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Abstract 

 

A novel saline sewage treatment process, namely a sulfate reduction, autotrophic 

denitrification and nitrification integrated process (SANI process), has been 

developed at HKUST. The process consists of an up-flow anaerobic sludge bed 

(UASB), an anoxic filter and an aerobic filter. The goal of this novel process is to 

achieve a significant reduction in excess sludge production as well as in treatment cost 

and space. The objective of this study is therefore to investigate the performance of 

each unit reactor of the SANI process and its overall performance in removal of 

organic matter and nitrogen. The research emphases were placed on the impact of 

recirculation flow ratios between both filters on the autotrophic denitrification in the 

anoxic filter.    

 

A lab-scale of the SANI system was operated continuously with synthetic saline 

sewage. The performance was mainly assessed by monitoring TOC removal rate, 

nitrogen removal rate, sulfur balance, and sludge yield. The proposed system has been 



xv 

successfully operated for more than 360 days with an organic loading rate at 0.14 kg 

TOC/m
3
/d. The TOC removal efficiency was 80-85%.  

 

The nitrogen removal efficiency was found to be sensitive to the recirculation flow 

rate of the aerobic filter effluent to the anoxic filter. When this rate was controlled at 

3Q (Q is the system influent flow rate), the system achieved more than 70% of total 

nitrogen (TN) removal.  However, a further increase in this rate resulted in poor 

performance of the system in terms of TOC and TN removal.  

 

Batch kinetic experiment results revealed that autotrophic denitrifying bacteria (ADB) 

and heterotrophic denitrifying bacteria (HDB) coexisted and shared the utilization of 

nitrate for denitrification in the anoxic filter. ADB were proven to be more actively 

participating in the denitrification than HDB. Key parameters of Vmax_ADB,  KNOx_ADB, 

and KH2S in the proposed bio-kinetics for ADB were estimated to be 22.8 mg/hr, 15.1 

mg N/L, and 15.8 mg S/L, respectively.  

 

Further studies on the autotrophic denitrification process in the anoxic filter showed 

that the anoxic filter was sensitive to the concentration of DO in its influent. If the 

influent contained 50 mg N/L nitrate, the denitrification efficiency would decrease 

from 92.5 to 81% when the influent DO level increased from 0-1 to 2-3mg/L.
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CHAPTER 1  

INTRODUCTION 

 

 

1.1 Background 

The activated sludge process is the most popular biological treatment technology for 

secondary sewage treatment in many cities including Hong Kong. Despite of its 

popularity, activated sludge processes have several constraints in applications, 

including high excess sludge production, large footprint requirement and high energy 

consumption. The first constraint has become a challenging issue for densely 

populated urban areas such as Hong Kong where land is at premier. In order to 

overcome theses constraints, innovative secondary sewage treatment technologies are 

needed, which should be able to minimize excess sludge production, enhance 

cost-effectiveness and reduce space requirement. A SANI process, namely a sulfate 

reduction, autotrophic denitrification, and nitrification integrated process was 

therefore jointly invented by Professor Guang-Hao Chen of HKUST and Professor 

Mark C. M van Loosdrecht of Delft University of Technology for achieving this goal 

(Lau et al., 2006). The rationale of this process was to fully make use of the high 

sulfate in our saline sewage for removing COD through efficient sulfate reduction 

under an anaerobic condition, while the byproduct, i.e., dissolved sulfide can support 

autotrophic denitrification without COD consumption. Both of the reactions produce 
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less excess sludge and require less energy than conventional oxidation of COD and 

heterotrophic denitrification (Kleerbezem and Mendez, 2002), thereby reducing 

overall sludge yield and operation cost in treatment of Hong Kong sewage 

significantly.  

 

In order to evaluate the feasibility of this new process, two major research tasks need 

to be conducted: 1) firstly studying the performance of the UASB and the autotrophic 

denitrification filter, because these two reactors are crucial for the success of the 

SANI process; and 2) secondly studying the performance of the whole process and the 

optimization of this process based on the results of the first study. The first study was 

completed using a bench-scale integrated system of the UASB with the anoxic filter. 

This system had been successfully operated for more than 360 days (Lau, 2005). The 

results demonstrated that the UASB achieved efficient sulfate reduction, while the 

anoxic filter realized effective autotrophic denitrification using dissolved sulfide from 

the UASB. Lau (2005) mentioned that no purposeful biomass wastage was required 

for both the UASB and the anoxic reactor during his entire experimental period (360 

days). According to these findings, the second task was undertaken as the main 

content of this MPhil study. The key issue to be addressed in this study was the 

performance of a complete SANI system, particularly the impacts of the recirculation 

flow rate between the aerobic and anoxic filters on the efficiency of the autotrophic 

denitrification in the anoxic filter. This is because oxygen is brought to the anoxic 

filter by the recirculation, which could inhibit the denitrification in the anoxic filter. 

Therefore, the effects of dissolved oxygen level in the recirculation flow on the 

autotrophic denitrification were studied extensively before the completion of the 

system operation. 
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1.2 Objectives of the Study 

As discussed above, the ultimate goal of the study is to apply this SANI process in 

Hong Kong saline sewage treatment towards minimization of excess sludge at 

low-cost and space-saving. The specific objectives of my study are: 

 

1. To establish a lab-scale and complete SANI Process to evaluate its overall 

performance under various operation conditions; 

2. To optimize the operation of the SANI process in terms of the ratio of nitrified 

effluent recirculation flow to the influent flow; 

3. To study the impacts of the DO level and hydraulic retention time on the 

efficiency of autotrophic denitrification in the anoxic filter; and 

4. To study the kinetics of the autotrophic denitrification. 
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CHAPTER 2  

LITERATURE REVIEW 

 

 

 

2.1 Biological Wastewater Treatment Processes 

Microorganisms play a major role in removing various organic pollutants in natural 

ecosystems. Engineered biological wastewater treatment systems provide a favorable 

artificial environment for these microorganisms to intensify and accelerate their 

microbial activities to transform the biodegradable constituents in wastewater into 

acceptable end products. During the treatment process, a portion of organic carbon in 

wastewater is utilized by microorganisms as a source of energy and the remaining 

portion is used for cell synthesis as illustrated in Figure 2.1. Apart from the carbon 

source, nutrients (such as nitrogen and phosphorous), amount of electron acceptors 

(oxygen in aerobic conditions), and proper environmental conditions (temperature and 

pH) are also essential for successful operation of the treatment process. 

 

Biodegradable organic substances are regarded as one of the key indicator for 

assessing the quality of the wastewater. As bacteria decompose these organic 

substances, dissolved oxygen (DO) in the water body is consumed. When DO is over 



5 

consumed, fishes and other aquatic lives are threatened and, in the extreme case, 

killed. DO depletion also induces undesirable nuisances such as odor, colors and other 

aesthetic problems. 

 

Generally, the biological wastewater treatment systems could be divided into two 

main categories: aerobic treatment systems (such as trickling filters and activated 

sludge processes) and anaerobic treatment systems (such as upflow anaerobic sludge 

blanket reactors and anoxic biofilters). Review on both types of treatment process is 

presented here. Within these two main categories, we can further identify the systems 

into suspended growth, attached growth or hybrid growth systems based on the 

different modes of bacterial growth in the systems. 
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Figure 2.1 Schematic of organic carbon flow in a biological reaction 
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2.1.1 Aerobic Treatment 

For aerobic treatment, the activated sludge process is one of the most common 

biological treatment processes for both municipal and industrial wastewater. The basic 

activated sludge process consists of three basic components: 1) a reactor in which the 

microorganisms responsible for treatment are kept in suspension and aerated; 2) a 

liquid-solid separation unit, usually in a sedimentation tank; and 3) a recycle system 

for returning solids removed from the liquid-solid separation unit to the reactor. In the 

process, the microorganisms undergo various biochemical reactions in the aeration 

tank to convert organic matter into cellular material (biomass) and other end products 

(CO2 and H2O). The overall biochemical reaction taken place in the process is 

illustrated as below: 

 

Organic Substances + O2 + Nutrients  �  CO2 + H2O + Energy + Biomass. 

 

The treatment performance (in terms of Chemical Oxygen Demand (COD) and 

suspended solid (SS) removal) of an activated sludge process mainly depends on 

several factors: 1) Mixed liquor suspended solid concentrations (MLSS); 2) sludge 

settleability; and 3) bioactivity. Sludge settleability of activated sludge is closely 

related to the microbial growth, which is dictated by the “food/microorganism (F/M) 

ratio”. The optimum F/M ratio is 0.2 to 0.7 kg BOD5/kg SS-day. Generally, the 

maximum MLSS in a conventional activated sludge process is kept below 3000 mg/L 

to ensure satisfactory sludge settleability. Under these operating conditions, activated 

sludge process can achieve the organic loading ratio of 0.5 – 1.5 kg BOD/m
3
/day 

(Sharma, 2003). 
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Activated sludge process is widely applied for both municipal and industrial 

wastewater treatment because of its simplicity in design and operation. Despite its 

popularity, the activated sludge process has some inherent disadvantages such as high 

sludge production, low volumetric treatment capacity, and large place requirement for 

aeration tank and settling tank. 

 

2.1.2 Anaerobic Treatment 

Anaerobic treatment of wastewater and sludge has been developed for more than 100 

years. It is a series of biological processes, in which organic materials are transformed 

to methane and inorganic products such as carbon dioxide and ammonia in the 

absence of oxygen. Early stage of the anaerobic treatment of wastewaters was in 

forms of septic tank. However, this technology was not widely applied for wastewater 

treatment since the effluent quality was not desirable (McCarty, 2001). Therefore the 

early applications of the anaerobic processes were confined to the treatment of solid 

and semi-solid wastes e.g. animal manure, night-soil, agricultural waste, sewage 

sludge, etc. to achieve waste stabilization, solid reduction and pathogen reduction 

(Switzerbaum, 1983).  

 

In recent years, because of advances in the understanding of microbiology, 

biochemistry and kinetics, anaerobic treatment has been further developed and 

demonstrated its feasibility in treating different kinds of wastewater (Lettinga et al., 

1983; van Haandel and Lettiga, 1994; Speece, 1996; McCaty, 2001). Therefore the 

anaerobic treatment process is increasingly recognized as an attractive technology for 

treating wastewater and solid wastes due to its advantages over aerobic treatment such 

as: 1) generating methane as a by-product which can be used as a supplementary 

energy source; 2) producing less excessive biomass due to a low sludge yield; 3) 
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taking less space requirement; 4) reducing energy cost for aeration as well as the cost 

of sludge treatment and disposal; and 5) being able to destroy some hazardous 

chemicals (Seghezzo et al., 1998; McCarty, 2001). Some of the important reaction 

mechanisms and associated microbes are given in the following sections. 

 

2.1.2.1 Organic Conversion in Anaerobic Processes 

Under the anaerobic condition, the transformation of complex organic matters into 

simple inorganic products is carried out by different kinds of bacteria through a 

number of metabolic stages. The anaerobic conversion process can be generally 

defined into four steps: hydrolysis, acidogenesis, acetogenesis and metanogenesis, as 

illustrated in Figure 2.2. 

 

Firstly, complex organic matters such as proteins, carbohydrates and lipids are 

hydrolyzed into simple soluble products such as amino acids, sugars and long chain 

fatty acids. Secondly, the fermentative bacteria (acidogens and acetogens) then 

ferment these soluble products to a mixture of organic acids, hydrogen and carbon 

dioxide through acidogensis. The organic acids are further converted to acetate and 

hydrogen gas through acetogensis. Finally, acetate, carbon dioxide and hydrogen are 

utilized as substrates of methane producing bacteria (MPB) for producing methane as 

the end product (Speece, 1996). 
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Figure 2.2 Organic conversion mechanisms in an anaerobic process  
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2.1.2.2 Organic Conversion in Sulfate Reduction 

There is another group of anaerobic bacteria apart from MPB involved in the removal 

of organic matter, commonly known as sulfate reducing bacteria (SRB). SRB are 

present in anaerobic and even aerobic wastewater treatment sludge. They can degrade 

a wide range of organic compounds and are less sensitive to toxicants (Widdle, 1988). 

In the past, sulfate reduction was usually regarded as an undesirable process in 

biological wastewater treatment since the produced sulfide is odorous and toxic to 

many bacteria groups. Sulfide is even toxic to SRB. Henry and Parsad (2000) 

suggested that there was no significant advantage of using the sulfate reduction to 

remove organic matters. It was more beneficial to completely suppress the sulfate 

reduction to take place in the biological wastewater treatment. Recently, the potential 

benefit of using sulfate reduction for removal of sulfate, organic matter, heavy metal, 

and hardly biodegradable compounds has been successfully demonstrated (Hulshoff 

Pol et al., 2001; Lens et al., 1998). It indicated that sulfate reduction is applicable for 

wide ranges of wastewater with the presence of the oxidized sulfurous compounds. 

The performance of organic removal through sulfate reduction is the major concern in 

this study, and hence detailed discussion would be presented in here. 

 

In a microbial sulfur cycle, sulfate is converted to odorous sulfide by SRB through 

sulfate reduction. This is a kind of bacterial respiration which occurs under strictly 

anaerobic conditions and uses sulfate as the terminal electron acceptor, while electron 

donors are usually organic compounds or hydrogen (Bruser et al., 1996). In terms of 

microbiological aspect, SRB were extensively reviewed by Widdel et al. (1991). The 

simplest sulfate reduction reaction is given by: 
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SO4
2-

 + Organic Matters � HS
-
 + H2O + HCO3

- 

 

In general, the presence of sulfate ion complicates the anaerobic biodegradation 

process. This is because the existing SRB compete with acidogens, acetogens and 

MPB for organic matters, as shown in Figure 2.3 (Widdel, 1988). SRB are able to  

oxidize several intermediate products of anaerobic process completely to CO2 and 

sulfide as end products or incompletely to acetate and sulfide as end products. SRB 

also compete with MPB for acetate and H2 (Lens, 1998; Colleran et al., 1995). In the 

absence of sulfate, certain strains of SRB are still able to act as fermentative bacteria 

using lactates, ethanols, pyruvates, chlorines, malates, glycerols and 

dihydroxvacetones as both electron donors and acceptors (Barton and Tomei, 1995). 

 

 
Figure 2.3 Biodegradation pathways of organic matter in presence of sulfate 
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2.1.2.3 Interaction between Methane Producing Bacteria (MPB) and 

Sulfate Reducing Bacteria (SRB) 

MPB and SRB share many ecological and physiological similarities. They usually 

co-exist and both use acetate and molecular hydrogen as the electron donors (Fauque, 

1995). Therefore, evaluation of the interaction between MPB and SRB is crucial for 

assessing the performance of anaerobic treatment and the amount of sulfide 

production. Based on some of the previous studies, three general relationships 

between MPB and SRB are identified: 1) co-existence through using separate 

substrates; 2) synergistic relationship in which one group of bacteria supplies the 

electron donors needed by the other to perform metabolic activities; and 3) 

competition for electron donors (Smith, 1993). 

 

2.1.2.4 Co-existence  

Co-existence refers to a condition that MPB and SRB perform their own metabolic 

activities by utilizing different electron donors in the same micro-ecosystem. In a 

non-limiting substrate environment, MPB and SRB can co-exist together since they 

don’t need to compete for substrates (Smith, 1993). 

