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ABSTRACT 

Acid fermentation of degritted raw wastewater was investigated under dinerent 

operational and environmental conditions using a sequencing batch mode of operation 

The conditions of the experiments included sludge retention times of 4, 8 and 13 days, 

iduent pH ranges of 7.0-7.6 and 6.1-6.4, mixing penods of 6 Wcycle and 0.25 Ncycle, 

and hydraulic retention time of 12 4 9 4 and 6 b The impact of prefermentation of raw 

wastewater on enhancement of nutrient removd in SBR systems was expbred in 

conjunction with the fermentation process. This was done by develophg a two-stage 

anaerobic-aerobic SBR system (PAF-SBR) in which the wastewater was first fermented in 

a sequencing batch reactor named PAF (Prirnary Acid Fermenter). The effluent fkom the 

fermenter was then wnducted to another SBR for the purpose of carbon, nitrogen and 

phosphorus removd. The performance of this system was evaluated agallist a paraiiel 

conventional-SBR which was treating the same raw wastewater but without employing the 

prefermentation step. DifKerent operational cycles (8 h and 6 h cycles) with various 

periods of anaerobic, aerobic and anoxic conditions, discontinuous aeration regime, and 

step feed procedures were tried in biological nutrient removd reactors to increase theu 

efficiency with regard to phosphorus and nitrogen removd. Al1 experiments were carrïed 

out at room temperature (2M°C). 

In fermentation studies it was found that acid fermentation of degritted raw 

wastewater is a stable reliable process. Results also revealed that acetic acid was the main 

component (78096%) of volatile fatty acids (VFA) produced under the various 

investigated conditions. 



SIudge retention time (SRT) had a pronounceci impact on the solubilization of 

organic matter and production of VFA (regardles of the experimental conditions). Both 

processes improved as SRT increased h m  4 d to 8 d and M e r  to 13 d. 

Overaü &ciency of the VFA production diminished as the influent pH range was 

reduced fiom its natural range of 7.0-7.6 to the range of 6.1-6.4. This was due to the 

suppression of activities of the acidogenic bacteria at the lower pH range. Influent pH 

aiso Sected VFA distribution Acetic acid production was reduced at the pH range of 

6.1-6.4, while production of butyric, valeric and propionic acids was enhanceci. 

The process of acid fermentation of degritted raw wastewater was Sected by the 

mixing period of each operational cycle. Total solubüization and VFA production was 

similar under both mixing conditions of 0.25 Wcycle and 6 Wcycle, but the specific rates of 

solubiIization and VFA production were lower at the e n g  period of 0.25 h/cycIe. 

Volatile fatty acids composition was also infiuenced by the duration of the mixing period 

in each operational cycle. 

Reduction of HRT from 12 h to 9 h did not affect the fermentation process 

signincantly. However the decrease fiom 9 h to 6 h was associated with a considerable 

reduction in net solubilization and VFA production. Variation in VFA distribution caused 

by the change in HRT was not statisticaüy signifïcant. 

Prefermentation of raw wastewater had a remarkable impact on the improvement 

of biological phosphorus removal in the SBR systems. Regardless of the operational 

conditions, soluble phosphorus of the efnuent corn the PAF-SBR was always below 1 

mg& while in the parailel conventional-SBR, the concentration ranged from less than 1 

mgL to over 4 m& with an average range of 1 -5-2.6 mg& 



An operational cyde of8 h with a long initial anoxidanaerobic penod of2-3 h was 

found to deteriorate eHuent phosphorus quality in the SBR receivhg fermented 

wastewater. This was caused by the secondary release of phosphorus during the long 

anaerobic penod of each cycle. Reduction of cycle penod from 8 h to 6 h with a short 

initial anoxïc/anaerobic penod of 45 min enhanced P-removal signincantiy. Best results 

with respect to nitrogen and phosphorus removaf were obtained in 6 h operational cycles 

employing intermittent aeration schemes. Phosphorus removal up to 90094% was 

achieved in the PAF-SBR system under such operational conditions leading to an average 

effluent soluble phosphorus content of 0.3 mg/L. Nitrogen removal efficiencies were 69% 

in the PAF-SBR system and 65% in the pardel conventional-SBR Further removal of 

nitrogen in both systems was limiteci by lack of availability of carbon source for 

denitrification, Step feeding did not enhance nitrogen removal as the concentration of 

SOC and TKN were almost equivalent to those in the feed. 

One of the major differences observed between the two pardiel BNR systems was 

related to their sludge characteriçtics. The sludge in the reactor fed with the fermented 

wastewater showed excellent settiing characteristics. The average effluent SS 

concentration was less than 20 mg/L in this reactor. On the other hand bulking and 

detenoration of effluent quality were often problems in the conventional-SBR The PAF- 

SBR system produced about 12% less sludge than the conventionai-SBR system @a& 

upon production of total dry solids/1000 m3 of the treated wastewater). 

As a result of this research a two-stage anaerobic-aerobic SBR system was 

developed in which biologid removal of aitrogen and phosphorus can be performed 

efficiently at variable infiuent concentrations of organic compounds. 
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Chapter 1. 

INTRODUCTION 

Phosphorus and nitrogen are known as the major cause of eutrophication 

phenornena Eutrophication is denned as the e~chrnent of d c e  water bodies by 

nutrients and the consecpence deterioration of quaiïty due to luxuriant growth of plant 

We. The process impacts the ecological balance of the bodies of the waters affêcted. 

Discharge of nutrients to the surface waters acceierates the natural eutrophication 

process. Many sources (natural and manmade) including domestic and industrial 

wastewaters contribute to the nutrient input of water resources. It has been reported 

(Randdi et al., 1992) that one Kg of phosphorus after discharge can lead to reconstruction 

of 1 1 1 Kg of biomass which corresponds to 138 Kg of COD. Similady, discharge of one 

Kg of nitrogen may lead to reconstruction of some 20 Kg of COD in the receiving water 

bodies in form of dead algae. Excessive nitrogen can also exert oxygen demand on the 

receiving water through nitrification where 4.3 K g  of oxygen is connimed for each Kg of 

amrnonia dischargeci. In some cases the problem of un-ionized ammonia may become a 

problern. Other significant problems are increased chlorine demand of partiaiiy nitrified 

wastewater and health hazard of nitrates in water used for drinking purposes. 

Because of the above problems, di new treatment plants have to provide some 

form of nutrient removal expressed in concentration limits for total W o r  soluble 

phosphorus, total nitrogen, and ammonium nitrogen. 

Nutrient removai from wastewater can be accomplished through the application of 

biological ancilor chemical treatment processes. Biological methods are by far the most 



common methods in practice due to their advantages such as elimination (or reduction ) in 

use of chernical compounds, reduction in sludge production, reduction in costs of handling 

and disposal of sludge, and decrease in oxygen requirements (Randall et al., 1992; 

McClintock et al., 1994). 

