-15 showed the DGGE profiles of 

16S rDNA fragments of samples obtained from different SBBR systems 

during phase III. The results indicated that the length of fragments were 

too close to separate as a single band so it would cause the noise to affect 

the result of DNA sequencing subsequently. Therefore, this study was cut 

the obvious bands to cloning. 

The method of molecular cloning would insert the DNA of target 

fragments (341F/926R) to cloning vector (ligation) and inserted the 

cloning vector into competent cell (E. Coli DH5α) (transfection) to 

replicate. After transfection, the E. Coli was spread uniformly at LB 

media which contained the reagent of blue and white screening. The 

single white colony were selected at random and amplified by PCR 

(M13F/R) to confirm the colony contained target fragment. The colony 

contained the target fragments were sequenced by Mission Biotech and 

BLAST with GenBank.  
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Figure 4-15 DGGE profile of bacterial communities under different 

SBBR systems. 6% (w/v) polyacrylamide (acrylamide-bisacrylamide 

(37.5:1)) gel with a denaturing gradient of 30% to 50% and carried out in 

1X TAE buffer at 250V for 8h at 60℃. 
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4.5.2 Phylogenetic analysis 

The sequences were rearranged after BLAST with GenBank and 

utilized the statistical method of Neighbor-joining method to draw the 

phylogenetic tree. The test of phylogeny used Bootstrap and with number 

of Bootstrap Replications was 500 times to analyze. Figure 4-16 showed 

the result of phylogenetic tree at different systems in this study. The 

results showed the bacteria of nitrifying and denitrifying were existed in 

the SBBR system. Nitrifying bacteria contained Nitrospira, 

Nitrosococcus and Nitrosomonas. Denitrifying bacteria included 

Ralstonia, Azoarcus anaerobius, Enhydrobacter aerosaccus, 

Stenotrophomonas, Dokdonella immobilis, Acinetobacter sp. and 

Propionibacterium. The function of Methylophilus was a bacterium of 

degradable organics. The AOB was detected in SBBR-60% system which 

was Nitrosococcus and Nitrosomonas. The NOB was detected in 

SBBR-40% and SBBR-60% systems which were Nitrospira. In addition, 

Ralstonia utilized hydrogen gas as an electron donor to enforce 

denitrification that might occur in the internal biofilm. The species of 

Dokdonella which belonged to the family Xanthomonadaceae and might 

be an aerobic denitrifier was indicated (Yoon et al., 2006). Another 

aerobic denitrifier was Acinetobacter sp. which also indicated was a 

heterotrophic nitrifying–aerobic denitrifying bacterium. (Huang et al., 

2013; Yao et al., 2013). Most denitrifying bacteria belonged to 

heterotrophic that could prove degradable of COD in the reactors. The 

bacterial community of SBBR-60% was more complex than SBBR-40% 

that the reason might be related to carrier pellet filling ratio. Therefore, 

KN and KDN of SBBR-60% were better than SBBR-40%. Due to low DO 

controlled in the SBBR system during the phase III so that decreased 

second step of nitrification occur to convert nitrite to nitrate (nitratation). 
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The nitrifier bacteria belonged to autotrophic that carried out the first step 

nitrification without consuming organics. In addition, the denitrifer 

bacteria were part to heterotrophic performed the next step reduction with 

utilizing organic carbon which converted the nitrite and few nitrate to 

nitrogen gas. Due to Nitrosomonas europaea was a standard to verify 

nitritation process and pathway of nitrifier denitrification. However, the 

aerobic denitrifier (Acinetobacter sp.) was indicated to utilize nitrite as 

substrate to perform the reduction of nitrite later and few nitrates 

accumulation (Lu et al., 2011). Therefore, the pathway of this study 

might perform most of nitritation, nitrifer denitrification which surmised 

the results of phylogenetic analysis in the system. As a result of 

production few nitrates was detected in this study so denitrification and 

carried out in the system unobviously in this study.  
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Figure 4-16 Phylogenetic tree of cloning from band of DGGE in two 

different SBBR systems. The phylogenetic tree of the interrelationship 

was constructed by using neighbor-joining method. Booststrap replication 

values calculated from 500 times.  
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4.6 Nernst Equation Model Development in SND process 

4.6.1 Nernst equation in the overall SND process  

An efficient SND system occurred at the KN and KDN were in a 

balanced equilibrium producing low amount of NOx in the SND system. 