 

2.1.2.5 Synergism 

The synergistic relationships between MPB and SRB exist in an environment 

consisting of variety of organic matters without the presence of sulfate. In this case, 

these two kinds of bacteria will closely rely on each other to perform their metabolic 

activities. When the anaerobic micro-ecosystem is sulfate-free, the microbial sulfur 

cycle is not able to take place and SRB are responsible for converting the simple 

organic acids into acetate and hydrogen, which are utilized by MPB for the production 
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of methane. This synergistic relationship is known as interspecies hydrogen transfer 

and the process is shown in Figure 2.4.  

 
Figure 2.4 Synergistic relationships between MPB and SRB 

 

2.1.2.6 Competition 

It is well documented that both MPB and SRB could readily use acetate and hydrogen 

as electron donors. In a substrate limiting and sulfate-rich environment, competition 

between MPB and SRB for acetate and hydrogen exists (Smith, 1993). The 

competition between MPB and SRB is further discussed as follows: 

  

From a thermodynamic consideration, the reduction of sulfate to sulfide by SRB 

yields more energy than the methanogenesis does, therefore SRB out-compete MPB. 

A relative standard free energy changes (ΔG
o
) given by the sulfate reduction and 

methanogenesis are listed in Table 2.1.  
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Table 2.1 The standard free energy changes  

Reactions ∆G
o
 (kJ/reaction) 

Sulfate Reductions:  

4H2 + SO4
2-

 + H
+
 � HS

-
 + 4H2O -152.4 

CH3COO
-
 + SO4

2-
 � HS

-
 + 2HCO3

-
 -47.6 

Methanogenic Reactions:  

4H2 + HCO3
-
 + H

+
 � CH4 + 3H2O -135.6 

CH3COO
-
 + H2O � CH4 + HCO3

-
 -31.0 

 

From a kinetic point of view, it is also well reported that SRB are more competitive 

than MPB as SRB have higher affinities (or lower Ks value) for limiting substrates 

(Khanal, 2002), where Ks is the half velocity constant of the Monod Equation (2-1): 

 

SK

S

s

m
+

= µµ              (2-1) 

 

Where µ , mµ and S are the specific growth rate, maximum specific growth rate and 

limiting substrate concentration, respectively. 

 

The Ks value for hydrogen uptake by MPB was reported as 0.012 mg/L and that of 

SRB was 0.002 mg/L (Kristjasson et al., 1982), while the Ks value for acetate uptake 

by MPB was reported as 177 mg/L and that of SRB was 11.8 mg/L (Schonheit et al., 

1982). 

 

The degree of competition between SRB and MPB in term of COD/SO4
2-

 ratio was 

also investigated extensively (Harada et al., 1994; Yoda et al., 1987). At a low ratio of 

0.67, more than 90% of electron flow was removed through sulfate reduction 
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(Annachhatre and Sukrakoolvait, 2001), while MPB would dominate when 

COD/SO4
2-

 ratio was above 2.7 (Choi and Rim, 1991). 

 

Other important factors influencing the degree of competition between SRB and MPB 

include: (1) substrate type and concentration; (2) sulfate availability in feed; (3) pH; 

(4) nutrient availability; (5) adhesion properties; (6) temperature, etc. (Speece, 1996; 

Omil et al., 1996; Visser et al., 1996; Lens et al., 1995). 

 

2.1.2.7 Sulfide Toxicity 

Sulfate emission is not a direct threat to the environment as sulfate is a chemically 

inert, non-volatile and non-toxic compound (Shin et al., 1995). However, gaseous and 

dissolved sulfides produced by SRB under anaerobic conditions are highly reactive, 

corrosive and toxic in nature, which may impose corrosion problems to sewage 

treatment plants and severe inhibitory effects on many different types of bacteria 

(Widdel, 1988; Hilton and Oleskiewicz, 1988). Therefore, the production of sulfide 

has been regarded as the major problem of anaerobic treatment of sulfate-rich 

wastewater. The evaluation of the sulfide toxicity on MPB and SRB has become an 

important consideration for assessing the performance of an anaerobic treatment of 

sulfate-rich wastewater. Since sulfate reduction and autotrophic denitrification were 

adopted in the proposed SANI Process, this section mainly focuses on studying the 

potential impacts of sulfide toxicity on SRB and denitrifying bacteria. 

 

The unionized hydrogen sulfide, H2S, can permeate through cell membrane and 

induce its toxicity. It may denature native proteins or interfere with the assimilatory 

metabolism of sulfur, while it can also affect the intercellular pH. Figure 2.5 illustrates 



16 

the prevalence sulfide form at different pH values, showing a low pH value favors the 

formation of unionized sulfide and therefore increases the toxicity effect. 

 

 
Figure 2.5 Prevalence of sulfide forms at different pH values 

 

Another explanation to the sulfide toxicity on anaerobic treatment is the ionized 

sulfide (HS
-
). It will commonly precipitate with the trace metals like Fe, Ni, Co, etc. 

in the wastewater and hence their availabilities to the microorganisms are reduced 

(Winfrey and Zeikus, 1997). These metal ions have been reported as crucial mineral 

requirements for most of the anaerobic microbes (Callander and Barford, 1993; 

Speece, 1988). Besides pH and metal concentration, the COD/SO4
2-

 ratio also play an 

important role in influencing the susceptibility of biomass to sulfide toxicity 

(McCartney and Oleszkiewicz, 1991). In practice, anaerobic treatment proceeds 

successfully in wastewater when the COD/SO4
2-

 ratio is larger than 10. For such 

wastewater, the H2S concentration produced in the anaerobic reactor will never 

exceed the presumed critical value of 150 mg/L due to the stripping effect of the 

biogas production (Rinzema and Lettinga, 1988).  
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The sensitivity of SRB to sulfide toxicity has been extensively studied. It is generally 

agreed that sulfide is also toxic to SRB themselves, even though SRB are less 

sensitive to sulfide than MPB (McCartney and Oleszkiewicz, 1993). Isa et al. (1986a, 

b) found that sulfate reduction decreased with an increased concentration of unionized 

sulfide in feed. However, it is still unable to come up with a consensus on the 

susceptibility level of SRB to sulfide toxicity. Widdel (1988) observed that the H2S 

concentration of 85 mg/L was inhibitory to a pure culture of SRB. Okabe et al. (1992) 

found that 50% inhibition of growth of Desulfovibrio desulfuricans on lactate at 250 

mg/L of H2S and pH 7. In contrary, 50% inhibition of SRB using lactate was reported 

at 171 mg/L of H2S by Visser (1995). Reis et al. (1992) reported that 547 mg/L of H2S 

at pH 6.2 - 6.6 could lead to complete inhibition of SRB using lactate as electron 

donor. Therefore, it is believed that the extent of sulfide toxicity susceptibility varies 

from species to species within the SRB (O’Flaherty et al., 1998). Studies under both 

mesophilic and thermophilic showed that granular sludge is less sensitive to H2S than 

suspended sludge at low and neutral pH value, whereas the inhibition effect is very 

similar at high pH values (Visser et al., 1995). 

 

Limited information with the sulfide toxicity on the heterotrophic denitrifying bacteria 

is available. Among these scarce available literatures, Sublette et al. (1998) reported 

that the growth of autotrophic denitrifying bacteria was inhibited at sulfide 

concentration of 0.1-0.2 mM and even up to 2.5 mM, when sulfide concentration was 

increased gradually. However, Subelette et al. (1998) advised to maintain a low 

sulfide concentration to safeguard the satisfactory application of the autotrophic 

denitrification process. 
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2.1.2.8 Sulfate Reduction Reactors 

An Upflow Anaerobic Sludge Blanket (UASB) reactor was developed in late 1970s in 

the Netherlands by Lettinga and his colleagues (Lettinga et al., 1980). It is one of the 

most widely used treatment processes in anaerobic wastewater treatment. It can be 

divided into four compartments (from the bottom to the top): 1) a sludge blanket; 2) a 

fluidized zone; 3) a gas-liquid separator; and 4) a settling compartment. The basic 

UASB reactor is illustrated in Figure 2.6.  

 

The key feature of the UASB process is the development of a dense granulated sludge 

blanket, which has high biomass concentration and excellent settleability. When 

wastewater passes through the granulated sludge blanket, organic matters are 

hydrolyzed, fermented and degraded. For successful development of granular sludge 

in an UASB process, some important factors must be taken into account at the design 

stage: 1) wastewater characteristics in terms of composition and solid content; 2) 

volumetric organic loading; 3) upflow velocity; 4) reactor volume; and  5) physical 

features including the influent distribution system and the gas collection system. 
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Figure 2.6 Original UASB process 

 

Degradation of organic matter in the UASB reactor can be achieved by sulfate 

reduction instead of methanogensis. SRB are present in wide ranges of wastewater 

and able to degrade a wide range of organic compounds (Widdel, 1988). When 

comparing SRB with MPB, some advantages could be observed: 1) SRB are less 

sensitive to organic overloads; 2) SRB are less sensitive to toxicants; 3) SRB can 

metabolize organic inhibitors such as aromatics, alkanes, chlorinated compounds and 

long chain fatty acids (Widdel, 1988); and 4) SRB are thermodynamically and 

kinetically more favorable.  

 

Many studies have successfully demonstrated the feasibility of applying sulfate 

reduction for wastewater treatment in an UASB reactor. Nedwell and Reynolds (1996) 

reported that sulfate-reducing and methanogenic hybrid reactors offered similar 

organic removal efficiencies in leachate samples at low organic loading rate (< 1 kg 

COD/m
3
/day). A sulfate reducing UASB reactor was established to treat volatile fatty 
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acid under 30
o
C and had achieved a COD removal comparable to the methanogenic 

systems at volumetric loading rates of 7.5 kg COD/m
3
/day (Alphenaar et al. 1993). 

Visser et al. (1993) reported that sulfate reducing UASB reactors can be operated at 

sludge loading rates of 0.9-1.0 g COD/g VSS/day. Sulfate reducing granular sludge 

could be obtained by feeding a reactor inoculated with methanogenic sludge and 

wastewater with a COD/sulfate ratio of 0.5. The population shift between MPB and 

SRB usually proceeds rather slowly, and after 100 days, MPB still consume 5-20% of 

the organics. Visser et al. (1993) found that the MPB could be completely eliminated 

by treating the sludge with 5 mg/L CHCl3 for 1 to 5 days, thereby speeding up the 

development of higher purity of sulfate reducing sludge. 

 

2.2 Overview of Nitrogen Removal in Biological Wastewater Treatment 

The nitrogenous contaminants in a watercourse are mainly originated by domestic and 

industrial wastewater discharges. Principal nitrogenous contaminants that pollute the 

receiving water are ammonium ion (NH4
+
), nitrite ions (NO2

-
), and nitrate ions (NO3

-
). 

Significant pollution problems related to the present of nitrogenous pollutants include 

dissolved oxygen depletion, toxicity, eutrophication, and methemoglobinemia (Jahan, 

2003). 

 

To reduce the environmental impacts caused from nitrogenous contamination, 

biological nitrogen removal processes are commonly applied. In order to transform 

the nitrogenous contaminants into stable nitrogen gas, all of the biological processes 

have to include nitrification and denitrification. Figure 2.7 demonstrates the typical 

nitrogen transformation pathways in the biological wastewater treatment. Review on 

both types of nitrification and denitrification treatment is presented in the following 
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sections. 
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Figure 2.7 Nitrogen transformations in biological treatment processes 

 

2.2.1 Nitrification 

Nitrification is the first step in removal of nitrogen from wastewater by the 

nitrification-denitrification process. Nitrification is a two-step biological process, 

which is carried out by aerobic autotrophic bacteria. In the first step, ammonia (NH4
+
) 

is oxidized to intermediate product nitrite (NO2
-
) by one group of autotrophic bacteria 

named as Nitrosomonas. In the second step, the nitrite is further oxidized to nitrate 

(NO3
-
) by another group of autotrophic bacteria, named as Nitrobacter. The two-step 

oxidation of ammonia to nitrate is presented as follows: 
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Nitrosomonas : 

 

55 NH4
+
 + 76 O2 + 109 HCO

3-
 →  

C5H7O2N (biomass) + 54 NO
2-

 + 57 H2O + 104 H2CO3 

 

Nitrobacters: 

 

400 NO
2-

 + NH4
+
 + 4 H2CO3 + HCO

3-
 + 195 O2 → 

C5H7O2N (biomass) + 3H2O + 400 NO3
-
 

 

From the above stoichiometric equations, approximately 4.3 g O2 is needed to oxidize 

one gram of ammonia-nitrogen into nitrate-nitrogen. In the conversion process, a large 

amount of alkalinity is consumed: 8.64 g HCO3
-
 is required for oxidizing one gram of 

ammonia-nitrogen.  

 

Nitrifying bacteria are sensitive organisms and extremely susceptible to a wide variety 

of inhibitors. A variety of organic and inorganic agents can inhibit the growth and 

action of these organisms. High concentrations of ammonia and nitrous acid can be 

inhibitory. pH level is also an important factor affecting the performance of nitrifying 

bacteria, the optimum pH is usually between pH 7.5 to 8.6. Since nitrification is an 

aerobic oxidation process requiring dissolved oxygen concentration higher than 1 

mg/L for complete oxidation of ammonia. Nitrification will slow down or cease when 

oxygen supply is limiting. Apart from these, there are some other factors such as 

temperature, substrate type and mode of treatment influencing the growth and the 

action of the nitrifying bacteria. 
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Nitrification can be accomplished in both suspended and attached growth processes. 

For suspended growth, nitrification is commonly achieved simultaneously with the 

BOD removal in the same single-sludge process. In an attached growth system with 

BOD-rich condition, heterotrophic bacteria are usually more competitive than 

nitrifying bacteria to dominate the surface area of the fixed-film system. Therefore, 

when a pure nitrification system is intended to be developed, it is necessary to 

maintain the system receiving a low influent BOD loading. Most of the BOD should 

be removed from the wastewater before feeding the wastewater into the nitrification 

system. 

 

2.2.2 Denitrification  

Denitrification is the second step following the nitrification. It is a biological 

conversion process to transform nitrate/nitrite to nitrogen gas under an “anoxic” 

(without oxygen) condition. Denitrification consists of a sequence of enzymatic 

reactions leading to the evolution of nitrogen gas as the end product. The process may 

involve the formation of the intermediate products such as nitrite, nitrogen monoxide 

and nitrous oxide (Szekers et al., 2001). 

 

NO
3-

 � NO
2-

 � NO � N2O � N2 

 

In the past, denitrification was regarded as an anaerobic process. However, the 

principal biochemical pathways are not anaerobic but rather a modification of aerobic 

pathways since the denitrifying bacteria utilize nitrate/nitrite as the electron acceptor 

(or oxygen source) for their respiration.  
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Biological denitrification can be classified as heterotrophic denitrification or 

autotrophic denitrification based on the types of energy source consumed. 

Heterotrophic denitrifying bacteria utilize complex organic substrates as electron 

acceptors while autotrophic denitrifying bacteria utilize hydrogen and carbon dioxide 

or reduced sulfur compounds as electron acceptors.  

 

2.2.2.1 Heterotrophic Denitrification 

Heterotrophic denitrification is the most common reaction to remove nitrogen from 

municipal and industrial wastewater. Under anoxic conditions, nitrate and nitrite in 

wastewater are utilized as electron acceptors instead of oxygen by heterotrophic 

denitrifying bacteria, whilst gaseous nitrogen is produced as an end product for 

carbonaceous removal. Typical sources of organic matter in wastewater treatment are: 

1) soluble COD in the influent wastewater; 2) soluble COD produced in endogenous 

decay of biomass; and 3) an exogenous sources such as methanol or acetate.  