Biotogicaf nutrient removai (BNR) systems wdd be grouped into two main 

categories; continuous-flow through systems (such as Bardenpho), and discontinuous-flow 

through systems (sequencing batch reactors-SBR). In all biological nutrient removal 

systems, regardless of the flow regime a d o r  the configuration, the biomass should be 

subjected to anaerobic, anoxic aiid aerobic environrnents if efficient removal of both 

phosphorus and nitrogen are expected- In continuous-flow methods, the wastewater is 

clarified and the required sequence of the environmentai conditions are provided spatiaiiy 

in difEerent units, or aiongside of one reactor. In contrast, in sequencing batch reactors, 

the flow is semi-continuos, the wastewater is not usuaüy clarifieci, all unit operation 

processes occur within one reactor, and the required environmentai conditions are tirne 

sequenced; changing fiom anoxidanaerobic to aerobic. Moreover the total biomass is 

subjected to any changes in the environmental conditions. 

Due to the findamental differences between the two treatment systems, 

performance improvements achieved in continuous flow treatment trains may not be 

applicable to sequencing batch reactors. Even with some of the system enhancements 

behg applicable to sequencing batch reactors, the resuiting performance of the system 

may substantiaüy Vary fiom those obtained in the traditional flow-through treatments. 



1.1 DEFINITION OF THE PROBLEM: 

The success of the biologicai nutrient removal systems relies upon; 1) alteration of 

environmentai conditions, and 2) type and concentration of organic compounds available 

for the microorganisms involved in the processes- 

Biological phosphorus removal bacteria (Bio-P bactena) require short chab 

volatile fatty acids (SCVFA) in the anaerobic zone to replenish their storage of 

polyhdroxyalkanoates (Comeau et al., 1986; Appeldoorn et al-, 1992). Inadequate supply 

of organic compounds in the wastewater, inefficient production of VFA in the anaerobic 

zone, and long anaerobic HRT could ail lead to semndary release of phosphorus which 

detenorates the performance efficiency of treatrnent systems. Nitrogen removal also 

becomes limited if adequate supply of easiiy biodegradable cornpounds are not present in 

the wastewater. 

To enhance biological nutrient removal and to irnprove process operation, acid 

fermentation of primary sludge has been employed in some full-scale plants practicing 

BNR in conventional flow-through systems. Primary sludge is fermented during this 

process and the supernatant added to the main flow thus enriching the system with the 

easily biodegradable compounds; mostly in the fonn of VFAs. Acid fennentaGon of 

prirnary sludge has been researcheà and applied in fU d e  continuous-flow systems 

during the last decade (Rabinowitz and Oldham, 1985; Elefsiniotis and Oldham, 1993). 

AIthough now de-listeci f?om art to practice, sludge fermentation technology c m  

not be duectly applied to the discontinuous processes such as sequencing batch reactoa 

which usudy lack primary sedimentation tanks and hence primary sludge. As a result 

other means of carbon supplimentation need to be found for these systems. One method is 



acid fermentation of whole raw wastewater which couid increase its total content of easily 

biodegradable compounds, and hence improve nutrient removai in the SBR qstems. 

In this research, the feasibility of acid fermentation of raw wastewater under 

various operational and environmentai conditions was evaluated. Furthermore, the 

impacts of acid fermentation of raw wastewater on BNR in SBR systems were M y  

investigated. The a h  was the development of a SBR system in which biological removal 

of phosphorus and nitrogen could occur reliably. 



Chapter 2. 

LITElUTURE REVIEW 

The content of this chapter has been classifieci into four major sections wvering 

the foiiowing subjects: 

Biological phosphorus removal 

Biological nitrogen removal 

Fermentation 

Sequencing batch reactor 

2.1 BIOLOGICAL PHOSPHORUS REMOVAL 

Biological phosphorous removal occurs as microorganisms are subjected to 

alternate anaerobidaerobic environments (Fuhs and Chen, 1975; Nicidis and Osborn, 

1979; Marais et al., 1983). In the anaerobic stage Bio-P bactena use the energy obtained 

in the hydrolysis of intraceilular polyphosphate to take-up, and store substrate (mostly 

volatile fatty acids) in the forms of polyhydroxyalkanoates (PHA); especiaily 

polyhydroxybutyrate (PHB). Hydrolysis of polyphosphates is associated with the release 

of phosphorus to the environment. Upon entering the aerobic stage, Bio-P bacteria use 

oxygen as an electron acceptor and oxïdize stored PH6 in order to supply their energy and 

carbon requirements. This process is associated with the excess uptake of phosphates 

fkom the environment by Bio-P bacteria. Phosphorus removal occurs when the 

phosphorus-rich cells are wasted fiom the system as excess sludge. 



2.11 MECHANISMS OF BIOLOGICAL PHOSPHORUS REMOVAL 

DEerent biochemid models have been proposed in an attempt to provide a 

satisfactory explanation for the mechanisms of biologicai phosphorus removaL 

Barnard (1976) indicated that the phosphorus content of the sludge increases as 

the sludge passes through the anaerobic stage with organic substrates during the routine 

cycle of the secondary treatment process. NkhoUs and Osbom (1979), and Buchan 

(1983) suggested that the accumulated form of phosphorus is polyphosphates, and that 

intracellular polyphosphates bction as the energy pool for the uptake of substrate under 

the anaerobic condition Although both low molecular and high molecuiar polyphosphates 

are accumulated in the sludge produced in the anaerobidaerobic process, Iow molecular 

polyphosphates are principalLy responsible for the release (as energy pool) and uptake of 

phosphorus (Mino et al., 1984). High molecular polyphosphate was considered to 

function as the phosphorus source for the growth. Rensink et al. (198 1) suggested that 

volatile fatty acids generated in the anaerobic zone are stored as PHB using energy 

produced in the hydrolysis of stored polyphosphate in the form of ATP. Marais et al. 

(1983) provided a mode1 indicating that poly-P accumulation provides a positive 

advantage over non-poly-P accumulating bacteria because it enables Bio-P bactena to 

absorb and store readily biodegradable compounds under anaerobic conditions, which are 

then utilized under aerobic conditions to obtain energy and carbon, and to replenish the 

polyphosphate pool by absorbing POi h m  the surrounding medium. 

The major biochemical models proposed describiig enhanceci biological 

phosphorus removal (EBPR) process are : The ComeauMTentzel Model (Comeau et 

al., 1986; Wentzel et al., 1986), the Mino Model (Mino et al., 1987), and the adapted 



Mino Mode1 (Wentzel et aL, 1991). These models are based on acetate or other short 

chah volatile fatty acids (SCVFA) as the sole externat substrate in the anaerobic zone. 