The generalized Nernst equation to Eq. (4-2) and Eq. (4-3) could be 

obtained (Chang et al., 2004). Besides, the excessive carbon substrate in 

the denitrification of SND process, the substrate concentration (CxHyOz) 

could be assumed. Thence, the Eq. (4-4) could be obtained as following: 

E = ⁡𝐸0 +
𝑅𝑇

𝑛𝐹
𝑙𝑛 (

[𝑁𝐻4
+](𝑃𝑂2)

2

[𝑁𝑂3
−][𝐻+][𝐻2𝑂]

)        (4-2) 

E = i + j⁡ln([𝐶𝑥𝐻𝑦𝑂𝑧]) + 𝑘⁡𝑙𝑛([𝑁𝑂3
−]) + 𝑚⁡𝑙𝑛 ([

1

𝑂𝐻−
])  (4-3) 

E = a′′ + b′′𝑝𝐻 + 𝑐′′𝑙𝑜𝑔(𝑁𝑂3
−) + 𝑑′′𝑙𝑜𝑔(𝐶𝑥𝐻𝑦𝑂𝑧)   (4-4)  
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4.6.2 Nernst equation established in the SND process (ammonium and 

nitrite removal) 

Due to the SBBR system contained the anoxic and aerobic in SND 

process which could apply Nernst equation to simulate. Table 4-7 showed 

the Nernst equation modeling results of aerobic stages removed nitrogen 

and phosphate in the SBBR systems. The results of fitted models showed 

well coefficient of determination (R
2
) value was 0.97 – 0.99 that indicated 

both Eq. (4-4) and Eq. (4-5) could predict the overall ORP profiles in 

SBBR systems. Simulation of the experimental data for SND process in 

the SBBR systems showed in Figure 4-17 that indicated a high 

correlation. Besides, the Nernst equations of “only mix” and “mix and 

aeration” were obtained as following Eq. (4-6) and Eq. (4-7), respectively. 

It meant ORP model could be used as the further control strategy of 

nitrogen removal end point in SBBR systems.  

E = a′ + b′𝑝𝐻 + 𝑐′𝑙𝑜𝑔
[𝑁𝐻4

+]

[𝑁𝑂2
−]

        (4-5) 

E = −188.83 − 1.53⁡pH + 31.63
[𝑁𝐻4

+]

[𝑁𝑂2
−]

      (4-6) 

E = −209.12 − 1.29⁡pH − 2.40
[𝑁𝐻4

+]

[𝑁𝑂2
−]

      (4-7) 
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Table 4-7 Results of regressive analysis on the Nernst equation for “only 

mix” and “mix and aeration” stages in two SBBR systems (ammonium 

and nitrite removal). 

Stage 
Nernst equation model constants 

a’ b’ c’ R
2 

Only mix -188.83 -1.53 31.63 0.997 

Mix and aeration -209.12 -1.29 -2.40 0.971 

 

 
Figure 4-17 Comparison of simulation and experimental ORP profiles 

(ammonium and nitrite removal) for “only mix” and “mix and aeration” 

stages of SBBR system with filling ratio 60% carrier pellets.  
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4.6.3 Nernst equation established in the SND process (ammonium 

removal) 

The Nernst equation which considered only ammonium for 

excessive carbon sources in SND process showed as (4-8) (Lee, 2004). 

When the phosphate were removed completely that (4-8) could predict 

the ammonium concentration in the SBBR system. 