Stoichiometric reactions for different electron donors are shown below: 

 

Methanol: 

0.1667 CH3OH + 0.1561 NO
3-

 + 1.438 H
+
 →  

0.0733 N2 + 0.00954 C5H7O2N (biomass) + 0.3781 H2O + 0.119 CO2 

 

Acetate: 

0.125 CH3COO
-
 + 0.1438 NO3

-
 + 1.438 H

+
 → 

0.0658 N2 + 0.012 C5H7O2N(biomass) + 0.1542 H2O + 0.0639 CO2 + 0.125 HCO3
-
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From the above reaction equations, the availability of organic carbon in the 

wastewater is clearly a crucial factor for a complete denitrification. Since nitrified 

effluents in conventional wastewater treatment are usually low in carbonaceous matter, 

an external carbon source of carbon is required for completing denitrification. 

Methanol, ethanol and associated acids are commonly used as the external carbon 

sources. For the complete denitrification, 1.5 and 2.5 mg/L methanol are required for 

1 mg/L nitrite and 1 mg/L nitrate, respectively. Besides the availability of carbon 

source, dissolved oxygen concentration is another important parameter for 

denitrification. The presence of DO on one hand will suppress the enzymatic activities 

of heterotrophic denitrifying bacteria, and on the other hand, the DO competes with 

nitrate/nitrite to be electron donor for the microbial respiration. 

 

2.2.2.2 Autotrophic Denitrification 

Unlike heterotrophic organisms, autotrophic organisms do not require organic carbon 

for cell reproduction. They can utilize carbon dioxide and bicarbonate as their carbon 

source. There are four groups of autotrophic denitrifiers identified: 

hydrogen-oxidizing bacteria, ferrous-iron-oxidizing bacteria, reduced-sulfur-oxidizing 

bacteria, and chloric-compound-oxidizing bacteria. The stoichiometric equations of 

autotrophic denitrification with various energy sources including hydrogen, reduced 

sulfur compounds, and ferrous iron are listed as follows (Mateju et al., 1992; Bisogni 

et al., 1977; Driscoll et al., 1978). 

 

(a) Hydrogen: 

2 NO3
-
 + 5 H2   →   N2 + 4 H2O + 2 OH

- 
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(b) Ferrous iron: 

NO3
-
 + 5 Fe

2+
   →   0.5 N2 + 5 FeOOH + 9 H

+ 
 

 

(c) Sulfides: 

0.422 H2S + 0.422 HS
-
 + NO3

-
 + 0.347 CO2 + 0.0865 HCO3

-
 + 0.0865 NH4

+ 

→   0.844 SO4
2-

 +0.5 N2 + 0.0865 C5H7O2N (biomass) + 0.409 H
+  

 

(d) Elemental sulfur: 

1.114 S
0
 + NO3

-
 + 0.337 CO2 + 0.0842 HCO3

-
 + 0.0842 NH4

+
 + 0.699 H2O 

→   1.114 SO4
2-

 + 0.5 N2 + 0.0842 C5H7O2N (biomass) + 1.228 H
+
  

 

(e) Thiosulfate: 

0.844 S2O3
2-

 + NO3
-
 + 0.347 CO2 + 0.0865 HCO3

-
 + 0.0865 NH4

+
 + 0.434 H2O 

→   1.689 SO4
2-

 +0.5 N2 + 0.0865 C5H7O2N (biomass) + 0.697 H
+  

 

Information on specific metabolic pathways of autotrophic denitrification is rather 

scarce in the literatures. In general, nitrate is converted to elemental nitrogen gas for 

complete denitrification without formation of any intermediate product. Under an 

overloading condition, accumulation of nitrite (NO2
-
) and release of nitrous oxide 

gases (N2O) have been reported, suggesting that autotrophic denitrification proceeds 

almost certainly in a similar manner as heterotrophic denitrification does according to 

the following enzymatically mediated steps: NO3
-
 → NO2

-
 → NO → N2O → N2 in 

which the limiting steps are most likely NO2
-
 → N2O and N2O → N2, thus explaining 

the accumulation of NO2
-
 and N2O (Koenig and Liu, 2001). 
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To better describe and evaluate the performance of autotrophic denitrification using 

sulfur compounds as electron donors, a consumptive ratio of sulfur compounds to 

nitrate (S/N ratio) is defined by Equation (2-2).  

 

Table 2.2 gives the consumptive ratio and thermodynamically predicted cell yields for 

several sulfur electron donors. When the S/N ratio is lower than the stoichiometric 

value, the amount of sulfur compounds is insufficient for a complete removal of 

nitrate. In certain situations, nitrite accumulation may occur because the conversion of 

nitrate to nitrogen is limited. On the contrary, the complete denitrification without 

nitrite accumulation could be achieved with a high S/N ratio condition. The preceding 

analysis on this S/N ratio cannot be strictly valid when the concentration of dissolved 

oxygen is high in the influent, since oxygen can be utilized as electron acceptors due 

to its favorable Gibb’s free energy (∆G
0
) in the presence of nitrate (Bisogni et al., 

1977). In addition, even with the same energy sources, the S/N ratio has been reported 

to range from 2.1 to 3.7 (Sikora and Keeney, 1976; Schippers et al., 1987). The 

reasons for these differences may be due to different bacteria species involved in the 

respective reactions, different reactor configurations and operating conditions (Koenig 

and Liu, 1996, 2002; Liu and Koenig, 2002). 

 

Sulfur compounds as sulfur consumed (g S) 

S/N ratio = 

Nitrate as nitrogen reduced  (g N) 

(2-2) 
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Table 2.2 S/N ratio of autotrophic denitrification with various sulfur compounds 

(Bisogni et al., 1977) 

Sulfur source S/N ratio 
Sludge yield (VSS produced / 

nitrate utilized) 

H2S / HS
-
 / S

2-
 1.92 0.704 

S
0
 2.55 0.683 

S2O3
2-

 3.85 0.703 

 

 

2.2.2.3 Application of Autotrophic Denitrification  

Autotrophic denitrification has been used in wastewater treatment with the objective 

of both sulfide and nitrate removal. It appears difficult to establish a meaningful 

comparison between it with different treatment processes mainly due to the 

differences in the objectives and the variations in the operating conditions. In most 

cases, a reduced sulfur source is added when nitrate removal is the main purpose. This 

can be a solid (filter beds containing elemental sulfur) or a soluble (sulfide or 

thiosulfate) sulfur source. Fluidized bed reactors, membrane bio-reactors, upflow 

anaerobic sludge blanket reactors, and fixed-bed reactors are commonly employed in 

the autotrophic denitrification. 

 

The fixed-bed reactors, especially filter beds containing elemental sulfur/Limestone, 

have shown promising results from different wastewater treatment (Koenig and Liu, 

2001). However, several problems affecting the autotrophic denitrification in 

fixed-bed reactors have been revealed: 1) dysfunctional release of excess nitrate and 

nitrite in the effluent; 2) biomass accumulation; 3) gaseous over-saturation due to the 

release of nitrogen or other gaseous forms of nitrogen (NOx); 4) clogging and 

hydraulic short-circuiting; and 5) production of unwanted sulfurous compounds 

(Chazal and Lens, 2000). In addition, the maximum specific denitrification rate was 
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found to be only about 0.15 g NO3
-
-N/g VSS at 25

o
C. However, in use of thiosulfate 

instead of elemental sulfur as elemental donors, these rates in chemostats were 

estimated to be 4.23 - 8.4 g NO3
-
-N/g VSS (Koenig and Liu, 2001). The reason for the 

low denitrification rate using elemental sulfur is probably due to the slow dissolution 

and transport of elemental sulfur in the biofilm, but not due to the lower energy yields 

or reaction rates (Koenig and Liu, 2001). Similar process configurations have been 

applied for treating ground water and drinking water, and the maximum nitrate 

loading rate could be 9 g NO3
-
-N/m

3
/h in sulfur/limestone filter beds (Chazal and 

Lens, 2000).  

 

In some cases, autotrophic denitrification has been applied for the treatment of 

sulfide-laden wastewaters including sour water, sour gases, and refinery spent-sulfide 

caustics (Sublette et al., 1998). The term ‘sour’ is used in the petroleum industry to 

describe the contamination with hydrogen sulfide or salts of sulfide and bisulfide. In 

the past, successful applications of the processes have been demonstrated under 

full-scale conditions at one oil-field in the United States (Sublette et al., 1998). More 

than 800 m
3
/d of produced wastewater containing 100 mg/L sulfide and total 

dissolved solids of 4800 mg/L was effectively treated in an earthen pit (300 m
3
) over a 

six-month period. Complete removal of sulfide and elimination of associate odors was 

observed. 

 

2.2.2.4 Oxygen Tolerance 

Oxygen is commonly considered as an inhibitor to autotrophic and heterotrophic 

denitrification, since oxygen either represses nitrate reductase enzymes or acts as a 

competing electron acceptor, thereby preventing the reduction of nitrate (Mateju et al., 



30 

1992). Effect of oxygen on the autotrophic denitrification in the fermenter system was 

investigated by Gu et al. (2004) and it was found that the optimum level of DO was 

around 2% of the saturation for an effective nitrate removal. It was also indicated that 

1 – 2 mg/L DO (13.6 – 17.2% of DO saturation) in a filtrate and 0.5 mg/L (6.8% of 

saturation) in a suspended culture did not influence the denitrification process 

(Halling-Sorensen and Jorgensen, 1993). The activity of denitrifying microorganisms 

was observed to be enhanced after exposure to low levels of oxygen, possibly because 

some microorganisms might need oxygen in order to synthesize the cells (Wood, 

1986). However, a high level of oxygen is inhibitory to denitrification process, and it 

is essential to maintain DO level in a low range in order to maximize the rate of 

denitrification. 

  

2.2.2.5 Interaction between Heterotrophic and Autotrophic Denitrifiers 

As mentioned in the previous sections, simultaneous autotrophic and heterotrophic 

denitrification would be promoted to achieve economical nitrate removal and reduce 

alkalinity consumption. Interactions between autotrophic and heterotrophic 

denitrification would therefore become interesting from the process point of view. 

This has been evaluated under different organic loadings and alkalinity conditions in 

batch reactors or sulfur-packed beds (Kim and Bae, 2000; Oh et al., 2000, 2001; Kim 

et al., 2002). In most cases, a large portion of nitrate was removed heterotrophically 

and the remainder was denitrified by autotrophic denitrifiers without any inhibition by 

the presence of organic matter. This was probably because the energy yield of the 

autotrophic denitrification using elemental sulfur (91.5 kJ/electron equivalent) was 

somewhat lower than that in the heterotrophic denitrification using methanol (109.18 

kJ/electron equivalent) (Oh et al., 2002). It may be beneficial to achieve higher 
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overall nitrate removal and lower alkalinity consumption. Interestingly, when a small 

amount of organics was added, autotrophic denitrification in a sulfur-packed reactor 

was promoted, as indicated by increased sulfate production and a shorter lag time. 

This enhancement may be due to the production of CO2 as a carbon source to the 

autotrophic denitrifiers (Oh et al., 2002).  

 

2.2.3 Configuration of Nitrogen Removal System 

In conventional biological wastewater treatment plants, pre-anoxic and post-anoxic 

denitrification processes are usually applied as shown in Figure 2.8. Both 

configurations have been widely adopted in various nitrogen-removal plants 

depending on the wastewater characteristics, temperature, sludge ages and the MLSS 

levels (Metcalf and Eddy, 1991). Denitrification reactors can be operated in either a 

suspended-growth, or an attached-growth system.  

 

AerobicInfluent EffluentAnoxic

EffluentAnoxic AerobicInfluent

Aerobic (nitrate) recycle(a)

(b)

 
Figure 2.8 Process configurations of (a) pre-anoxic; and (b) post-anoxic denitrification 

 

In the pre-anoxic configuration, nitrate production in the aerobic zone is recycled to 

the pre-anoxic compartment where heterotrophic denitrifying bacteria can directly 

utilize the influent COD as oxidizable substances without adding external carbon 
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sources. In addition, higher denitrification rates in the pre-anoxic reactors can also be 

achieved due to the sufficient COD provided in the influent, but the hydraulic 

retention time of the anoxic zone is highly correlated to the fraction of soluble COD in 

the influent, and the internal recycling ratio generally varies from 3 to 5 (Metcalf and 

Eddy, 1991), meaning that more power is consumed for pumping, but the overall 

space requirement is remarkably reduced. 

 

Comparatively, the post-anoxic denitrification can be operated in a separate tank or 

within the same single-sludge system following nitrification. Since after nitrification, 

only a small amount of COD remains in the nitrified effluent, the electron donors can 

only be provided from endogenous respiration of activated sludge under anoxic 

conditions. Insufficient availability of electron donors thus greatly reduces the specific 

denitrification rate, thereby requiring a longer detention time in this unit. Therefore, 

feeding of external carbon source into the anoxic tank becomes necessary. Methanol, 

ethanol, and other associated acids are commonly used in the post-anoxic 

denitrification. For complete denitrifying 1 mg/L nitrite and nitrate ions, in general, 

1.5 and 2.5 mg/L methanol are required as the substrate, respectively (Gerardi, 2002). 

At the same time, 0.3 mg to 0.5 mg excess sludge is produced, thereby unavoidably 

increasing the operational costs. 

 

2.2.4 Sulfide Oxidation 

Oxygen or air can biologically or chemically (with or without catalyst) oxidize sulfide. 

Therefore, sulfide oxidation can be further categorized into biotic sulfide oxidation 

and abiotic sulfide oxidation depending on if bacterial activities are involved. 
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The best known sulfide oxidizing bacteria involved in biotic (or biological) sulfide 

oxidation is Thiobacillus which is a facultative autotrophic bacteria, utilizing reduced 

sulfur compounds as electron donors and carbon dioxide as carbon source. Therefore, 

Thiobacillus are always reported to be present in a sulfide oxidizing reactor. In a 

biotic oxidation system with limiting oxygen concentration (DO < 1 mg/L), sulfide is 

primarily oxidized to elemental sulfur by aerobic sulfide oxidizing bacteria. When 

oxygen is not limiting, sulfide is oxidized to sulfate (Buisman et al., 1990a; Jassem et 

al., 1997). 

 

2HS
-
 + O2 → 2S

o 
+ 2OH

- 

 

2HS
-
 + 4O2 → 2SO4

2- 
+ 2H

+
 

 

Oxygen can abiotically eliminate sulfide in the aqueous phase. Chen and Morris (1972) 

reported that the complex sulfide-oxygen reaction proceeds through chain reactions. 

The oxygenation of aqueous sulfide leads to the formation of polysulfides (Sx
2-

) as 

intermediate products. At high sulfide-to-oxygen ratio, sulfur precipitation occurs and 

limits the formation of polysulfides; but at low ratio, direct oxidation to thiosulfates 

and other oxyanions occurs at a neutral pH range (Chen and Morris, 1972). 
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CHAPTER 3  

MATERIALS AND METHODS 

 

3.1 Experimental Setup 

This study was conducted to investigate the feasibility of an entire SANI system in 

treatment of Hong Kong saline sewage towards low-cost, space-saving and 

minimization of excess sludge production. In order to achieve this objective, a 

lab-scale SANI system, consisting of an upflow anaerobic sludge bed (UASB), an 

upflow anoxic filter and an upflow aerobic filter, as shown in Figure 3.1, was 

developed and operated in a temperature controlled chamber (30
o
C) over a period of 

360 days.  