Accordiag to the ComeaulWentzel models, show in Figure 2.1, under anaerobic 

conditions, the high extraceIIular acetate concentration aiiows passive diffusion of acetate 

into the celI. The intraceliular acetate is activated to acetyl-CoA by coupled ATP 

hydrolysis. Hydrolysis of ATP releases cations (usually K' or M ~ ~ ' )  and anions -9- to 

the bulk solution. The ATP is regenerated fkom ADP by transfer of an energy-rich 

phosphoryl group from polyphosphate to the ADP. Two acetyl-CoA molecules combine 

to form acetoacetyl-CoA which is then reduced by NAD(P)H2 to form hydroxybutyrate- 

CoA Poly-0-hydroxybutyrate (PHB) molecules are formed by poIymerization of 

hydroxybutyrate-CoA rno1ecules. On the basis of the mode1 suggested by Abu-ghararah et 

al. (1989), acetyl-CoA is not the ody building block for the synthesis of stored organic 

polymers. The nature of the building blocks and polymers, and their quantities were 

reported to be dependent on the chernical structure of the organic acids present. 

The net result of the anaerobic processes has been swnmarized by Wentzel et al. 

(1991) as : 

9n Ac + 9n ATP + CoASH - (CJiaO&,CoA + 9n ADP + 9n Pi + 2n C a  (2.1) 

Under aerobic conditions, PHB is broken down and is used for either anabolic and 

catabolic metabolism The ATP generated through catabolic r d o n s  is used for ceiI 

energy requirements and synthesis of polyphosphates. The rate of phosphorus uptake 

depends upon the type of the oxidant present (Kerm-Jespersen and Henze, 1993). 



presence of organic substrates (Ubukata and Takü, 1994), and the concentration of 

extraceliular phosphates as weli as the unsaturated storage capacity for the intraceilular 

phosphorus (Somiya et al, 1988). 

There is a general agreement between the ComeadWentzel models, and the other 

models except for the source of the reducing power NAD& required to convert 

acetoacety-CoA to PHEL The ComeaulWentzel Models (Fig 2.1) suggest that N A W  is 

supplieci by the operation of the tricarboxylic acid (TCA) cycle under anaerobic 

conditions. In the Mino Mode1 which is presented in Fig. 2.2, the intracellular 

carbohydrate (glycogen) is used via Embden Meyerhof Parnas (EMP) pathway to generate 

W H 2 .  Consumption of intercellular carbohydrates has also been confirmed by Amn et 

al- (1988). In the adapted Mino Modei, the Entner Doudoroff (ED) pathway is assumed 

as an alternative to EMP pathway. Figures 2.1 and 2.2 show the proposed biochemical 

behaviors under anaerobic conditions. Although all models predict specific molar ratios 

for anaerobic phosphorus release, acetate uptake and PHB production, a wide range of 

values have been observed experimentally (Wentzel et al., 1991). 

Satoh et al. (1992) highlighted that the metabolism ofglycogen for reducing power 

can also provide energy for the uptake of substrate. They concluded that there are at lest 

two energetic systems concerning substrate uptake under anaerobic conditions; a 

polyphosphate dependent system (P-system) present in polyphosphate accumulation 

bacteria, and a glycogen dependent system (Q-system) which causes breakdown of the 

Bio-P removal process. In the case of P-system polyphosphate is the main source of 

energy. 

Uptake of acetate and propionate is accomplished by the consumption of glycogen, 
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Fig. 2.1 : Pathway mggesteci in the ComeadWeatzei mode1 for gaieration of NADH* in 
Bio-P bacteria @A&suo a ai., 1992). 



Fig. 2.2. : Pathway suggested in the Mino mode1 for generation of N m  in Bio-P 
bacteria (Matsuo et al., 1992). 



and production of sotne energy in the glycolysis. However the main role of the glywlysis 

in the P-system is not energy supply but the supply of reducing power. In contrast, in Q- 

system glywlysis is the main source of energy and microorganisms obtain energy for the 

substrate uptake under anaerobic conditions by converthg glycogen to PHA via acetyl- 

CoA and propionyl-CoA, and not by the hydrolysis of polyphosphate. Subsequently, 

bacteria capable of getting energy not by the polyphosphate hydrolysis but by the 

consumption of intracellular carbohydrates might detenorate EBPR if they become the 

dominant group. 

2.1.2 M I C R O B U  ASPECTS OF THE 810-P REMOVAL SYSTEMS 

Excess biologicd removal of phosphorus is carried out by different types of 

bacteria; collectively referred to as "Bio-P bacteria" (Comeau et al., 1986), or "Poly P 

bacteria" (Wentzel et al., 1991). Bio-P bacteria should be capable of accumulating 

polyphosphates and glycogen within the cell under aerobic conditions. The former would 

serve as the energy source for the uptake of organics under anaerobic conditions, while 

the latter would serve to regulate the redox balance in the ceii by providing reducing 

power for the conversion of organics taken up into reductive polymers (Viswanath et al., 

1988). 

Excess removal of phosphate by bacteria in activated sludge plants was observed 

for the first tirne by Vicker a al. (1967). Fuhs and Chen (1975) discovered that certain 

bacteria belonging to the genus Acinetobacter were responsible for the removal of 

phosphoms fiom wastewater. The sigaincant role of Acinetobucter spp. in Bio-P removal 

process has been further conhned by other researchen (Deinema et al., 1980-1985; 



Buchan, 1983; Malnou et al-, 1984)- 

Acinetobacfer spp. are Gram-negative, non-motile bacteria which are ubiquitous in 

nature and cm be readily isolateci nom soil, water and sewage. The genus requires 

oxygen for cataboüc metabolism; however there are some species within the genus which 

can use nitrate as an electron acceptor when oxygen is not present (Lotter, 1985). 

Although Acinefobacfer q p .  have been considered as the major group of bacteria 

involved in Bio-P removai, there are Ne- reports on the importance of other bacterial 

groups as well. Nakamura et al. (1989), (cited in Appeldoom, et al., 1992) could isolate a 

number of Gram-positive bacteria capable of accwnulating high amounts of phosphorus. 

Bacterial population studies of a number of enhanced Bio-P removal plants by Lotter 

(1985) revealed the predominmce of Acinetobacter species. However a Iittle more than 

half the Aeromonas hy&ophhilo, Pseudomonas paucimobilis and Gram-positive organisms 

tested were also capable of poly phosphate accumulation. Brodisch and Joyner (1983) in 

the investigation of microflora composition of three Bio-P removal plants observed minor 

proportions of the Achetobacter species, while microorganisms of the genera Aeromonas 

and Pseudomonas constituted more than 50% of the totd aerobic microbial populations. 