E = a′ + 𝑏′𝑝𝐻 + 𝑐′𝑙𝑛([𝑁𝐻4
+])        (4-8) 

Table 4-8 showed the Nernst equation model constant of mix and 

aeration stage which only considered ammonium removal in the SBBR 

systems. The simulation model displayed a good coefficient of 

determination (R
2
) value was 0.993. Simulation of the experimental data 

for SND process in the SBBR systems in Figure 4-18 indicated a high 

correlation. The Nernst equation of “mix and aeration” was obtained as 

following (4-9). 

E = 201.29 − 23.99⁡pH − 2.28⁡ln([𝑁𝐻4
+])     (4-9)  
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Table 4-8 Results of regressive analysis on the Nernst equation for “mix 

and aeration” stages in two SBBR systems (only ammonium removal). 

Stage 

Nernst equation model constants 

a’ b’ c’ R
2 

Mix and aeration 201.29 -23.99 -2.28 0.993 

 

 

Figure 4-18 Comparison of simulation and experimental ORP profiles 

(only ammonium removal) for “mix and aeration” stage of SBBR system 

with filling ratio 60% carrier pellets.  
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Chapter 5 Conclusions and Suggestions 

5.1 Conclusions 

In this study, the waste activated sludge was sintered to form 

spherical pellets and two SBBR systems built with 40% and 60% pellet 

filling ratios were tests for biological nutrient removal. Both two systems 

were run with three different loadings to conduct SND reaction.  

1. The basic characteristics of sintered raw pellets showed the bulk 

density was 2.2±0.5 g/cm
3
, water absorption was 52.7±4.4 %, specific 

external surface area was 2.9±0.1 m
2
/g and the compressive strength 

was 46.1±1.2 Kgf/cm
2
.  

2. When the COD/N ratio was 8.2, the COD and ammonium removal 

efficiencies of SBBR-60% during phase III were 97% and 99%, 

respectively. The higher NH2OH released, the more ammonium be 

converted to nitrite, and the SND efficiency also could increase due to 

the high KN in the system.  

3. The ammonium removal efficiency found in the SBBR-40% was 98% 

and 99% in the SBBR-60%. However, the KN and KDN of SBBR-60% 

were 9.7 mg NH4
+
-N/L-hr and 9.5 mg NOx

-
-N/L-hr which were better 

than the KN and KDN of SBBR-60% were 8.3 mg NH4
+
-N/L-hr and 7.8 

mg NOx
-
-N/L-hr.  

4. Based on the results of phylogenetic analysis, the autotrophic bacteria 

such as Nitrosococcus and Nitrosomonas were detected in the 

SBBR-60% which converted ammonium to nitrite. Due to DO 

maintain at 0.8-1.6 mg/L during phase III in the SBBR-60% that 

conducted the SND process occurred. Therefore, the result of low DO 

was conductive to growth of heterotrophic denitrifier. Moreover, the 
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species of Dokdonella which belonged to the family 

Xanthomonadaceae and might be an aerobic denitrifier was indicated. 

Another aerobic denitrifier (Acinetobacter sp.) was indicated to utilize 

nitrite as substrate to perform later the reduction of nitrite and few 

nitrates accumulation. The bacterial community of SBBR-60% was 

detected more denitrifier and AOB than SBBR-40% that caused the 

KN and KDN had a significant difference during the phase III. The 

pathway of this study might perform most of nitritation, nitrifer 

denitrification which surmised that the results of phylogenetic analysis 

in the system. 

5. According to the amount of biomass that the total growth of biomass 

in SBBR-60% was more than SBBR-40%. It meant the SBBR-60% 

provided a suitable surrounding of growing biomass and conducted 

SND process. 

5.2 Suggestion 

1. Each loading is necessary to analyze DNA identification that would 

understand the variation of bacterial community in different loading 

and be in favor of adjusting operating conditions of SBBR. 

2. Decreasing the carbon/nitrogen ratio and increased the influent 

ammonium loading to investigate overall nitrogen removal rate. 