 

Synthetic saline wastewater was stored in a refrigerator maintained at 4
o
C and was 

then pumped into the reactors with peristaltic pumps. Photographs of the experimental 

set-up for all reactors are shown in Appendix A. Details of each reactor; operating 

conditions, feeding characteristics, etc are described below 
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Figure 3.1 Schematic diagram of the experimental setup of the SANI system. 

 

3.2 Unit Reactor Inoculation and System Start-up 

 

3.2.1 UASB 

Anaerobic sludge (>10,000 mg SS/L) and activated sludge (~3,000 mg SS/L) from the 

Shatin Sewage Treatment Works were seeded into the UASB reactor. The reactor was 

initially subjected to a continuous feeding of the synthetic saline wastewater mainly 

containing 100 mg TOC/L and 500 mg SO4
2-

/L at a HRT of 8 hrs. After about 100days, 

the UASB reactor was successfully established and operated for another 360 days. 

The UASB reactor demonstrated its capability in dealing with various organic loading 

rates from 0.42 to 0.86 kg TOC/m
3
/d with corresponding HRTs of 6 to 3 hrs. An 

internal recirculation was applied to maintain a well mixing condition at the bottom of 

the sludge blanket and to enhance the granulation of sludge. The effluent 

concentrations of TOC, sulfate and dissolved sulfide were routinely monitored to 

assess the performance of the UASB reactor. Before connecting it to the anoxic and 
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aerobic reactors to establish a complete SANI system, the UASB was operated at a 

HRT of 6 hrs. 

 

3.2.2 Aerobic Filter 

The aerobic filter was seeded with concentrated activated sludge (~6,000 mg SS/L) 

from the treatment works. Ammonia-laden synthetic wastewater mainly composed of 

ammonium chloride and sodium bicarbonate at 70 mg N/L and 150 mg CaCO3/L, 

respectively, as well as essential nutrients and trace minerals was adopted to 

efficiently inoculate nitrifying biofilm in the reactor. The inoculation was achieved by 

operating the reactor alone with the wastewater under at an initial HRT of 12 hrs, 

which was then gradually reduced to 2 hrs in order to increase the nitrogen loading 

effectively. During this 30-day period, routine monitoring of the effluent ammonium, 

nitrate and alkalinity was performed.  

 

3.2.3 Anoxic Filter  

The anoxic filter or reactor was seeded with the same sludge as that in the UASB 

inoculation and then operated with a synthetic substrate feeding at the HRT of 8 hrs. 

This initial feed contained sodium nitrate and sodium thiosulfate at 30 mg N/L and 

120 mg S/L, respectively, and other essential nutrients and trace minerals. After about 

a month of the start-up, the anoxic filter was connected to the UASB and fed with an 

influent composed of an external source of 30 mg NO3
-
-N/L and varied concentrations 

of dissolved sulfides (36.6 to 70.5 mg S/L) in the effluent of the UASB reactor. The 

anoxic filter demonstrated its feasibility of utilizing the dissolved sulfides to perform 

autotrophic denitrification with the nitrate loading rates of 0.18 to 0.36 kg N/m
3
/d and 

corresponding HRTs of 4 to 2 hrs. An internal recirculation ratio of 2 was maintained 
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to enhance the substrate transfer between the bulk liquid and the biofilm phases.  

 

3.2.4 SANI System 

After 80 days operation of the aerobic filter and 360 days operation of the UASB/ 

anoxic filter combination, the aerobic filter and the UASB/anoxic filter were 

integrated to form a complete SANI system. The effluent of the aerobic filter was 

connected to the influent of the anoxic filter to supply nitrate for nitrogen removal. By 

doing so, a complete SANI system was established and operated for another 180 days.  

 

3.3 Experiments of the SANI system 

 

3.3.1 Influent Characteristics    

Synthetic saline wastewater used for the SANI system in this study was a mixture of 

glucose, sodium acetate, yeast extract and ammonium chloride. Necessary nutrients 

and trace minerals were added to the feed. The composition of the stock solution for 

the preparation of the synthetic wastewater is shown in Table 3.1. The stock solution 

was prepared regularly and stored at 4
o
C. The total COD of the stock solution was 

16,000 mg/L, following a COD:N:P ratio of 150:17:1. For simulating the 

characteristics of Hong Kong saline sewage in term of sulfate concentration (400 – 

600 mg/L) and salinity (3,000 – 4,000 mg/L), the stock solution was mixed with 

seawater (sulfate concentration: 2,700 mg/L, and chloride concentration: 19,000 mg/L) 

to prepare concentrated feed which was further diluted with tap water to achieve 

desired concentrations of TOC, sulfate and ammonia in the feed. All influent flow 

rates and recirculation rates were regulated by peristaltic pumps (Cole Parmer, 

Masterflex) with Tygon tubing. The influent flow rate was adjusted according to an 
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intended organic and nitrogen loading rates in different phases of the study. 

 

Table 3.1 Composition of the synthetic stock and trace solutions 

Stock Solution Trace Solution 

Component 
Concentration 

(mg/L) 
Component 

Concentration 

(mg/L) 

Glucose 19,570 FeCl36H2O 2000 

Sodium Acetate 26,100 H3BO3 200 

Yeast Extract 9,786 CuSO4 50 

NH4Cl 18,450 KI 80 

K2HPO4 1,920 MnSO4H2O 250 

KH2PO4 720 ZnSO47H2O 150 

MgCl2.6H2O 8320 CoCl26H2O 200 

CaCl2 5200   

NaHCO3 62,400   

 

 

3.3.2 General Operation of the SANI Setup  

In the completed SANI system, synthetic wastewater was firstly fed into the UASB 

reactor which was operated at a constant HRT of 6 hrs. The resulted anaerobic effluent, 

together with nitrified effluent recycled from the aerobic filter, was then fed into the 

anoxic filter for nitrogen removal. Thereafter, the anoxic effluent was fed into the 

aerobic filter for oxidizing ammonia in the synthetic wastewater into nitrate. The 

hydraulic loading rates of both anoxic and aerobic reactors depended on the ratio of 

the nitrified effluent recirculation flow to the influent flow (R). Detailed operation 

strategies of the UASB, anoxic and aerobic reactors are summarized in Table 4.2 to 

4.4.  
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3.4 Determination of Optimal Operation Conditions 

Determination of the optimal operation conditions for the SANI system was the major 

objective of this study. As shown in Figure 3.1, the anoxic filter is the key unit in 

achieving nitrogen removal in the SANI setup. Since the recycling of the nitrified 

effluent from the aerobic filter to the anoxic filter is essential for this removal, an 

appropriate recirculation ratio is deemed necessary. Although a large recirculation 

ratio would improve the denitrification in the anoxic filter through autotrophic 

denitrification, it will also bring more dissolved oxygen (DO) into the reactor as well 

as reduce the contact time between the biofilm and the liquid in the reactor. Therefore, 

this study was started by focusing on the impact of DO on the performance of the 

anoxic filter first, then on the performance of the SANI system under different 

recirculation ratios ranging from 1 to 4 times as the influent flow rate of the setup.  

  

3.4.1 Impact of Influent DO level on Performance of the Anoxic Filter 

As stated above, performance of the anoxic filter is crucial for the entire SANI setup 

in terms of nitrogen removal. The influent DO level was thus regarded as one of the 

most important operational factors affecting the performance of the anoxic filter. 

Hence, it is necessary to study the impact of DO level on the performance of the 

denitrification in the anoxic filter. To do so, the aerobic filter was disconnected from 

the SANI setup and replaced by a stable source of nitrate (see the additional nitrate 

supply tank in Figure 3.2) during this study. Also, the influent flow rate of the UASB 

effluent was fixed to provide a stable source of dissolved sulfide for the autotrophic 

denitrification in the filter. The purpose of this part of the study was therefore to 

achieve an intended DO level in the influent to the anoxic filter. This DO level could 

be obtained by regulating the aeration strength in the nitrate supply tank. The influent 
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nitrate concentration was also adjusted according to the intended loading rates of 

nitrogen. In the first set of the experiments, the anoxic filter was subjected to a 

nitrogen loading of 0.22 kg N/m
3
/d. Thereafter, the nitrogen loading was increased to 

0.36 kg N/m
3
/d in the second set of the experiments. 

 
Figure 3.2 Schematic diagram of the experiment setup for study of the DO impact on 

the anoxic filter 

 

The performance of the above system was investigated with three different influent 

ranges of DO level: 0-1, 1-2, and 2-3 mg/L, respectively. Air flow rate was controlled 

from 1 to 50 L/min to achieve these intended DO levels in the anoxic filter influent. 

The DO levels were monitored by the developed influent DO measurement device, as 

shown in Figure 3.3. The influent was disconnected from the anoxic filter and 

continuously fed into the device which was installed with a DO probe. With the 

overflowing from the vertical tube, the DO meter can measure the DO level in the 

influent regardless of any air infiltration.  
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Figure 3.3 Schematic diagram of the device for monitoring the influent DO level 

  

 

3.4.2 Impact of the Recirculation Ratio on Performance of the SANI 

System 

As mentioned above, R is a crucial operational factor for the SANI system to achieve 

high nitrogen removal efficiency. It is, therefore, necessary to determine an optimal 

value of R. In operation of the completed SANI system, the UASB reactor was 

operated at a constant 6-hr HRT so as to provide a stable source of dissolved sulfide 

for the subsequent anoxic filter, while the connected part of the anoxic and aerobic 

filters in the system was operated subsequently at various R values from 1 to 4. The 

overall performance of the SANI setup was evaluated at each tested R with respect to 

organic removal, nitrogen removal and the fate of sulfur. For detailed operation 

conditions please refer to Table 4.2 to 4.4. 



42 

3.5 Kinetic Study 

The biomass in the anoxic filter was regarded as mixed microbial communities 

including sulfate reducing bacteria (SRB), heterotrophic (HDB) and autotrophic 

denitrifiers (ADB), and methane producing bacteria (MPB). These bacteria may share 

substrates and interact with each other in different forms such as coexistence, 

synergism or competition. These could directly or indirectly influence the 

performance of the anoxic filter, thereby affecting the nitrogen removal of the entire 

SANI system. In order to understand the kinetic behaviors of these microbial 

communities, several sets of batch experiments were carried out under several testing 

conditions which were specially designed to study individual and related activities of 

these different types of biomass in the anoxic filter.  

 

3.5.1 Batch Experimental Methods and Procedures 

In accordance with the requested reaction conditions in favor of respective biomass in 

the microbial communities of the anoxic filter, five sets of substrate solution were 

prepared, which compositions are shown in Table 3.2. Five different sets of batch 

experiments were conducted with corresponding substrate consortium and biomass 

(~1800 mg VSS/L) using the five batch reactors (using five 100-mL serum bottles), as 

shown in Figure 3.4 Batch experiment set-up for the kinetic study. The biomass was 

carefully taken from the anoxic filter. To study the specific activity of SRB, the 

denitrifiers were inhibited by excluding nitrate from the substrate, as shown in the 

substrate of S-1. Likewise, COD was not given for studying the ADB activity, as 

shown in the substrate S-4. HDB and SRB were suspected to co-exist when COD was 

available in the substrate. Therefore, a SRB inhibitor (sodium molydate) was added in 

the substrates S-2 and S-5 to inhibit the SRB. 
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Table 3.2 Substrate compositions in each set of the batch experiment 

Bacteria SRB SRB vs. HDB HDB ADB HDB vs. ADB 

Substrate (mg/L) S-1 S-2 S-3 S-4 S-5 

Glucose 30.8  30.8  30.8  0.0  30.8  

Sodium Acetate 40.8  40.8  40.8  0.0  40.8  

Yeast Extract 15.3  15.3  15.3  0.0  15.3  

TOC    30 mg/L  30 mg/L 30 mg/L 0 mg/L 30 mg/L 

NH4Cl as N 6.8  6.8  6.8  6.8  6.8  

K2HPO4 as P 2.1  2.1  2.1  2.1  2.1  

KH2PO4 as P 1.0  1.0  1.0  1.0  1.0  

MgCl2.6H2O 52.0  52.0  52.0  52.0  52.0  

CaCl2 32.5  32.5  32.5  32.5  32.5  

NaHCO3 390.0  390.0  390.0  390.0  309.0  

Seawater (ml/L) 250.0  250.0  250.0  250.0  250.0  

Na2S.9H2O as S 0.0  0.0  0.0  70.0  70.0  

KNO3 as N 0.0  30.0  30.0  30.0  30.0  

SRB Inhibitor 

(NaMoO4 as Mo) 
0.0  0.0  600.0  600.0  600.0  

 

Each batch reactor was well-mixed by a magnetic stirrer and kept in a water bath at 

30
o
C. Before the tests, the mixture solution was purged with argon gas in order to 

remove residual dissolved oxygen. At time intervals of 0, 0.5, 1
st
, 1.5

th
, 2

nd
, 4

th
, 8

th
, 

12
th

 and 24
th

 hr, samples were taken from each reactor by syringes. Sulfate, nitrate, 

nitrite, and TOC in each sample were measured accordingly. MLVSS in each batch 

reactor were measured at the end of each batch experiment.  
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Figure 3.4 Batch experiment set-up for the kinetic study 

 

3.5.2 Mathematic Modeling 

Bio-kinetic parameters of ADB, HDB and MPB were estimated numerically using 

parameter estimation software, namely AQUASIM 2.0 produced by Swiss Federal 

Institute for Environmental Science and Technology (Eawaga), for simulations of all 

reactions. By carrying out least-squares estimation for comparison of the simulations 

with the results of the batch experiments, the parameters were determined. 

  

Since the anoxic filter of the SANI system was continuously operated at an S/N ratio 

of 2.3, neither nitrate or dissolved sulfide in the anoxic filter was limited. Therefore, 

the substrate utilization rate of the autotrophic denitrification was dependent on three 

major factors: 1) nitrate concentration, 2) ionized sulfide concentration, and 3) 

quantity of the ADB in the biomass. Based upon the results obtained from the above 

batch experiments, the substrate utilization rate of the ADB is described by a 

bio-kinetic expression as below: 
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As discussed in the above, heterotrophic denitrification and methanogensis were very 

likely co-existing in the anoxic filter, thus evaluations of the bio-kinetic parameters of 

MPB and HDB were conducted. The substrate utilization rates of the HDB and MPB 

in the biomass can be described by the following bio-kinetic expression: 
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The symbols in the above and the following equations refer to Table 3.3. Since the 

quantities of ADB, HDB and MPB were unknown, XADB, XHDB and XMPB were 

assumed to be respective concentration and they were all constant throughout the 

batch experiments, while the growth and decay of each type of the biomass were 

neglected. In this study, Equations (3-1) to (3-3) were modified by combining the 

kbacteria with the Xbacteria in order to derivate a specific substrate utilization rate, 

Vmax_bacteria, as expressed by Equations (3-4) to (3-6). These modifications would 

slightly affect the results but facilitated the parameters estimation.  
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Table 3.3 Symbols in the above equations 

ADB Autotrophic denitrifying bacteria 

KNOx_ADB Substrate Concentration of NOx  

At one half the maximum rate of ADB, mg N/L 

KH2S Substrate Concentration of Sulfide  

At one half the maximum rate of ADB, mg S/L 

kADB Maximum substrate utilization rate of ADB,  

mg substrate/ mg VSS-hr 

XADB Specific ADB concentration, mg/L 

Vmax_ADB Specific substrate utilization rate of ADB, mg substrate/hr 

  

  

HDB Heterotrophic denitrifying bacteria 

KNOx_HDB Substrate Concentration of NOx  

at one half the maximum rate of HDB, mg N/L 

KS_HDB Substrate Concentration of TOC  

at one half the maximum rate of HDB, mg/L 

kHDB Maximum substrate utilization rate of HDB, 

mg substrate/ mg VSS-hr 

XHDB Specific HDB concentration, mg/L 

Vmax_HDB Specific substrate utilization rate of HDB, mg substrate/hr 

  

  

MPB Methane producing bacteria 

KS_MPB Substrate Concentration of TOC 

At one half the maximum rate of MPB, mg/L 

kMPB Maximum substrate utilization rate of MPB,  

mg substrate/ mg VSS-hr 

XMPB Specific HDB concentration, mg/L 

Vmax_MPB Specific substrate utilization rate of HDB, mg substrate/hr 

  

  

General   

C,NOx Concentration of NOx, mg N/L 

C,H2S Concentration of sulfide, mg S/L 

C,S Concentration of TOC, mg/L 
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3.6 Determination of Analytical Parameters  

The influent and effluent of all the reactors in the SANI system were sampled and 

examined regularly for pH, TOC, COD, SO4
2-

, NO3
-
-N, NO2

-
-N, TN and ionized 

sulfides. All samples were filtered through a 0.45 µm cellulose acetate filter 

(Advantec MFS. Inc.) prior to the analysis. Suspended solids (SS) concentrations in 

both effluents and mixed liquors as well as the attached biomass concentration were 

measured to evaluate the sludge yields in each unit reactor of the SANI system. 