Their results concluded that Aeromonas and Pseudomonas species as well as some species 

of nlamentous organisms (Microtlhm and Nocardia) most likely contribute to biological 

phosphorus removai. In an investigation on bacterial populations of nutrient removal 

plants, Kavanaugh and Randail (1994) found that Acinetobacrer was not the dominant 

species in the group enumerated and that both phosphoms and nitrogen removal were 

carried out by more than one group of bacteria Aut-ecology study of Acinetobacter in 

the sludge f?om the Goudkoppies activated sludge plant (South Afnca) showed that 



Acinetobacter never occurred in numbers dcient ly  large to account for the phosphate 

removal to the extent sometimes reported elsewhere (Cloete et al., 1985). Cloete and 

Steyn (1988) documenteci that Acinetobocer wuid account for a maximum of 35% of 

average P-removal in their system. 

In a report by Okada a al. (1991). the isolates of Micrucuccus spp. and 

Pseudomonas spp. were identifieci as Bio-P bacteria. The ability of Pseuciomomzs 

vesicuims in accumulating inorganic phosphate was also indicated by Suresh et al. 

(1985). Nakamura et al. (1991) isolated a Gram-positive coccus having the ability of 

excess phosphate accumulation which released phosphorus and took up glucose 

anaerobically. Wagner et al. (1994) reported a group of Gram-positive bacteria, not 

Acinerobacter, which may play a major role in biological phosphate removal in municipal 

sewage treatment plants. A Gram-positive coccus was isolated by Ubukata (1994) which 

was capable of taking up casamino acid whiie releasing phosphorus anaerobically, and 

remove phosphate aerobically. He concluded that P-removal bacteria may directiy take up 

amino acids present in the municipal sewage treatment. 

Instances have been observed where no biologicai phosphate removal was 

achieved in Ml-scale plants, despite the fact that Acinetobacier caicouceticus was present 

in relatively high numbers (Brodisch, 1985). It was indicated that high numbers of 

Acinetobacter alone, do not guarantee good phosphate removal, but that other factors 

must be important. Brodisch noted that there is a positive correlation between the 

presence of Aeromomm punctafa, especiaüy in the anaerobic zone, and enhanced 

phosphate removal. Aeromonaspunctatu is capable ofa mixed-acid fermentation, yielding 

acetate as a major end product. 



Cech and Hartman (1990) reported a special type of bacterium which induces the 

breakdown of enhanced biological phosphorus removal. The bacteriun has been named 

"G bacterium" and grows significantly in the presence of glucose as the carbon source in 

the anaerobic stage. It does not accumulate polyphosphates, but is capable of taking up 

glucose without releasing phosphorus under anaerobic conditions. Mino et al. (1994) and 

Satoh et al. (1994) proposed that the required energy is produced through giycoIysis 

which reduces the necessity for the polyphosphate metabolism, and gives adverse effects 

on phosphorus removal. The dominance of G bacteria-like microorganisms in a reactor 

fed with glucose rich feed, was also reported by Carucci et al. (1994). Mino et al. (1994) 

suggested that glucose may not be the only substrate inducing the growth of "G 

bacteriwn" and other substrate such as acetate can be utiiized by bactena Iike G 

bacterium. The selective forces to enable the dominance of phosphate accumulating 

bacteria or "G bacterium" are stiil to be understood- 

Phosphorus accumulating badena use oxygen &or nitrate as an oxidant for the 

oxidation of organic compounds, and take-up of phosphorus (Comeau et al., 1987; Gerber 

et al., 1987; Vlekke et al., 1988; Kuba et al-, 1993; Kerrn-Jespersen and Henze, 1993). 

Lotter (1985) isolated some Acinetobacter spp. capable of reducing nitrate to nitrogen 

gas; suggesting the possibility of oxidative metabolism (with P uptake) in the anoxic zone. 

In the study with laboratory activated sludge systems, Lotter et al. (1986) observed only a 

smali percentage of the Acinetobacter qpp. capable of complete reduction of nitrate to 

nitrogen gas (6 to 12%)). Juni (1972) was able to separate some strahs of Acinetobacter 

capable of reducing nitrate to nitrite. Kerm-Jespersen and Henze (1993) verified the 

existence of two groups of Bio-P bacteria; one group capable of utilizing only oxygen as 



oxidant and the other capable of utüiPag both oxygen and nitrate as oxidant. They 

concluded that the phosphorous uptake is more rapid under aerobic condition than anoxic 

condition. Kuba et al. (1993) however showed that the Bio-P bacteria utiiizing nitrate as 

an electron acceptor have the same potentiai for phosphorus removal as conventiod 

aerobic Bio-P bacteria. 

2.1.3 FACTORS AFF'ECT'ING BIO-P REMOVAL EFFICIENCY 

Biological phosphorus removal is a complex process consisting of a series of 

anaerobidaerobic metabolic reactions; each requiring specinc sets of environmentai/ 

operational conditions. Many parameters such as type of the treatment process, substrate 

composition and concentration, duration of the anaerobic period, presence of nitrate in 

the anaerobic stage, temperature and pH affect the efficiency of the Bio-P process. 

Change in the inûuent concentration of organic compoundsy existence of saccharides, long 

periods of anaerobic and aerobic conditionsy and very long sludge retention time are 

among the factors unfavorable for biological phosphorus removal which could encourage 

the dominance of non-poly P bacteria (Satoh et al., 1994). Biological treatment systems 

do not show the sarne abüity in removing nutrïents. Data on the peflormances of Merent 

treatment processes and contigurations indicate considerable variation in the ranges of the 

efficiencies; with some processes being more efficient than the others (Metcalf and Eddy, 

199 1; Copper et al., 1994). 

2.1.3.a-pH 

Information on the effect of pH on biologicai phosphorus removal is ümited, and 



inconsistent. Nagashima et aL (1979), (cited in Barnard, 1983a) showed an improvement 

in phosphorus removal frorn 42% at pH of 5 to 92% at pH of 8. However in a work by 

Barnard (1975) similar improvement was not observed when pH was iacreased under 

normal conditions. Potgieter and Evans (1983); investigating the impact of pH on P- 

release in the pH range of 2 to 9, obtained the maximum release at pH of 4. At lower pH 

values the sludge floc disintegrated. It was suggested that the efféct of pH on P-release is 

most iikely concemed with its innuence on transport mechanisms across the ce11 

membrane- 

The signifïcance of pH in biological phosphorus removal process was recently 

studied by Smolders et ai. (1994), who found out the pH dependency of the ratio between 

P reiease and acetate uptake. A metabolic mode1 was developed which divides the acetate 

uptake into a transport, and storage processes. It was declared that the energy necessary 

for acetate transport is strongly dependent on pH of the solution. In the pH range of 5.5 

to 8.5, the acetate uptake rate remained constant, but the release of phosphorus changed 

such that the ratio of P-releasdacetate uptake varied fiom 0.24 mg-P/mg COD to 0.73 

mg-P/mg COD as the pH was increased. According to the modei, at low pH there is no 

energy associated with transport of acetic acid, thus the observed P-release is only used 

for conversion of acetic acid to acetyl C o k  Since at low pH less energy is required for 

the uptake of substrate, the biomass yield and total uptake of substnite might increase, 

resulting in a higher fiaction of Bio-P organisms and a more efficient system. The 

dependency of the ratio of phosphorus re ldaceta te  uptake on the pH was also shown in 

a laboratory study by Carlsson et.at. (1996) who found a ratio of 0.35-0.4 mg P/mg COD 

at neutral pH. Linear regression of pilot plant study however showed the ratio of 0.5 mg 



P/mg COD. Deinema et. at  (1985) reported the pH range of 6.5 to 8.2 as the optimum 

range for phosphorus removal. 