3. Control the DO concentration ranges 0.5-1 mg/L to inhibit the 

occurrence of second step nitrification (nitratation) that accomplishes 

complete nitritation to reduce oxygen consumption and organic 

carbon demand.  
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Appendix 

Appendix 1 

Nernst Equation for a General Oxidation-Reduction Reaction 

A general oxidation-reduction reaction can be represented as (a1-1). 

dD  cCbB aA   

A and B: Reactants 

C and D: Products 

a, b, c and d: Stoichiometric Coefficients for A, B, C, and D, 

respectively. All species involved in the chemical reaction are assumed to 

be dissolved solutes. If the reagent is a pure substrate rather than the 

component of a solution, the partial molar free energy equal to the free 

energy of 1 mole of the substrate.  The Nernst equation for a general 

oxidation-reduction reaction can be obtained: 

c d a b
0 0C D A B

a b c d

A B C D

(a ) (a ) (a ) (a )RT RT
E  E - ln   or       E  E  ln   

nF (a ) (a ) nF (a ) (a )
    (a1-1) 

Nitrification of immobilized SND process 

The process converts ammonium nitrogen to nitrite is a hetertrophic 

SND process. For the conversion of ammonium nitrogen to nitrite, the 

following chemical reaction is assumed: 

OH  2H NO 3/2O  N-NH 2

 -

2 24  
      (a1-2) 

Appling the generalized Nernst Equation to the (a1-2), then (a1-3) is 

obtained. 
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  

   
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















H NO

 P NH
ln 

nF

RT
  E  E

-

2

2

O40 2        (a1-3) 

The above equation could be further modified as: 

    
 






























H

1
ln  

nF

2RT
 

NO

1
ln  

nF

RT
  Pln  

nF

2RT
  NHln  

nF

RT
  E  E

-

2

O4

0

2

 (a1-4) 

Both the PO2 and temperature in (a1-4) are assumed unchanged during the 

nitrification of the SND process, and regarded as constants. Replacing 

 








H

1
ln  for 2.3026×(pH), (a1-5) is obtained. 

 
 -

2

4

NO

NH
log c'  pHb'  a'  E



          (a1-5) 

The three constants, a’, b’, and c’ are defined as: 

     

nF

RT  2.306
  c'

nF

2RT  2.302
  b'

 lnP
nF

2RT
  E  a'

2O

0









 

Denitrification of immobilized SND process  

The main biological denitrification converts nitrite to nitrogen gas 

under oxic condition is heterotrophic and can be expressed with the 

following generic stoichiometric (a1-6) 

   

   

-

x y z 2 2 2

-

2

5C H O   2x 1/2y-z O   4x y-2z NO 5xCO

           2y-2x-z OH 2x 1/2y-z N

    

  
  (a1-6) 

Applying the generalized Nernst equation for the denitification of 

SND process is: 
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
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
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

 
OH z)2x-(2y ))(P(P

)2z)(P-y(4xNO OHC
ln

nF

RT
E  E

2z)-y(4x-z-1/2y2x

N

5x

CO

z-1/2y2x

O

-

2

5

zyx0

22

2  (a1-7) 

(a1-7) is simplified with different constants of i, j, h and k, which 

defined as follows: 

nF

2z)RT-y(4x
k

nF

2z)RT-y(4x
h

nF

5RT
j

)
P

1
ln(

nF

z)2x-(2y
)

P

1
ln(

nF

(5x)RT
)

P

1
ln(

nF

z)RT-1/2y(2x
Ei

222 NCOO

0















 

Then the (a1-9) can be simplified further as (a1-8). 

   
 

)
OH

1
ln(k )NOln(h )OHCln( jiE

-

-

2zyx      (a1-8) 

Replacing 2.3026 × (14-pH) for ln(
 -OH

1
) then obtains (a1-9). 

)OHlog(C d")log(NO c"pH b"a"E zyx

-

2       (a1-9) 

where a”, b”, c” and d” are defined as: 

a” = i + 2.3026 × 14 × k 

b”= -2.3026 × k 

c”= 2.3026 × j 

d”= 2.3026 × j  



 

108 
 

Appendix 2 

 

 

 