 

3.6.1 pH 

pH was measured with an Orion pH meter (Orion Model 0420A1). Calibration of the 

pH meter was performed with pH 4.01 and 10.01 buffers prior to each measurement. 

 

3.6.2 TOC and COD 

Due to a high salinity in the samples, COD measurement was highly interfered with 

the chloride and sulfide ions. TOC was, therefore, adopted in this study for expression 

of organic strength of the samples. The TOC concentration was analyzed with a Total 

Organic Carbon Analyzer (Shimadzu TOC-5000A) equipped with an auto sampler. 

Potassium phthalate and sodium carbonate/sodium bicarbonate were used as the 

organic and inorganic calibration standards, respectively. 
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In order to establish a correlation between TOC and COD, measurements of COD for 

the diluted synthetic stock solution were routinely conducted. It was found that 2.65 g 

TOC was equivalent to 1 g COD on average. COD was determined by a colorimetric 

method using the Hach test kit. Proper dilution of samples was made and 2 ml of the 

diluted sample was added to the reagent vial and then heated at 150
o
C for 2 hrs. After 

cooling the vial down, the COD value was read from a Hach spectrophotometer 

(Model DR 2000) at 420 nm for a low range (0-150 mg COD/L) or 620 nm for a high 

range (100-1500 mg COD/L). 

 

3.6.3 Anion Concentrations 

The concentrations of anions including nitrite, nitrate, phosphate, and sulfate in the 

samples were analyzed by an ion chromatograph (Dionex Model DX 500; analytical 

column: IonPac AS9-HC). The eluent was 1.8 mM sodium carbonate / 1.7 mM 

sodium bicarbonate at a flow rate of 1 mL/min and an electrochemical detector 

(Dionex model ED 40) was used. The equipment was regularly calibrated with 

reagent-grade potassium nitrite, potassium nitrate, potassium sulfate and potassium 

hydrogen phosphate for nitrite, nitrate, sulfate and phosphate, respectively. 

 

3.6.4 Dissolved Sulfide  

Dissolved sulfide was measured by an Iodometric method specified by the Standard 
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Methods (APHA, 1998). Solid separation by clarification or centrifugation was 

carried out before the analysis whenever necessary.  

 

3.6.5 SS and VSS  

SS and VSS were measured following the Standard Methods (APHA, 1998). 

Adequate volume of the samples was filtered through a 1.2 µm glass fiber filter 

(Advantec GC-50) and dried at 105
o
C for 2 hrs for SS determination. Dried samples 

were then burnt at 550
o
C for 15 min for VSS determination.  

 

3.6.6 TKN and Ammonia 

Concentration of ammonia was analyzed using an automated ion analyzer (Lachat 

QuikChen FIA+ 8000 series). Reagent grade NH4Cl was used as the calibration 

standard. For TKN measurement, samples were digested with a solution containing 

K2SO4, HgSO4, and 20% H2SO4 prior to the ammonia analysis. 

 

3.7 Methods for Sulfur Balance 

Since various sulfur compounds play important roles in the sulfate reduction and the 

autotrophic denitrification in the proposed system, sulfur balance was thus performed 

to evaluate the fate of sulfur in the system. In this study, sulfate and total dissolved 

sulfides were accounted in the sulfur balance for both the UASB and the anoxic filter. 
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Sulfate and dissolved sulfides were measured regularly and expressed as the sulfur 

equivalent. Other sulfurous compounds such as biogas sulfides and elemental sulfur in 

the biomass were not accounted in the sulfur balance, but measurements were 

conducted when necessary. 

 

3.8 Definition of Some Important Process Parameters 

 

3.8.1 Substrate Removal Rate 

For the UASB, organic substrate was removed anaerobically and the substrate 

removal rate could be calculated from the difference between the influent and the 

effluent TOC as follows: 

 

Substrate removal rate = Q × (So – Se) (3-7) 

 

where Q = flow rate (L/day) 

So = the feed TOC concentration (g/L) 

Se = the effluent TOC concentration (g/L) 
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3.8.2 Denitrification Rate 

Nitrite-nitrogen and nitrate-nitrogen were converted to nitrogen gas in the anoxic 

filter and the denitrification rate could be calculated from the difference between the 

influent and the effluent nitrite / nitrate as follows: 

 

Nitrite / Nitrate removal rate = Q × (No – Ne) (3-8) 

 

where Q = flow rate (L/day) 

  No = the influent nitrite / nitrate concentration (g N/L) 

  Ne = the effluent nitrite / nitrite concentration (g N/L) 
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CHAPTER 4  

RESULTS AND DISCUSSION 

 

 

 

4.1 Optimization of Integrated System of Anoxic Filter with Aerobic Filter  

An integrated system of the UASB reactor with the Anoxic Filter had been 

successfully developed and operated for more than 360 days in the previous study 

(Lau, 2005). In that experimental period, the UASB-Anoxic System (UAS) had 

successfully demonstrated the feasibility of applying sulfate reduction and 

sulfide-utilizing autotrophic denitrification for municipal wastewater treatment. In this 

study, an aerobic filter was started up and connected to the UAS to form a complete 

SANI system. 

 

4.1.1 Aerobic Filter Start-up 

The aerobic filter was started up and operated with 70 mg N/L ammonium in the feed 

and a HRT at 12 hrs. After about 30 days, the aerobic filter was able to achieve above 

95% nitrification and the attachment of biomass on the filter media was found. 

Thereafter, the HRT was progressively lowered by increasing the influent flow rate in 
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order to achieve a higher nitrification capacity. A summary of the operating conditions 

of the aerobic filter during the nitrifying biomass cultivation in the aerobic filter is 

shown in Table 4.1. 

 

Table 4.1 Summary of the operation conditions during the cultivation of nitrifying 

biomass in the aerobic filter 

Operating days 0 - 30 31 - 44 45 - 60 61 - 74 75 - 80 

Influent flow rate (L/hr) 0.19 0.22 0.28 0.56 1.12 

HRT (hr) 12 10 8 4 2 

*NLR ( kg N/m
3
/d) 0.14 0.17 0.21 0.42 0.84 

Upflow velocity (m/hr) 0.07 0.09 0.11 0.21 0.43 

* Ammonium loading rate 

 

With the HRTs reduced from 10 to 4 hrs, the ammonium loading rate was increased 

from 0.168 to 0.42 kg N-NH4
+
/m

3
/d. Under these conditions, the aerobic filter was 

still able to achieve more than 88% nitrification with an average effluent ammonium 

of 5.46 mg N/L and no accumulation of nitrite was observed in the effluent. After 74 

days of the cultivation period, the ammonium loading was further increased to 0.84 kg 

N-NH4/m
3
/day by reducing the HRT to 2 hrs. Unfortunately, the performance of the 

aerobic filter deteriorated drastically, the nitrification efficiency was reduced to 45%, 

corresponding to an average effluent ammonium at 38 mg N/L. Since there was no 

supply of organic carbon to the aerobic filter in this cultivation period, it was unlikely 

that aerobic heterotrophs dominated the nitrifying bacteria in the aerobic filter. The 
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reduction was very likely caused by insufficient contact time between the nitrifying 

biomass and the bulk liquid in the bio-filter. Conclusively, the optimum HRT and the 

ammonium loading rates of the aerobic filter were determined to be 4 hrs and 0.42 kg 

N-NH4
+
/m

3
/d, respectively. Besides, during this cultivation period, the performance of 

this bio-filer was shown to be sensitive to the hydraulic loading rate, which also 

became a potential bottle-neck of the SANI process. This is most likely due to a 

scale-limited problem of the lab-scale SANI system, which could be further 

investigated in the pilot-trial (10 m
3
/day) of the SANI process at the Tung Chung 

Sewage Pumping Station.    

 

4.1.2 Reactors Integration  

After the aerobic filter has reached a steady state, the established UAS system was 

integrated with it to form a complete SANI system. The SANI system received the 

synthetic wastewater mainly containing TOC 100 mg/L, sulfate 550 mg/L, and 

ammonium 30mg/L. The UASB was operated with the following conditions 

throughout this study: organic loading of 0.42 kg TOC/m
3
/d, HRT of 6 hrs and the 

internal recirculation ratio of 8 for mixing. The UASB effluent was injected into the 

Anoxic filter. The system was operated with various operation conditions in this study. 

Since the recirculation of the aerobic filter effluent returning back to the anoxic filter 
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was expected to govern the nitrogen removal efficiency of the SANI system, the 

overall performance of the system was thus evaluated in each experimental phases 

(I – IV, see Table 4.2) with respect to the organic removal, nitrogen removal, and the 

fate of sulfur. The operation conditions of each unit reactor in the different 

experimental phases are summarized in Table 4.2 to 4.4, respectively. 

  

Table 4.2 Operation conditions of the UASB 

Experimental Phases All 

Operating days 0 – 360  

Influent flow rate (L/hr) 0.53 

HRT (hr) 6 

Internal recirculation rate L/hr 3.71 

Internal recirculation ratio 8 

Organic Loading rate ( kg TOC /m
3
/d) 0.14 

Upflow velocity (m/hr) 0.6 

 

Table 4.3 Operation conditions of the Anoxic Filter 

Experimental Phase I II III IV 

Operating days 0 - 360 31 – 44 45 - 60 61 - 74 

Influent flow rate (L/hr) 0.56 0.84 1.12 1.4 

HRT (hr) 4 2.7 2 1.6 

*R (L/hr) 0.28 0.56 0.84 1.12 

R 1 Q 2 Q 3 Q 4 Q 

**NLR ( kg N/m
3
/d) / / / / 

Upflow velocity (m/hr) 0.33 0.42 0.44 0.495 

*R: recirculation ratio of the aerobic filter effluent, Q is the influent flow rate. 

**NLR: nitrate loading rate which depended on the performance of the aerobic filter. 
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Table 4.4 Operation conditions of the Aerobic Filter 

Experimental Phase I  II III IV 

Operating days 0 - 360 31 - 44 45 - 60 61 - 74 

Influent flow rate (L/hr) 0.38 0.56 0.74 0.92 

HRT (hr) 6 4 3 2.4 

*R (L/hr) 0.19 0.38 0.56 0.74 

R ratio 1 Q 2 Q 3 Q 4Q 

***NLR rate ( kg N/ m
3
/d) 0.06 0.06 0.06 0.1 

Upflow velocity (m/hr) 0.05 0.08 0.1 0.12 

*R: ratio of the aerobic filter effluent recirculation, Q is the influent flow rate. 

***NLR: ammonium loading rate 

 

 

4.1.3 UASB Reactor of the SANI system 

 

4.1.3.1 Organic Removal 

The UASB reactor of the SANI system received synthetic wastewater containing TOC 

of 100 mg/L (~265 mg/L) and average sulfate concentration of 551 mg/L (or 183 mg 

S/L) was operated at a constant organic loading of 0.42 kg TOC/m
3
/d for about 180 

days. The performance of the UASB reactor throughout the experimental phases I – 

IV is shown in Figure 4.1. The UASB reactor was able to achieve an average 82.75% 

organic carbon removal for the SANI system and produced an average effluent TOC 

at 17.4 mg/L. Besides, the sulfate removal was 52%, and the average levels of sulfate 

and dissolved sulfide present in the UASB effluent were 263 mg/L (or 87.5 mg S/L) 

and 78.9 mg S/L, respectively. This was in agreement with the results reported by Lau 

(2005).  
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Figure 4.1 Performance of the UASB throughout the entire experimental phases 
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4.1.3.2 COD/Sulfate Ratio 

In order to assess the sulfidogenic activities within the UASB, the ratio of the amount 

of COD removed (calculated from TOC concentration) to that of sulfate reduced was 

investigated. Theoretically, the COD/Sulfate ratio for a complete organic removal 

through sulfate reduction is 0.67 (Lens et al., 1998). When this ratio is greater than 

0.67, the complete removal of organic matter is possible only if methanogenesis 

occurs in addition to the sulfate reduction. On the other hand, when this ratio is less 

than 0.67, an external carbon source is required if the prime objective is to reduce 

sulfate (Lens et al., 1998). 

 

During the experimental phases of I – IV, the UASB reactor was operated under a 

constant condition with an average influent COD/sulfate ratio at 0.5. The measured 

COD/sulfate ratios throughout the study ranged between 0.6 and 0.92 with a mean 

value at 0.77. This implied that 87% of organic carbon removal (calculated from 

0.67/0.77 =0.87) was contributed by sulfate reduction. The remaining COD removal 

was expected to be contributed by methanogenesis. Similar results were reported that, 

at a lower COD/sulfate ratio (less than 0.67), more than 90% of the electron flow was 

removed by sulfate reducing pathways (Annachatre and Suktrakoolvait, 2001). Figure 

4.2 shows the measured COD/sulfate ratio in all the experimental phases. 
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Figure 4.2 Measured COD/Sulfate throughout all the experimental phases 

 

4.1.3.3 Summary 

In this study, the UASB of the SANI system was successfully operated for more than 

180 days and the process performance of the UASB reactor throughout the 

experimental phases is summarized in Table 4.5. During the experimental periods, an 

excellent organic removal of 82% was attained at the HRT of 6 hrs. At the influent 

COD/SO4 ratio of 0.5, 87% COD removal was contributed through the sulfate 

reduction on average. With an influent COD and sulfate concentration at 265 mg/L 

and 550 mg/L, respectively, 76.5 mg S/L of dissolved sulfide was produced for the 

subsequent UAS part in the SANI system. The performance of the UASB in terms of 

organic removal accomplished three major design objectives: 1) removing the organic 
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carbon to a reasonable level; 2) reducing the organic loading in the subsequent 

anoxic-aerobic part of the SANI system; and 3) maximizing the sulfate reduction for 

providing the autotrophic denitrification with sufficient dissolved sulfide.  