2-1 .Sm b-Te mperahire 

The process of phosphorus removd does not seem to be as sensitive to low 

temperature as some other biological processes. Successfiil application ofEBPR bas been 

achieved over the temperature range of 5 to 30 OC in nitrifyiag and n o n - n i m g  plants 

(Barnard, 1983e; Hong et al., 1984). Oldham (1979) (cited in Barnard, 1983a) showed 

that while nitrification suSerd at temperatures below 10 OC, phosphate removal did not 

&Ter at 6 OC provided that nitrates formed could be removed and the necessary anaerobic 

conditions could be maintained. Marktund and Morling (1994) also reported a good 

phosphorus removal at temperatures down to 5 OC, foliowed by a sharp decrease in 

efficiency at lower temperatures. Excellent pefiormance of phosphorus removal at 9 OC 

has been mentioued for EBPR plant at Kelowna B.C. (Barnard et al., 1985). According to 

van Starkenburg et al. (1993). phosphorus removal efficiency was high at temperatures of 

6 to 10 OC as well as at higher temperatures. A shift in the ratio of mesophilic and 

psychrophilic organisrns in the microbial population was considered as a possible reason 

for good removal of phosphorus at low temperatures It was m e r  suggested that the 

hydrolysis of organic material resuiting in the production of volatile fatty acids may 

become the resaicting factor in P-removd process at low temperatures. 

The rates of phosphorus release have been demonstrateci to reduce as temperature 

declines. The rates decreased by 2.1-2.6 times for every 10 OC temperature decrease in 

the range of 10 to 30 OC (Shapiro et al., 1967). Jones et al. (1987) reported an increase 



of 75% in phosphorus release at 29 OC as compareci to the amount of release at 24 OC. 

Temperature dependency of maximum net growth rates for EBPR anaerobic P- 

release, CODs~ removal rate in the anaerobic zone, and aerobic P-uptake rate were found 

to be similar, and could be describeci by the Arrhenius relationship (Marnais and Jenkins, 

1992). W~thin the range of 10 to 30 OC, a 10 OC &op in temperature r d t e d  in slightly 

less than twice (1 -5 to 1.7) fold decrease in these rates. 

Temperature dependency of maximum net growth rates p- was describeci by the 

Arrhenius relationship: 

pmt = 14-2 - 4366*(1/") 

T = Temperature OK 

The temperature correction nictor (8) for reactions rates, was suggested to be 

1.049 for ail EBPR processes at 10-30 OC, and 1-053 for maximum net growth rate at 

temperature range of 13 -5-20 OC. 

Marnais and Jenkins (1992) noted that the optimum temperature for EBPR was in 

the range of 28-33 OC. At 37 OC aerobic P-uptake appeared to be inhibited. Their results 

are in good agreement with Juni (1978) and Du Preez et.al. (1978) who reported an 

optimum temperature for growth of Acinetohcter qp. in the range of 29-35 OC and no 

growth at 41 OC. Boughton et ai. (1971) have reported the optimum temperature for 

phosphorus uptake to be in the range of 24-37 OC. 



2.1.3.c-Mean Ce11 Residenct Ti (MCRT) 

Mean ceii residence time (solid residence time or sludge retention t h e  (SRT)), is 

theoretically defieci as a period of t h e  that biomass is retained in a unit operation. 

MCRT affects the peflormance of biological phosphorus removal systems through its 

effects on the growth rate of biornass, and on the net sludge production- Removal of 

phosphorus in Bio-P systems occurs through production and wastage of excess high P- 

content sludge. 

Bio-P rernoval bacteria are slow growing bacteria compared to other heterotrophic 

bacteria in the activated sludge, thus they require long MCRT and can be washed out by 

operating at low MCRT (Okada et al., 1991; Marnais and Jerkins, 1992). The -daes 

reported for specific growth rates of Bio-P bacteria are diverse and depend upon the type 

of substrate, temperature of the experiments, and whether a mixed culture or an isolated 

culture has been used in evaluation. The specinc growth rates of Bio-P bacteria were 

estimated at 0.040 fl, 0.030 6'. and 0.035 d-' in the SBR activateci sludge processes fed 

with sodium acetate, glucose and polypeptone, and peptone, respectively (Okada et al., 

1991). Hao and Chang (1987) in a typical batch study conducted at 25 OC and at pH of 7 

with sodium acetate as a medium, reported 15 d-1 for the maximum specific growth rate of 

Acinetobacrer spp. Okada et al. (1991) also obtained larger values for the isolated 

bacteria than for the mixed cultures, but revealed that the required MCRT for the 

accumulation of Bio-P bacteria could not be determineci fCom estimation based on the 

specinc growth rate of isolated bacteria Accord@ to their results, Bio-P bacteria could 

not accumulate in the reactor operated at MCRT less than 25 days at temperatures of 

2 0 e  OC, which indicated a much larger SRT than the value estimated fiom specific 



growth rate. Re& et al. (1985) verified that prolongation of SRT stimulates growth of 

Acinefohcfer by production of low m o l d a r  weight fatty acids but Brodisch and Joyner 

(1983) concluded that Acinefobacte~ being strict aerobe, wodd not be able to withstand 

extended anaerobic conditions- 

Minimum and optimum MCRT for the biological phosphorus removal systems are 

a fùnction of temperature- Marnais and Jerkins (1992) found the minimum system MCRT 

of 2.8, 2.3, 2 days for 13.5 OC,17 OC, and 20 OC respectively. Because of the strict 

aerobic nature of Bio-P bacteria, they suggested that wash out should be based on the 

aerobic fiaction of MCRT rather than total MCRT. Shao et al- (1991) reported a value of 

1.6 days for minimum MCRT at 23 OC. For lower temperatures, McClintock et al. 

(1 99 2 ), (cited in Marnais and Jerkins, 199 1) found 5 days MCRT of minimum for LO OC. 