 

Table 4.5  Process performance of the UASB in the SANI system 

Operating days 0 - 180 

Influent TOC (mg/L) 97.8 

Effluent TOC (mg/L) 17 

Influent sulfate (mg/L) 550.9 

Effluent sulfate (mg/L) 271.8 

Effluent dissolved sulfide (mg S/L) 76.5 

TOC removal (%) 82.6 

COD removed/SO4
2-

 reduced  0.76 

 



62 

4.1.4 Performance of the Anoxic and Aerobic filters integrated in the 

SANI system 

 

4.1.4.1 Organic Removal 

The anoxic and aerobic filters integration (AAFI) was subjected to a varying influent 

TOC concentration (1.48 to 20.86 mg/L), depending upon the performance of the 

UASB reactor. Under this low organic loading, the AAFI demonstrated a consistent 

performance in terms of organic removal. About 13 % of total COD was further 

removed in the AAFI, leading to a very low TOC concentration (4.4 mg/L) in the final 

effluent of the SANI system. The experimental results of the organic removal in the 

AAFI are illustrated in Figure 4.3. 

 

Figure 4.3 Organic removal in the AAFI of the SANI system 
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4.1.4.2 Nitrogen Removal 

In the proposed SANI system, nitrogen removal mainly took place in the AAFI in 

which a pre-anoxic denitrification occurred. In this pre-anoxic denitrification, 

recycling of the nitrified effluent back to the anoxic filter was essential for the 

removal of nitrogen. The greater the recirculation (R) was given, the more produced 

nitrate was denitrified. Therefore, higher nitrogen removal efficiency can be achieved. 

However, when R was too large, more dissolved oxygen and a higher hydraulic 

loading were brought into the anoxic zone. This actually lowered the efficiency of 

denitrification and may even cause a failure of the system operation. 

 

The UASB effluent contained an average ammonium concentration at 30 mg N/L, 

was subsequently fed into the AAFI for nitrogen removal. In each experimental phase, 

the AAFI was operated with a constant ammonium concentration but varying influent 

concentration of dissolved sulfide and sulfate, due to the varying performance of the 

UASB as well as the recirculation (R).  

 

Tables 4.3 to 4.4 summaries the operating conditions of the anoxic filter and the 

aerobic filter, respectively. As discussed in the above, the R was the most critical 

parameter affecting the total nitrogen removal efficiency in the SANI system. 
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Therefore, in this study, the AAFI was operated with four R values for assessing its 

response to a varying R. The tested four R ratios were: 1, 2, 3, and 4Q. The Q 

represented the influent flow-rate of the SANI system. The performances of both 

filters are illustrated in Figure 4.4 and Figure 4.5, respectively. 

 

In the experimental phase I, 1Q of the nitrified effluent was recycled back to the 

anoxic filter. These two filters were operated at a HRT of 4 and 6 hrs, respectively. 

Under this condition, 99% nitrate removal was achieved in the anoxic filter, resulting 

in an average nitrate concentration of 7.73 mg N/L in the aerobic influent. The nitrate 

concentration in the anoxic effluent maintained below 1 mg N/L and no accumulation 

of nitrite was observed in the effluent. This suggested that nitrate was completely 

converted to nitrogen gas under this condition. On the other hand, the sulfide 

concentration in the influent and effluent of the anoxic filter were 29 and 11 mg S/L, 

respectively. The consumed dissolved sulfide was very likely oxidized into sulfate, as 

an average 48.6 mg/L (or 16.2 mg S/L) of sulfate was produced in the anoxic filter 

effluent. In view of the fact that only around 2 mg/L of TOC was removed in the 

anoxic filter (the influent TOC concentration was 13.3 mg/L), implying nitrate 

removal through the heterotrophic denitrification should be minor. These results 

demonstrated the dissolved sulfide in the anoxic filter was still effectively utilized for 
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the nitrate removal through the autotrophic denitrification, even though some 

dissolved oxygen was recycled to the anoxic filter.  

 

 

Figure 4.4 Performance of the Aerobic Filter in different experimental periods 
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Figure 4.5 Performance of the Anoxic Filter in the different experimental phases. 

 

For the aerobic filter under a 1-Q recirculation, 98% of nitrification was achieved 

under an average influent ammonium concentration of 15.6 mg N/L. The effluent 

ammonium was maintained below 0.3 mg/L, while an average 15.5 mg N/L nitrate 

remained in the final effluent of the SANI system. No accumulation of nitrite was 
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found. A simple mass balance of nitrogen suggested that ammonium nitrogen was 

completely oxidized into nitrate in the Aerobic filter. An undetectable level of 

dissolved sulfide was observed in the final effluent. It was very likely that the 

dissolved sulfide was oxidized into sulfate, as about 39 mg/L (13 mg S/L) of sulfate 

was produced in the aerobic filter effluent. Overall, the AAFI in Phase I achieved 

48.9% of total nitrogen removal with about 15.5 mg N/L nitrated and less than 0.3 mg 

N/L ammonium nitrogen left in the final effluent. 

 

After Day 38, the R was progressively increased to 2, 3 and 4Q in Experimental 

Phases II, III and IV. With these R ratios, the AAFI was subjected to higher hydraulic 

loading rates. Thus, the corresponding performances of the system are reported below. 

 

In Phase II (Day 39 to 128), 2Q of the nitrified effluent was recycled back to the 

anoxic filter. The aerobic and anoxic filters were operated at a HRT of 2.4 and 4 hrs, 

respectively. Under these HRTs, although the influent nitrate and dissolved sulfide 

concentrations of the anoxic filter were reduced to about 7.1 mg N/L and 23 mg S/L, 

respectively (Figure 4.4), the anoxic filer still performed equally well and achieved a 

99% denitrification. For the same reason, the aerobic filter was subjected to a lower 

influent concentration of ammonium nitrogen (about 10.88 mg N/L) and a higher 
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hydraulic loading rate. However, the filter was still able to achieve more than above 

98% nitrification, resulting 10.3 mg N/L nitrate in the final effluent. Because of the 

successful operation of the SANI system under higher R ratios, the total nitrogen 

removal efficiency was improved to 65.4% with about 10.3 mg N/L nitrate and less 

than 0.5 mg N/L ammonium nitrogen left in the final effluent. 

 

Thereafter, the value of R was further increased to 3Q in Phase III (Day 129 to 168). 

The anoxic and aerobic filters were operated at a HRT of 2 and 3 hrs, respectively. 

Under these HRTs, the anoxic filter influent concentration of the dissolved sulfide and 

nitrate was further reduced to 20 mg S/L and 5.9 mg N/L, respectively due to the 

higher dilution of the recirculation. The performance of the anoxic filter in terms of 

nitrate removal slightly declined to 97% as compared with that in previous 

experimental periods. Average 0.14 mg N/L of nitrate was found in the anoxic effluent. 

About 14 mg S/L of dissolved sulfide was consumed and an average 32.7 mg/L (or 

10.9 mg S/L) sulfate was produced in the anoxic filter. According to these results, 

denitrification was believed to be carried out through the autotrophic pathway, since 

there was only about 2mg/L TOC removed in the anoxic filer. On the other hand, 

about 7.86 mg N/L ammonium nitrogen was fed into the aerobic filter and less than 1 

mg N/L ammonium nitrogen remained in the final effluent. The corresponding 
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nitrification efficiency slightly deteriorated to 93%. In this experimental phase, even 

though the respective performance of the anoxic and aerobic filters in terms of 

denitrification and nitrification decreased slightly, the overall total nitrogen removal 

efficiency of the SANI system was improved to 73.7% at a higher value of R. An 

average 7.8 mg N/L nitrate and undetectable dissolved sulfide was found in the final 

effluent. 

 

The nitrogen removal of the SANI system in Phase IV (Day 169 to 171), however, 

was substantially reduced because the R was increased to 4 Q (see Figure 4.4 and 

Figure 4.5) and the HRTs of the anoxic and aerobic filters were further shortened to 

1.6 and 2 hrs, respectively. In the anoxic and aerobic filters, the nitrate removal and 

the ammonium oxidation was drastically reduced to 8 and 17%, respectively. This 

also made the total nitrogen removal of the SANI system to be significantly reduced 

to 35%. Average 19 mg N/L total nitrogen was thus detected in the final effluent. 

After Day 171, the SANI system was returned to operate with R=2, and the 

denitrification efficiency in the anoxic filter and the nitrification efficiency in the 

aerobic filter recovered to 99 and 100% immediately. The total nitrogen removal 

efficiency was also recovered to 65%. These results suggested that the deterioration of 

the performance of the SANI system at the R=4 was very likely caused by an 
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excessively high hydraulic loading rate imposed on the AAFI. 

 

Conclusively, the SANI system in terms of nitrogen removal was sensitive to the 

hydraulic loading. The optimum R was 3Q for recycling the aerobic filter effluent to 

the anoxic filter. Under this R, an average 73.7% total nitrogen removal was achieved, 

while about 7.8 mg N/L of residual nitrate in the final effluent was maintained.  

 

4.1.4.3 S/N Ratio 

According to the stoichiometry of the autotrophic denitrification proposed by Driscoll 

and Bisogni (1978), the consumptive ratio of sulfide-S to NO3
-
-N removed (S/N ratio) 

is 1.93. This ratio would vary with the types of sulfur compound (elemental sulfur, 

thiosulfate, or sulfate) used as an electron donor. Throughout the experimental phases, 

the observed S/N ratio ranged from 1.54 to 2.67. The average S/N ratio in Phases I, II, 

and III were very close to the stochiometric values, they were 2.03, 2.12 and 2.06, 

respectively. In Phase IV (Day 169–171), the AAFI was not operated successfully. 

Figure 4.6-Figure 4.8 show the S/N ratio in each experimental phase.  

 

An average 97% denitrification efficiency was achieved in Phases I-III. Furthermore, 

in view of the fact that 1.74 mg/L TOC was removed in the anoxic filter (influent 
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TOC = 8.84 mg/L), the nitrate removal through heterotrophic pathways should be 

very minor. In this case, the autotrophic denitrification was believed to be the 

dominant pathway in the nitrate removal for the SANI system, when R was 1, 2, and 

3Q, respectively As the aerobic filter effluent was recycled to the anoxic filter, there 

was considerable amount of dissolved oxygen flowed into the anoxic filter. Dissolved 

sulfide could be, therefore, oxidized to sulfate biotically and abiotically (Janssen et al., 

1997; Chen and Moris, 1972). This can explain the observed S/N ratio was slightly 

higher than its stoichiometric value, as sulfate production was not only contributed by 

autotrophic denitrification but also by sulfide oxidation. 
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Figure 4.6  S/N ratio in Phase I 
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Figure 4.7  S/N ratio in Phase II 
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Figure 4.8  S/N ratio in Phase III 
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4.1.4.4 Summary 

The AAFI of the SANI system was operated for 179 days. The performance is 

summarized in Tables 4.6 to 4.7. The AAFI was subjected to about 30 mg N/L 

ammonium nitrogen in the influent and operated at different R ratios. Nitrogen 

removal efficiencies of 49, 65, 74, and 35% were achieved at the R ratio at 1, 2, 3 and 

4Q, respectively. Even though autotrophic and heterotrophic denitrifying bacteria 

were believed to co-exist in the anoxic filter, the autotrophic denitrification should be 

the dominant pathway for removing nitrate since only less than 2 mg/L TOC was 

removed in the anoxic filter.  

 

Table 4.6 Process performance of the anoxic filter of the SANI system 

Experimental Phase  I II III IV 

Operating Days 1 - 38 39 – 128 129 - 168 169 - 171  

Influent nitrate (mg N/L) 7.73  7.19  5.93  3.16  

Effluent nitrate (mg N/L) 0.07  0.06  0.14  2.90  

Influent sulfate (mg/L) 131.80 133.14  147.40  147.30  

Effluent sulfate (mg/L) 148.06 148.29  158.31  150.41  

Influent dissolved sulfide (mg S/L) 29.06  22.95  20.00  13.50  

Effluent dissolved sulfide (mg S/L) 10.84  6.91  6.00  6.60  

Influent TOC (mg/L) 13.33  5.75  10.00  9.06  

Effluent TOC (mg/L) 11.89  4.10  8.07  7.64  

Nitrate Removal (%) 99.00  99.00  97.00  8.20  

S/N ratio 2.03  2.12  2.06  / 

Note: the above measurements are the average values in each experimental phase. 
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Table 4.7 Performance of the aerobic filter of the SANI system 

Experimental period I II III IV 

Operating Days 1 - 38 39 - 128 129 - 168 169 - 171 

Influent Ammonium (mg N/L) 15.68 10.92 7.86 11.73 

effluent Ammonium (mg N/L) 0.27 0.15 0.52 9.65 

Influent nitrate (mg N/L) / / 0.04 3.16 

Effluent nitrate (mg N/L) 15.49 10.32 7.83 2.90 

Influent TOC (mg/L) 10.32 4.79 7.54 6.40 

Effluent TOC (mg/L) 5.80 3.20 5.68 5.12 

Nitrification (%) 98.2 98.6 93.3 17.7 

Note: the above measurements are the average value of each experimental period 

 

4.1.5 Overall Performance of the SANI System 

 

4.1.5.1 Organic Removal 

In this study, about 95% COD removal was achieved, which 82 and 13% were 

contributed by the UASB reactor and the subsequent AAFI, respectively. Results of 

the organic removal in the different experimental phases are summarized in Table 4.8. 

Figure 4.9 to 4.11 show the changes of TOC concentration in the SANI system. 

 

Table 4.8  Organic removal efficiency of the SANI system 

Experimental Phase I II III IV 

Average Influent TOC (mg/L) 103.4 99.9 100.4 88.8 

Average Effluent TOC (mg/L) 5.8 3.1 5.7 5.1 

Average TOC Removal Efficiency (%) 94.4 96.9 94.3 94.2 
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Figure 4.9 Changes of the TOC concentration in each unit reactor of the SANI system 

in Phase I 
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Figure 4.10 Changes of the TOC concentration in each unit reactor of the SANI 

system in Phase II 
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Figure 4.11 Changes of the TOC concentration in each unit reactor of the SANI 

system in Phase III 

 

4.1.5.2 Nitrogen Removal 

In the 180 days operation, the SANI system was operated at different R ratios. At the 

R of 1, 2, 3, and 4Q, then SANI system achieved total nitrogen removal efficiency at 

49, 65, 74, and 35, respectively. These results suggested that the optimum operation of 

the SANI system should be at R of 3Q, at which about 7.8 mg N/L nitrate and 0.52 

mg N/L ammonium nitrogen were found in the final effluent. Figure 4.12 to 4.14 

show the changes of nitrogen concentration in each unit reactor of the SANI system in 

all phases. The total nitrogen removal efficiency of the SANI system is summarized in 

Table 4.9. 
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Table 4.9  Nitrogen removal efficiency of the SANI system 

Experimental Phase I II III IV 

Average TN influent (mg N/L) 30.3 29.9 29.8 29.2 

Average TN effluent (mg N/L) 15.5 10.3 7.8 19 

Average TN removal efficiency (%) 48.9 65.4 73.7 34.9 
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Figure 4.12 Changes of nitrogen concentration in each unit reactor of the SANI 

system in Phase I  
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Figure 4.13 Changes of nitrogen concentration in each unit reactor of the SANI 

system in Phase II 
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Figure 4.14 Changes of nitrogen concentration in each unit reactor of the SANI 

system in Phase III 

 

 

4.1.5.3 Sulfur Balance 

In this study, only sulfate and dissolved sulfide were measured for the sulfur balance 

as a complete sulfur balance could not be carried out. The unaccounted sulfur was 

considered as other sulfur components, i.e. elemental sulfur, thiosulfate, unionized 

H2S, and biogas H2S, etc. since the primary objective of the sulfur balance was to 

evaluate the amount of dissolved sulfide in the anaerobic filter effluent and to check 

the reliability of all sulfur related data. 
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In the UASB reactor operated with an influent TOC at 100 mg/L, the sulfur recovery 

varied from the lowest 85% to the highest 97% in all experimental phases. The 

unaccounted sulfur was only 3 to 15%. Evidently, the influent sulfate mostly ended up 

in dissolved sulfide, whereas loss of biogas, hydrogen sulfide, and accumulation of 

elemental sulfur were trivial. This is important for the subsequent autotrophic 

denitrification as mentioned in above sections. 

 

In the anoxic filter, the sulfur recovery with varying influent sulfide concentrations 

was not significantly different. About 98% sulfur was recovered and no more than 2% 

was unaccounted for other sulfurous compounds throughout the experimental phases. 

This suggested the influent dissolved sulfide was effectively oxidized into sulfate 

through the autotrophic denitrification. The aerobic filter was subjected to an influent 

with low residual dissolved sulfide. It was expectable that a perfect sulfur recovery 

(average =99%) could be achieved, because dissolved sulfide was effectively oxidized 

abiotically and biotically into sulfate. Therefore, undetectable dissolved sulfide 

concentration in the final effluent was observed. Results of the sulfur balance in the 

different experimental phases are summarized in Table 4.10 to 4.12 and Figure 4.13 to 

4.17, respectively. 
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Table 4.10 Sulfur balance of the SANI system in Phase I 

Influent Effluent 

Reactor Sulfate 

(mg S/L) 

Ionized 

Sulfide 

(mg S/L) 

Sulfate 

(%) 

Dissolved 

Sulfide (mg 

S/L) 

Sulfur 

Recovery 

(%) 

UASB 189.31 / 45.33 39.85 85.58 

Anoxic 131.85 29.06 92.07 6.64 98.72 

Aerobic 159.48 10.84 101.40 / 101.43 

 

Table 4.11 Sulfur balance of the SANI system in Phase II 

Influent Effluent 

Reactor Sulfate 

(mg S/L) 

Ionized 

Sulfide 

(mg S/L) 

Sulfate 

(%) 

Dissolved 

Sulfide 

(mg S/L) 

Sulfur 

Recovery 

(%) 

UASB 178.74 / 45.94 45.73 91.65 

Anoxic 133.14 22.95 95.04 4.14 99.10 

Aerobic 154.10 6.51 97.04 / 97.04 

 

Table 4.12 Sulfur balance of the SANI system in Phase III 

Influent Effluent 

Reactors Sulfate 

(mg S/L) 

Ionized 

Sulfide 

(mg S/L) 

Sulfate 

(%) 

Dissolved 

Sulfide 

(mg S/L) 

Sulfur 

Recovery 

(%) 

UASB 186.85 / 52.81 44.42 97.22 

Anoxic 147.42 19.35 94.92 3.60 98.51 

Aerobic 158.55 6.00 99.41 / 99.41 
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Figure 4.15 Sulfur balance of the SANI system in Phase I 
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Figure 4.16 Sulfur balance for the SANI system in experimental period II 
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Figure 4.17 Sulfur balance of the SANI system in Phase III 
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4.2 Batch Experiments  

  

4.2.1 Batch Experiment Results 

Many studies have reported the simultaneous autotrophic and heterotrophic 

denitrification could occur in a sulfur-packed anoxic reactor. The anoxic filter of the 

SANI system was treating sulfate-rich wastewater, which contained about 70 mg S/L 

dissolved sulfide, 30 mg N/L nitrate, and 20 mg/L TOC. In this anoxic filter, the 

microbial communities involved would be much complex. In this study, three groups 

of bacteria were predicted to dominate the major reactions taking place in the anoxic 

filter, which were: 1) Sulfate Reducing Bacteria (SRB), 2) Autotrophic Denitrifying 

Bacteria (ADB), and 3) Heterotrophic Denitrifying Bacteria (HDB). These bacteria 

share the utilization of substrates in the same micro-ecosystem, their interactions can 

be in forms of coexistence, synergism or competition. In order to study their relative 

bio-activities, batch experiments were carried out in several conditions, as shown in 

Table 4.13. Mixed cultures biomass in the anoxic filter was taken to conduct the batch 

experiments. Additionally, bio-kinetic estimations were also conducted to study the 

metabolism of the HDB as well as the utilization of dissolved sulfide by ADB as 

electron donors. 
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Table 4.13  Substrates compositions for the batch experiments  

Bacteria SRB SRB vs. HDB HDB ADB HDB vs. ADB 

Substrate (mg/L) S-1 S-2 S-3 S-4 S-5 

Glucose 30.8  30.8  30.8  0.0  30.8  

Sodium Acetate 40.8  40.8  40.8  0.0  40.8  

Yeast Extract 15.3  15.3  15.3  0.0  15.3  

TOC 30 mg/L    30 mg/L 30 mg/L   0 mg/L  30 mg/L 

NH4Cl as N 6.8  6.8  6.8  6.8  6.8  

K2HPO4 as P 2.1  2.1  2.1  2.1  2.1  

KH2PO4 as P 1.0  1.0  1.0  1.0  1.0  

MgCl2.6H2O 52.0  52.0  52.0  52.0  52.0  

CaCl2 32.5  32.5  32.5  32.5  32.5  

NaHCO3 390.0  390.0  390.0  390.0  309.0  

Seawater (ml/L) 250.0  250.0  250.0  250.0  250.0  

Na2S.9H2O as S 0.0  0.0  0.0  70.0  70.0  

KNO3 as N 0.0  30.0  30.0  30.0  30.0  

SRB Inhibitor 

(NaMoO4 as Mo) 
0.0  0.0  600.0  600.0  600.0  

 

Figure 4.18 shows the typical results of the batch experiments for the anoxic filter. By 

changing the composition in the substrates (S-1 to S-5), specific microbial 

communities could be studied. 
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Figure 4.18 Results of the batch experiments in anoxic conditions using the biomass 

of the anoxic filter 
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In order to study the activities of SRB in the anoxic filter, the substrate in the batch 

experiment of S-1 contained about 50 mg/L TOC. During this experiment, the 

concentrations of TOC and sulfate were monitored. In an effort to minimize the 

possible disruption made by the HDB and ADB, nitrate and ionized sulfide were not 

given in this batch experiment. As shown in Figure 4.18, 30% removal of TOC was 

observed in 24 hrs. However, surprisingly, insignificant sulfate removal was detected 

as the sulfate concentration remained almost constant at a level of 673 mg/L 

throughout the experiment. This insignificant sulfate reduction implied that SRB was 

not actively participating in the anoxic filter. Other than that, it was suspected that the 

organic removal in this experiment was contributed by other groups of bacteria. The 

most probable group is MPB which were believed to co-exist with SRB under an 

anaerobic condition.  

 

The above evaluation was further supported by the results of the batch experiment of 

S-2, which was designed to study the interaction between SRB and HDB. About 50 

mg/L TOC and 30 mg N/L nitrate were initially provided in the experiment, but no 

ionized sulfide was given in order to suppress the activities of ADB. Similarly, sulfate 

reduction in this batch experiment was not noticeable as the sulfate concentration was 

almost unchanged. In contrast, a higher removal efficiency of TOC (60%) was 
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achieved in this batch experiment, apparently caused by the heterotrophic 

denitrification which consumes organic carbon as electron acceptor for converting 

nitrate into nitrogen gas. During this experiment, nitrate was completely removed in 

12 hrs, while 2 to 9.5 mg N/L nitrite was temporarily accumulated. This was agreed 

with the literature reporting that the conversion of NO2
-
 to N2 is the rate limiting step 

in an autotrophic denitrification process (Koenig and Liu, 2001). The results of the 

batch experiments of S-1 and S-2 indicated that SRB were not active, while HDB and 

other microbial community (e.g. MPB) were responsible for the organic removal of 

the anoxic filter.  

 

Batch experiment of S-3 was designed to study the activities of HDB in the anoxic 

filter. The chemical compositions of the substrate in this batch experiment were 

almost the same as that of the batch experiment of S-2. Besides, sodium molydate was 

added as an inhibitor of SRB. Since sulfate reduction was proven to be less 

participating in the anoxic filter, the inhibition of SRB was not essential for studying 

the HDB. This also explained the results obtained from the batch experiment of S-3 

(see Figure 4.18) were very similar to that obtained from the batch experiment of S-2. 

This is because the biomass in this two batch experiments were subjected to almost 

the same experimental conditions. 
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Batch experiment of S-4 was targeted to study the activities of ADB. About 70 mg S/L 

ionized sulfide and 30 mg N/L nitrate were initially supplied in the substrate, while 

carbon sources were not given in order to suppress HDB during the experiment. In 

terms of denitrification efficiency, this batch experiment achieved a much faster 

nitrate removal rate than that in the batch experiments of S-2 and S-3. 30 mg N/L 

nitrate was completely removed within the first 8 hrs and nitrite accumulation (1.7 to 

3.1 mg N/L) was relatively lower than that in the batch experiments of S-2 and S-3. 

Since ionized sulfide was the only sulfur source for the production of sulfate in the 

batch experiment. It was believed that ionized sulfide was utilized by ADB under the 

anoxic condition for the autotrophic denitrification, since about 148 mg/L (49.3 mg 

S/L) sulfate was produced after 24 hrs in the batch experiment, as shown in Figure 

4.18. With respect to the efficiency of nitrate removal, nitrate was removed in a faster 

rate in this batch experiment than that in the batch experiment of S-2. This implied 

that the autotrophic denitrification was more active than the heterotrophic 

denitrification in the anoxic filter. This was probably due to the quantity of ADB was 

higher than that of HDB as the anoxic filter was continuously operated under an ADB 

favorable condition: a high dissolved sulfide level, a high nitrate level, and a low 

organic loading.  
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Finally, the activities of the mixed culture (i.e. ADB + HDB + MPB) were studied in 

the batch experiment of S-5. TOC (50 mg/L), ionized sulfide (70 mg S/L) and nitrate 

(28.7 mg S/L) were initially provided in the substrate (see Figure 4.18). Under this 

condition, both autotrophic and heterotrophic denitrification were able to take place 

simultaneously. As shown in Figure 4.18, the nitrate removal rate in this batch 

experiment was the fastest among all other five batch experiments. About 29 mg N/L 

nitrate was completely removed within 8 hrs and the less than 1.77 mg N/L of nitrite 

temporarily accumulated. During the denitrification, sulfate production and organic 

carbon decomposition were simultaneously taking place, suggesting that HDB and 

ADB coexisted to share the utilization of nitrate in the denitrification. 

 

4.2.2 Kinetic Study 

Many researchers have studied the autotrophic denitrification with elemental sulfur or 

thiosulfate as electron donors in the pure cultures of Thilobacillus denitrificans, 

Thiomicrospira denitrificans, Thiobacillus versutus, Thiosphaera pantotropha, and 

Paracoccus denitrificans (Sublette et al., 1987; Till et al., 1998; Hoor, 1981; Kuenen, 

1979; Visser et al., 1997; Chung et al., 1997; Zeng and Zhang, 2005). However, these 

studies using the pure cultures had little practical value, because the real biological 

processes employ mixed cultures. Furthermore, there are no studies on the autotrophic 



90 

denitrification kinetics of a mixed culture utilizing dissolved sulfide for denitrification. 

Therefore, a specific objective of this study was to find out the bio-kinetics for ADB 

in the anoxic filter. 

 

The bio-kinetic parameters for ADB, HDB and MPB, as expressed in Equations (3-4) 

to (3-6), were estimated numerically by the method stated in the section of 3.5 with 

the using of the batch experiment data. 

 

As shown in Figure 4.19, a very good fitting between the measured data and the 

model prediction for the batch experiment of S-4, which was targeted to study the 

ADB activities in the anoxic filter. The best fit mathematical-model solution was 

obtained with the following parameters: Vmax_ADB =22.8 mg/hr; KNOx_ADB = 15.1 mg 

N/L; KH2S =15.8 mg S/L. Oh et al. (2000) made use of an anaerobic master culture 

reactor (MCR) in a semi-continuous run to derive the bio-kinetic parameters of ADB 

utilizing thiosulfate as electron donor. The parameters were found to be kADB =0.3-0.4 

hr
-1

 and KNO3 = 3-10 mg/L, both of which were close to those of this study, though 

ionized sulfide was utilized as the electron donor in this study. On the other hand, the 

mathematic model simulations for the batch experiment of S-2, which was designed 

to study the activities of HDB and MPB in the anoxic filter, was also constructed, as 
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shown in Figure 4.20. Table 4.14 summarizes the obtained bio-kinetic parameters.  

 

Table 4.14  Summary of the estimated bio-kinetic parameters 

ADB Value HDB Value MPB  Value 

KNOx_ADB 15.1 mg N/L KNOx_HDB 3.9 mg N/L KS_MPB 6 mg/L 

KH2S 15.8 mg S/L KS_HDB 3.2 mg/L Vmax_MPB 0.9 mg/hr 

Vmax_ADB 22.8 mg/hr Vmax_HDB 14 mg/L   

 

 

Figure 4.19 Mathematical-model fitting for ADB with the data of the batch 

experiment of S-4 
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Figure 4.20 Mathematical-model fitting for HDB and MPB with the data of the batch 

experiment of S-3 

  

In order to assess the accuracy of the bio-kinetic parameters listed in Table 4.14, a 

further study was conducted. A computer model based on the obtained parameters was 

built up by the AQUASIM to simulate the substrate utilization in a mixed culture 

environment. Figure 4.21 demonstrates the simulation results of this new model. The 

results predicted by the model were compared with the results obtained from the batch 

experiment of S-5, which was designed to study the activities of ADB, HDB and MPB 

in the anoxic filter. As shown in Figure 4.21, the developed model showed a good fit 

with the experimental data in the 0 to 4
th

 hr with less than 4.3% error. In the 4
th

 to 24
th

 

hr, excellent prediction on nitrogen removal was able to be made by the developed 

model. With respect to the TOC and sulfide utilization, the differences between the 

simulations and experimental results in the 4
th

 to 24
th

 hr were generally less than 20%. 
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These results reinforced the reliability of the obtained parameters. Also, this model 

provided a quick and accurate way for developing and designing an autotrophic 

denitrification process using dissolved sulfide as the electron donor. 

Figure 4.21 Mathematical-modeling of the mixed cultures based on the estimated 

parameters 

 

This model was easily established since only substrate concentrations were needed. 

Nevertheless, there was still a room for improvement of the model by taking more 

factors into account, such as toxicity effect of ionized sulfide, synergism among the 

bacteria, influence of organic matter limitation, quantity of different species of 

bacteria, etc. 
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4.3 A Separate Study on Autotrophic Denitrification 

In order to study the effect of DO on the overall denitrification performances of the 

SANI system, the anoxic filter was operated with different influent concentrations of 

DO and nitrate. In this study, only the UASB reactor and the anoxic filter were 

employed and were operated at the HRT of 3 and 2 hrs, respectively. Nitrate solution 

together with the UASB effluent was fed into the anoxic filter. Pure oxygen was 

injected into a storage tank of nitrate solution with flow rates of 1-50 L/min in order 

to achieve an intended dissolved oxygen concentration in the influent to the anoxic 

influent. The dissolved oxygen concentration was monitored and finely adjusted 

everyday. 