In an assessrnent of the effects of length of anaerobic sludge retention time (0.9 to 

6.3 days) on phosphorus removai efficiency, Matsuo (1994) concluded that long anaerobic 

SRT facilitates good phosphorus removal. Microscopie observations of the fded 

experiments at low SRT showed the failure was due to proueration of microorganisms 

(possibly G bactena) that appeared capable of anaerobic uptake of dissolved organic 

carbon. It was considered that a long anaerobic sludge retention time probably aids the 

poly phosphate accumulators in the cornpetition for food against other heterotrophs that 

are capable of anaerobic substrate uptake. 

2.1.3.d-Anaerobic Zone and Its Hydmulk Retention Time (HRT) 

Dunng the late sixties and early seventies some treatment plants in the U.S.A 

reported removal of phosphorus in excess of the n o d  cell requirements (Vacker et al., 



1967; Milbury and McCauiey, 1971). AN the plants that removed phosphorus successfully 

were high-rate, non-nitrifjing plug-flow activated sludge treatment plants incorporatiag 

coarse to medium bubble aeraion systems. 

The common characteristics of these treatment plants was the presence of a zone 

at the inlet where the concentration of dissolved oxygen was practidy zero. The 

necessity of having an anaerobic zone prior to the aeraîion stage was proved by Barnard 

(1975), though Fuhs and Chen (1975) suggested that the growth of Acinetobacter was a 

result of the anaerobidaerobic sequence. Barnard (1975) described that, for excess P 

uptake, the mixed liquor needs to be subjected to an anaerobic state at some point in the 

process of such intensity that P release is obtained, then if the mixed liquor is adequately 

aerated, P uptake will be obtained. According to the descriptions given by Wentzel et al. 

(1985), the magnitude of biological excess phosphoms uptake is linked strongly to the 

magnitude of phosphoms release in the anaerobic reactor- 

Shapiro et al. (1967) observed the release of phosphorus was triggered by a lack of 

oxygen andor a Iow redox potential, but of these two, redox potential was concluded to 

have more controi on the P-release than oxygen tension. Rapid release was appeared to 

be triggered off once the redox potential feu to -1 50 mV. 

There are various reports on the hction of anaerobic zone in Bio-P removal 

systems. Nichoils and Osbom (1979) suggested that the main role of the anaerobic stage 

is to create "stress" conditions which enable Bio-P bacteria for the enhanceci P-removal in 

the following aerobic zone. However the mode1 was opposed by the results obtained by 

other researches (Rensink et al., 198 1; Marais et al., 1983; Comeau et al., 1986). In 1983, 

Marais et al. hypothesized that in the anaerobic zone some of non-poly-P 



heterotrophs (tàcultative aerobes), absorb the readily biodegradable influent COD and 

derive some energy by transforming substrates to lower fatty acids and sixdar fonns 

which are released to the surrounding media These materials then are available to poly-P 

bacteria for ~questration The works of Brodisch (1985), Dekma  et al. (1985),and 

Abu-ghararah and Randall (1991) showed that the aaaerobic zone in an activateci sludge 

nutrient removal plant semes as a fermentation step in order to produce substrates 

required for subsequent enhanced phosphorus uptake. rather than the development of 

stress conditions. The work of Lotter (1985) gave also support to the hypothesis of those 

researchers who consider the anaerobic zone essential for the formation of substrate which 

could ensure promeration of Acinetobacter q p .  Ubukata and Takü (1994) in their 

experiments with the biological phosphorus removal bacteria, concluded that the altemate 

anaerobic(with organic substrate)/aerobic (without organic substrate) cycle is required for 

the induction of the enzyme system responsible for excess phosphate accumulation- 

Matsuo (1992) describeci that the fimctions of anaerobic zone especially the uptake and 

metabolism of organic substances, and the release of phosphate are the key mechanisms in 

biological enhanced phosphorus removal process, because through the ability to store 

organic substances for their energy and carbon source, the phosphate accumuiating 

microorganisms can predorninate over other organisms. 

In generai, the traditionaiiy designeci anaerobic stage serves two purposes: 

1. Fermentation of organic compounds present in the wastewater to volatile fatty acids 

which is carcied out by fementation bacteria The rate of the conversion is first order 

with respect to the active non-poly P organisms concentration, and the readîiy 

biodegradable COD concentration (Wentzel et al.. 1985). 



2. Uptake of short chah volatiie fatty acicis by Bio-P bacteria and conversion of them to 

PHA The basai energy requirement of Bio-P bacteria, and the energy required for the 

t rader  and storage of substrate are obtained by the hydrolysis of polyphosphate content 

of celi; a process which leads to the release of phosphorus to the environment. The part 

of the phosphorus release which is associated with the transfer and storage of VFA is 

referred to as primary release, while the P-release wbich is aot associated with the VFA 

uptake is defined as secondary release (Barnard, 1994). Secondas, release detenorates 

the efficiency of phosphorus removai systems, because there is no PHB associated with it. 

Wentzel et al. (1988) reported that the rate of uptake of VFA by the Bio-P 

bacteria appean to be faster than the rate of conversion of organic compounds to Wh 

(activities of fermentation bacteria); a matter which has also been pointed out by Barnard 

(1994). If this is true, then determination of an optimum HRT for the activities of both 

groups of microorganisms in the anaerobic zone seems almost impossible, aggravated by 

the variabiiity of the incoming wastewater. Short HRT does not provide sufficient tirne 

for the VFA production, and long HRT causes secondary reiease of phosphorus; both 

straining the system with the negative impacts on the efficiency of phosphorus removal- 

Martin and Marais (1975) (cited in Barnard, 1985) proposed that long anaerobic retention 

times would be detrimentai to the phosphorus removal process (it may induce secondary 

release of phosphorus). 

2.1a3ae-Presence of NOS in the Anaerobic Zone 

Presence of nitrate in the anaerobic stage has been known to impair the efficiency 

of the Bio-P removal process. Inhibition of biologicai phosphorus removal in the presence 



of nitrate at fidl sale plants as welI as in pilot plant studies have been reported by several 

authors (Barnard, 1976; Osborn and Nichoiis, 1978; Venter et ai, 1978). 

The mechanisms of inhibition were desm'bed to be related to redox-potentiai, and 

denitrification reactions. Barnard (1976) and Venter et al- (1978) mentioned that the 

presence of nitrate is comparable to the presence of oxygen. The resultïng redox-potential 

would be too high to allow the phosphate rernoving bacteria to release phosphate in the 

anaerobic stress condition. Furthemore the redox-potential may be too high for adequate 

organic acid fermentation (cited in Iwema and Meunier, 1985 fkom Rensink, 1981). 