 

4.3.1 DO level Test One 

In test one, the influent nitrate concentration was maintained at 30 mg N/L with a DO 

level varied from 0 to 3 mg/L. The nitrate removal was monitored to assess the 

performance of the anoxic filter under different influent DO levels. The performance 

of the anoxic filter in this test run is shown in Figure 4.22. The influent DO level was 

started at 0-1 mg/L and was then increased to 1-2 mg/L on Day 7 and to 2-3 mg/L on 

Day 26.  
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Figure 4.22  Performance of the anoxic filter with different influent DO levels in 

Test one 
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the performance of the anoxic system in terms of nitrate removal was not sensitive to 

such higher DO level in the anoxic filter influent.  

 

However, in view of the sulfide concentration in the anoxic effluent, a significant 

increase in the sulfide consumption was observed in the anoxic filter, when DO level 

was further increased. Throughout this test, the anoxic filter was subjected to an 

influent sulfide concentration at 71.4 mg S/L. When the anoxic filter was operated at 

the DO levels of 0-1, 1-2, and 2-3 mg/L, the average sulfide concentration in the 

effluent were found to be 16.65, 7.63 and 1.94 mg S/L, respectively. These results 

implied that the sulfide removal was not only contributed by the autotrophic 

denitrification, but also by other biological reactions. The additional sulfide 

consumption was probably contributed by sulfide oxidation since higher sulfate 

production was resulted, when the anoxic filter was subjected to a higher DO level in 

its influent. Average 140.9, 164.9 and 171.3 mg/L sulfate was produced at the DO 

levels of 0-1, 1-2, and 2-3 mg/L, respectively, as shown in Table 4.15.  In order to 

study the behavior of the anoxic filter towards the changes of the influent DO level, 

the influent DO level was returned back to 0-1 mg/L on Day 14 and 34. As shown in 

Figure 4.23, the sulfide concentration in the anoxic filter effluent was immediately 

returned back to about 15-18 mg S/L. This indicated that the performance of the 
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anoxic reactor was sensitive to the influent DO level. 

 

Stoichiometrically, 57.6 mg S/L sulfide is required for a complete nitrate removal 

through the autotrophic pathway. The influent dissolved sulfide varied from 62.6 to 

82.2 mg S/L, which were sufficient for achieving the complete autotrophic 

denitrification in the anoxic filter. Even though some dissolved sulfide was consumed 

by sulfide oxidation, the nitrate removal efficiency was not affected by the limited 

heterotrophic denitrification (average 10 mg/L TOC was removed) in the anoxic filter 

as well. 

 

With respect to different DO levels in the influent of the anoxic filter, the resulted S/N 

ratios were also calculated, as listed in Table 4.15. The S/N ratios were increased with 

the influent DO levels to 1.6, 1.86, and 1.98, respectively. This implied that more 

sulfides were required to remove 1 mg N/L nitrate, when the anoxic filter was 

subjected to higher influent DO levels. In this test, 1.98 g S of dissolved sulfide was 

needed to remove 1 g N of nitrate at an influent DO level of 2-3 mg/L, which was 

23% more than that required at an influent DO level of 0-1 mg/L. 

 

Sulfur balance was also conducted to study the fate of the dissolved sulfide at 
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different influent DO levels. Excellent sulfur recoveries (from 90% to 100%) were 

achieved throughout this test, apart from less sulfur recovered in form of dissolved 

sulfide at higher influent DO levels. Figure 4.23 and Table 4.16 summarize the results 

of the sulfur recovery in this test. 

 

 

Table 4.15 Process Performance of Anoxic Filter at different DO level in Test one 

DO level (mg/L) 0-1 1-2 2-3 

Operating Days 1 - 36 7 - 13 26 - 33 

Influent nitrate (mg N/L) 29.96  30.21  30.28  

Effluent nitrate (mg N/L) 0.56  0.66  1.45  

Influent sulfate (mg/L) 281.37  265.67  263.80  

Effluent sulfate (mg/L) 422.29  430.59  435.07  

Influent dissolved sulfide (mg S/L) 70.94  73.04  70.32  

Effluent dissolved sulfide (mg S/L) 16.66  7.63  1.95  

Influent TOC (mg/L) 20.91  19.42  20.55  

Effluent TOC (mg/L) 11.02  9.40  10.64  

Nitrate Removal (%) 98.15  97.85  95.25  

S/N ratio 1.60  1.86  1.96  

Note: the above measurements are the mean values. 
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Figure 4.23 Sulfur balance for the anoxic filter operated with different influent DO 

levels in Test one 

 

 

Table 4.16 Sulfur Balance for the anoxic filter (influent NO3
-
 = 30 mg N/L) in Test 

one 

Influent Effluent  
Operation 

conditions 
SO4       

(mg S/L) 

Ionized Sulfide 

(mg S/L) 
SO4 (%) 

Ionized Sulfide 

(%)  

Sulfur 

Recovery 

(%) 

DO level 0-1 mg/L 93.79  70.94  86.53  7.00  93.53  

DO level 1-2 mg/L 88.56  73.04  88.94  4.72  93.66  

DO level 2-3 mg/L 87.93  70.32  91.75  1.24  93.00  
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4.3.2 DO level Test Two 

In order to further confirm the above results, the second set of test was conducted by 

operating the anoxic filter with an influent nitrate concentration at 50 mg N/L. Again, 

the anoxic filter was subjected to different influent DO levels and the corresponding 

nitrate removal efficiency was monitored. In order to remove 50 mg N/L nitrate 

completely, 96 mg S/L of dissolved sulfide is stocichiometrically required. In test two, 

dissolved sulfide was in limitation since only about 68.7 mg S/L of dissolved sulfide 

was available in the anoxic influent.  

 

The influent DO level was started from 0-1 mg/L and was then increased to 2-3 mg/L 

on Day 10. Thereafter, the DO level was returned to 0-1 mg/L after Day 26. The 

performance of the anoxic filter in this second test run is summarized in Table 4.17 

and Figure 4.24, respectively. 
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Figure 4.24  Performance of the anoxic filter operated with different influent DO 

levels in Test two 
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The influent DO level was initially maintained at 0-1 mg/L, the average nitrate in the 

effluent was 3.73 g N/L. An average 92.57% nitrate removal was achieved. When the 

influent DO level was increased to 2-3 mg/L, the nitrate removal efficiency 

immediately decreased to 80.9% and the effluent nitrate increased to 9.71 mg N/L. 

However, comparable amounts of sulfate were produced (192 and 185 mg/L) 

regardless of the increased influent DO level. An explanation of the deterioration of 

the nitrate removal efficiency is that some dissolved sulfide was consumed by sulfide 

oxidation, other than autotrophic denitrification. The results in test two were well 

agreed with that of test one. 

 

Similarly, the calculated S/N ratios were also increased (from 1.27 to 1.52) with the 

increased influent DO level (from 0-1 to 2-3 mg/L) in Test two. This implied that 

more dissolved sulfide was required for the complete autotrophic denitrification when 

the anoxic filter was operated with higher influent DO level. When comparing with 

DO level 0-1 mg/L, 19.6% more dissolved sulfide was required to remove the same 

amount of nitrate at an influent DO level of 2-3 mg/L. This increase was consistent 

with the finding in Test one, in which 23% more dissolved sulfide was consumed. 
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Sulfur balance was conducted again in Test two. Similar sulfur recovery was achieved 

at these two higher influent DO levels (96 and 98%, respectively), but less sulfur 

recovered in form of dissolved sulfide from the effluent with respect to the higher 

influent DO levels. Thus, no elemental sulfur accumulation in the anoxic system was 

estimated. Figure 4.25 and Table 4.18 summarize the results of sulfur recovery in this 

test. 

 

Table 4.17  Performance of the anoxic filter operated with different influent DO 

levels in Test two 

DO level (mg/L) 0-1 2-3 

Operating Days 1 - 9 10 - 26 

Influent nitrate (mg N/L) 49.82  50.45  

Effluent nitrate (mg N/L) 3.73  9.71  

Influent sulfate (mg/L) 260.96  263.46  

Effluent sulfate (mg/L) 438.49  449.38  

Influent dissolved sulfide (mg S/L) 68.87  66.05  

Effluent dissolved sulfide (mg S/L) 3.89  1.22  

Influent TOC (mg/L) 17.95  16.77  

Effluent TOC (mg/L) 9.09  8.76  

Nitrate Removal (%) 92.57  80.86  

S/N ratio 1.27  1.52  
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Table 4.18 Sulfur Balance for the Anoxic Filter (Influent NO3
-
 = 50 mg N/L) in Test 

two 

Influent Effluent  

Operation condition SO4    

(mg S/L) 

Ionized 

Sulfide 

(mg S/L) 

SO4     

(%) 

Ionized 

Sulfide 

(%)  

Sulfur 

Recovery 

(%) 

DO level 0-1 mg/L 86.99  68.87  93.77  2.48  96.24  

DO level 2-3 mg/L 87.82  66.05  97.35  0.80  98.15  

 

 

 

Figure 4.25 Sulfur balance for the Anoxic Filter in Test two 
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CHAPTER 5  

CONCLUSIONS AND 

RECOMMENDATIONS 

 

 

The main conclusions of this study are as follows: 

 

1. The SANI system was successfully operated for more than 360 days with an 

overall organic carbon removal efficiency of 95.6%, in which, 82% was 

contributed by the UASB reactor operated with a HRT of 6 hr and an organic 

loading rate of 0.42 kg/m
3
/day. The AAFI of the SANI system contributed a 

further 12.9% organic carbon removal, enabling the final effluent TOC 

concentration below 5 mg/L. 

 

2. An average COD/sulfate ratio of 0.77 was obtained. This further confirmed that 

87% organic removal was made by sulfate reduction. In the effluent of the 

UASB reactor, about 78.9 mg S/L of dissolved sulfide was produced, which was 



106 

stoichiometrically sufficient for removing 41.09 mg N/L of nitrate through the 

autotrophic denitrification in the anoxic filter. 

 

3. In terms of nitrogen removal efficiency, the SANI system was apparently 

dependent on the recirculation flow ratio (R). In other words, the lab-scale setup 

of the SANI system was sensitive to the hydraulic loading. The optimum R was 

found to be 3, at which 73.7% of total nitrogen removal was achieved.  

 

4. When the value of R was 1 to 3, the corresponding S/N ratios were found to be 

2.03, 2.12, and 2.06, respectively. These S/N ratios were very close to the 

stochiometric value of 1.9. It was also found that only about 1.7 mg/L TOC was 

additionally consumed in the anoxic filter. Heterotrophic denitrification was 

believed to be very minor. Autotrophic denitrification seemed to be a major 

contributor to the nitrate removal in the SANI system.  

 

5. Further studies on the autotrophic denitrification process showed that the 

performance of the anoxic filter was sensitive to the influent DO level. With the 

influent nitrate of 50 mg N/L, the denitrification efficiency decreased from 92.5 

to 81% when the influent DO level increased from 0-1 to 2-3 mg/L. The 
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deterioration of the efficiency was caused by the shortage of the dissolved sulfide 

since some had been oxidized by oxygen biotically or abiotically into elemental 

sulfur and sulfate through sulfate oxidation. 

 

6. SRB were found not active in the anoxic filter. HDB and MPB seemed to be the 

major contributors to the organic removal in the anoxic filter. ADB and HDB 

co-existed and shared the utilization of nitrate for denitrification. ADB were 

more active than HDB in removal of nitrate in the anoxic filter. 

 

7. The key parameters in the ADB bio-kinetics were estimated to be Vmax_ADB = 22.8 

mg/hr, KNOx_ADB = 15.1 mg N/L, and KH2S = 15.8 mg S/L. A mathematical model 

was established from the estimated bio-kinetic parameters, which demonstrated a 

reliable prediction on the substrate utilization of the mixed cultures biomass under 

anoxic conditions. 

 

8. The developed SANI system was able to achieve about 95.6% organic carbon 

removal and 73.7% TN removal. Due to low sludge yields in both reactors, no 

purposeful biomass wastage was required during the entire experimental period. 

The overall sludge yield was estimated to be lower than 0.18 g VSS/ g COD, 
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which is only 32 % of the excess sludge production in a conventional activated 

sludge process. Hence, the feasibility of the sludge minimization of this proposed 

treatment system has been clearly confirmed. 

 

This study has demonstrated the feasibility of using the SANI system to treat saline 

wastewater. However, some of the hypotheses have been made during this study, 

which require further investigations.  

 

1. Except sulfate reduction and heterotrophic and autotrophic denitrification, other 

reactions in the anoxic filter like sulfur oxidation, aerobic oxidation and other 

possible reactions have not been studied. These reactions probably co-exist in the 

anoxic filter and affect the bioactivities of ADB in real operations. Since the 

aerobic filter effluent contains a high DO level and the recirculation of this 

effluent to the anoxic filter could affect the TN removal of the SANI system. 

Therefore, more batch tests on the DO effects should be conducted. 

 

2. In the bio-kinetic study, the specific substrate utilization rate (Vmax_bacteria) was 

obtained through parameter estimation and Vmax_bacteria = kbacteria * Xbacteria. 

Normally, the maximum substrate utilization rate (kbacteria) is more useful than 
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Vmax_bacteria for general modeling application as well as studying the 

competitiveness of the bacteria. However, in this study, the value of kbacteria could 

not be estimated since the quantity of the ADB, HDB and MPB (XADB, XHDB and 

XMPB ) present in the biomass is not known. In order to obtain the value of kbacteria, 

quantification of ADB, HDB, and MPB is necessary.  

 

3. Sulfide toxicity is the concern of all kinds of biological treatment process. So far, 

there is limited available information on the sulfide toxicity on the denitrifiying 

bacteria, especially to the ADB. Short-term and long term investigations of 

sulfide toxicity on the ADB are suggested in order to get a better understanding 

of the application and the constraints of the autotrophic denitrification. 

 

4. The SANI system was successfully established in a lab-scale and achieved a 

highest TN removal efficiency at 73.7%. Nevertheless, there is still room for 

improvement of the SANI with respect to the TN removal. The sensitivities of 

the anoxic filters should be analyzed in detail. A large pilot-scale of the SANI 

system may help this analysis since it can generate more reliable hydraulic data. 
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APPENDIX A 

 

PHOTOGRAPHS OF EXPERIMENTAL SET-UP, MEDIA AND BIOMASS 
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Figure A-1: Whole experimental-setup 

 

 

Figure A-2: Upflow anaerobic sludge bed (UASB) 
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Figure A-3: Anoxic filter (AF) 

 

 

Figure A-4: Top view of anoxic filter (AF) 
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Figure A-5 Aerobic Filter 

 

 

Figure A-6 Top view of the Aerobic Filter
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Figure A-7 DO measurement device 

 

 

 

Figure A-8: Equalization Tank 
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Figure A-9: Substrate tank in the fridge 

 

 

 

Figure A-10: Anaerobic granular sludge in UASB reactors 
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Figure A-11: Anaerobic granular sludge in UASB reactor (Settling test) 

 

 

Figure A-12: Plastic media in the anoxic filter (AF) 
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Figure A-13: Plastic media in the anoxic filter (AF) with biofilm 

 

 

 

Figure A-14: Plastic media in the anoxic filter (AF) with biofilm (close-up) 