Marais et al. (1983) in their report on the role of non-poly P facultative heterotrophs in 

absorption and conversion of COD to VFAs pointed out that entrance of nitrate to the 

anaerobic zone causes the heterotrophs to utilize rapidly some or ail of the absorbed 

material via an oxidative process and accordingIy leu or no material suitable for Bio-P 

bacteria utikation is released. This was considered as the reason for reduction in 

phosphonis removai- Osbom and Nïcholls (1978) believed that NO3 ions block certain 

metabolic phosphorus release pathways; thus inhibithg P-release. They also reported that 

short chah organic acids would be consumed by denitriQing bacteria leaving a shortage of 

these compounds for phosphate removing bactena Canicci et al. (1994) observed a 

higher phosphonis removal efficiency in the absence of cornpetition for organic substrate 

between P-accumulating and denitrifying bacteria Kuba et al. (1994) pointed out that for 

ideal P-removal systems, electron donors (COD) and electron acceptoa (oxygen and /or 

nitrate) should not be present simultaneously. Presence of nitrate and electron donon in 

the anaerobic zone disturbs the process because energy then can be obtained nom the 

denitrification process. indeed with nitrate or nitrite present, readily available substrate 



could be used by denitrification instead of being stoced as PHB in the celis. 

Comeau et ai. (1990) and Jenkins and Tandoi (1991) showed the inhibition of 

phosphorus release as the resuit of aansfer of nitrate into the anaerobic zone which is in 

agreement with the r d t s  obtained by earlier researchers (McLaren and Wood, 1976; 

Osboni and Ntcholls, 1978). Con- to them Hascat et ai. (1985), Iwema and Meunier 

(1985), Manning (1986), and Kuba et al. (1994) observed a decrease in ortho-P release, 

and not a total inhibition of the P-release, under anoxic conditions- 

Hascoet et al., (1985) suggested that the observed release may partialiy originate 

in that part of biomass which is unable to reduce nitrate. Kuba et al. (1994) concluded 

that nitrate does not block phosphorus release (as was suggested by Osbom and Ncholfs, 

1987), rather it affects acetate uptake and increases its consumption rate. In accordance 

to their fhdings, the reduction of phosphorus release by nitrate is due partly to the 

presence of denitrifjing Bio-P bacteria, which utihe acetic acid for deniaincation, not for 

phosphorus release- It was also descrï'bed that observed reduction in release of 

phosphorus may be associated with simultaneous uptake of phosphorus by phosphate 

accumulating d e n i w g  bacteria 

There is a relation between the amount of phosphorus released at the presence of 

nitrate into the anaerobic zone, aud the concentrations of easily biodegradable organic 

compounds. Hascoet et al. (1985) reported the importance of initial amount of COD on 

the impact of nitrate on P-release and phosphorus removal efficiency, and suggested that 

the amount of nitrate admissible in the non-aerated zone should be a hction of the flow 

of organic matter added to this zone. The effects of initial nitrate and acetic acid 

concentrations on the s p d c  P-release were demonstrated by Iwema and Meunier (1985) 



and Kuba et al, (1994)- Their results indicated that, despite the presence of nitrate, 

d e n i m g  phosphorus bacteria were found to release phosphorus as long as acetic acid 

was present. The release however decreased with increasing initial nitrate concentrations 

and increased with increasing acetic acid concentrations. PHB was always produced when 

nitrate and acetic acid were present simultaneously, but after removal of acetic acid, PHB 

degradation and phosphorus uptake occurred. 

2.1.3.f-Substrate 

Marais et al. (1983) stated that for any nxed process configuration the magnitude 

of the excess P-removal is linked directly to the magnitude of the readiiy biodegradable 

influent COD concentration; the higher the concentration of these compounds, the higher 

the P-release, uptake and removal- Barnard (1983a) suggested a COD/TKN ratio of 10 to 

1 or above for nitrogen and phosphorus removal which is in agreement with findiing of 

Malnou et al. (1984) who observed a COD- ratio of at lest  8 is necessaq to obtain a 

stable phosphorus removal performance. 

In general, though biodegradable compounds in whole enhance nutrient removai, 

the overd efficiency of Bio-P removal depends on the composition and concentration of 

individual components. Type and concentration of the substrate present in the anaerobic 

zone control process efficiency through their crucial role in detennining the relative 

abundance of Mcrobial populations, type and amount of organic polymers stored in the 

bacterial celis, and the amount of phosphorus released to the solution. 

Many experimental observations have show the abiüs, of anaerobic-aerobic 

acclimatized sludge in uptake of various kinds of organic substrate (Arvin and Kristensen, 



1985; Manning, 1986; Comeau et al., 1987; Viswanath et al., 1988; Abu-ghararah and 

Randail, 1989; Satoh et al., 1992)- Fukase et al. 1987 reported that when acetate is fed to 

anaerobic-aerobic acciîmaized sludge, under anaerobic conditions, PHB is accunuiated 

within the ceiI. The importance of acetate in PHB formation has been also confirmeci by 

Bordacs and Chiesa (1989). Comeau et al. (1987) observed accumulation of poly B- 

hydroxyvalerate (PHV) by Bio-P bacteria when fed with substrates such as propionate, 

valerate, butyrate and lactate under anaerobic conditions. They stated that PHV 

production is significantly higher in the case when substrate consists of odd number of 

carbon atoms. Wiswanath et al- 1988 noted smaii or negiigile amount of synthesis of 

intracelîular PHB for the cases of malate, lactate, pyruvate, propionate, and succinate. h 

was recently verined by Satoh et al. (1992) that 3-hydroxybutyrate (3HB) and 3- 

hydroxyvalerate (3HV) are not the only polyhydroxyalkanoates stored in BioP bacteria 

fed with short-chah fatty acids. Other compounds such as 3-hydroxy-2-methylbutyrate 

(3H2MB) and 3-hydroxy-2-methylvalerate (3H2MV) were also synthesized under such 

conditions. Polyhydroxybutyrates were the main products of acetate feeding, while 3HV 

and 3H2MV were the two comparably signiscant products fiom propionate feeding. 

Release of phosphorus in the anaerobic zone is controlied by many parameters 

including type of substrate present, HRT (Barnard, 1994), presence of oxygen a d o r  

nitrate, and the amount of stored intracellular phosphorus (releasable phosphorus) 

(Somiya et al., 1988). 

The effect of different substrates on release of phosphorus in the anaerobic zone 

has been studied by many investigators (Potgieter and Evans, 1983; Rensink et al., 1984; 

Malnou et al., 1984; Deinema et al., 1985; Manning, 1986; Abu-ghararah and Randail, 



1991; Randall et ai., 1994; Ubukata, 1994). The r d t s  of Potgieter and Evans (1983) 

indicated that acetate and propionate greatly enhanceci phosphorus release while formate 

also had a meanlligfid e f f i  compareci to butyrate, hydroxybutyrate and glucose. It was 

found that acetate stimulates PHB formation to a much greater extent than glucose. 

E f f i  of acetate, propionate, butyrate and methanol on P-release was Uivestigated by 

Meganck a ai. (1985). m e r  one hour of anaerobiosis, the quantity of phosphoms release 

was 30 mg/L for acetate, 10 m g L  for propionate and butyrate, and 6 mfi for methanol. 

A blank test with no organic matter added showed only 2 mfi of phosphorus release. 

Rensink et al. (1984) found that combineci addition of acetate and ethanol has a significant 

stimulatory effect on the initial rate of phosphate release. Manning (1986) noted acetate 

allows for a quick release of phosphoms, but glucose and amino acids allow a slow and 

reduced levels of phosphorus release. He pointed out that more complex carbohydrates 

and fatty acids require signifiaint lag periods before releasing of phosphoms. 

It is well established that the Bio-P bacteria have preferences (for their growth and 

proliferation) in the substrate pool; with short chah volatile fatty acids (especialiy acetate) 

being in favor (Fuhs and Chen, 1975; Nicholls et al., 1985; Comeau et al., 1986; Gerber et 

al., 1986; Jones et al., 1987; Appeldoom et al., 1992). Rensink et al. (1985) and Wmter 

(1 988) showed that adding acetate to the wastewater improved p hosphorus removal 

significantly. Lotîer (1992) in an investigation on the growth of Acinetobacfer isolates on 

a variety of carbon sources proved that not only growth but also polyphosphate 

accumulation is stimulateci by short chah carbon compounds such as acetate and butyrate, 

which are products of bacterial fermentation. The impacts of different types of VFAs on 

the amount of phosphorus release and subsequent phosphorus uptake have been stuclied 



by Abu-ghararah and Randaii (1991). They noticed that the amounts of phosphorus 

release and uptake were related to the number of carbon atoms and degree ofbranching of 

fatty acids. Acetic acid caused the greatest release and the greatest uptake of phosphorus. 

The amount of phosphorus removd per unit COD added was reponed to decrease as the 

number of carbons in VFA molecule increased. Brancheci molecules of VFAs were 

supenor to their hear isomers (Abu-ghararah and Randaii, 199 1; RandaU et al., 1994). 

The relative efficiencies of the various VFAs in BPR process are shown in Table 2.1. Due 

to the large differences observed in BPR efficiencies , Abu-ghararah and Randall(1991) 

concluded that the efforts to quanta  expected phosphorus removal in terms of total VFA 

or COD utilized in the anaerobic zone are only approximate, and the actual value can Vary 

considerably. 

Table 2.1 : Effect of organic substrate on enhanced BPR ( d e r  Abu-Ghararah and Randall, 

Short- Chain mg/L P-Uptake * 
Volatile Fatty Acids 1 mgfLCODUtiiized mg P-Removed I mgCoD-Utilued 

Formic Acid 
Acetic Acid 

* : P-uptake under aerobic condition. 

Propionic Acid 
Butyric Acid 
Isobutyric Acid 
Valeric Acid 
Isovaleric Acid 

Synthesis of intracellular glycogen but not of PHB under glucose feeding was 

reported by Fukase (1982)- Glucose, propionate, and an arnino acid rich substrate were 
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reported to be detrimental to phosphorus removal process (Randall et al., 1994). 

Detenoration of phosphate removiag capacity of anaerobidaerobic sludge as the 

result of change in dominance of microorganisms has been disaissed by Satoh et al. 

(1992) and Matsuo et al. (1992). They emphasiied the importance of substrate 

characterization in this matter. Cech and Hartman (1990) reported the breakdown of 

enhanced phosphorus removal as the result of prolifi ion of "G" bacterium in the 

presence of glucose as the carbon source in the anaerobic stage of the process. 

Kavanaugh and Randall (1994) found that the population mix in biological nutrient 

removal plants shifis with the dominant substrate feâ, and with temperature. In fact with 

propionate as the dominant VFA in the feed, the dominant species was a coliform-type 

O rganism. 

Satoh et al. (1992) explaineci that under the conditions that utilizattion of glycogen 

(glycolysis) is encouraged (e.g. presence of glucose as substrate in the anaerobic zone), 

the ATP generation by breakdown of polyphosphates may not be necessary. Under such 

conditions, growth and proliferation of non-polyphosphate bactena could occur which 

impairs the Bio-P removal efficiency. It has been suggested (Satoh et al., 1994; Mino et 

al., 1 994) that non-polyphosphate bacteria obtain their energy through glycolysis. B y 

using this mechanism, these miaoorganisms are able to take up substrate and store it as 

P H .  a d o r  glycogen without the ATP supply fiom polyphosphates. It was irnplied that 

the microorganisms concemed in the anaerobiclaaobic process should have a vev 

sensitive sensor for changing their enzymatic system dependiig on the change of substrate. 

In this relation the production of short-chab fatty acids such as acetate or propionate in 

the prelirninary stage is considered very important for stable operation of Bio-P removal 



process of domestic wastewater (Satoh et al.. 1992). Cooper a ai. (1994) have 

recommended that varîabity in the pdormance of different Bio-P removal systems can 

be reduced by enrichhg the feed with short chah âaty acids. 

2.2 BIOLOGICAL NITROGEN REM:OVAL 

Nmogen in wastewater ocam in Merent f o m  mainly organic nitrogen and 

arnmonia In wastewater treatment plants* nitrogen compounds undergo many changes 

and transformation including amnonification, nitfifacation, denitrification, and assimilation 

processes. A summary of these transformations are presented in Figure 2.3. 

The two major transformations responsible for nitrogen removal are assimilation, 

and the dissimilatory metabolic process of nitrification-denitrikation. Assimilatory 

reactions incorporate nitrogen in the forms of amino acids and nucleotide building blocks, 

whkh are then used in the synthesis of protek, rîbonucleic acid and deoxyrîbonucleic 

acid and result in the growth of the biomass. Thus some of the nitrogen is removed fiom 

the biologicd treatment system through wastage of extra biomass. InaaceUular nitrogen 

content of the biomass has been found in the range of 9% to 14% of the ceîi mass, 

dependmg upon the environmental and operational conditions of the system. 

Most of the nitrogen removal is however accomplished by the dissimilatory 

reactions of nitrification-denitrification. In the nitrification step ammonia is converted to 

nitrate; merely a change of the form. Nitrogen is not removed fiom the system in this 

process. In the foiiowing step; denieincation, nitrate is converted to gaseous form (Nz) 

and leaves the system. 



fig. 2.3 : Nitrogen transformations in biologicai trcaemcnt unïts. Nltrogen is removed 
through assimilation in biomay and by nitri6cation-denitrification processes. 



2.2-1 NITRIFICATION 

is biologïcal oxidation of amnonia to nitrate. The process consias of 

two sequentiai steps, each is carried out by certain groups of rnicroorganïsms, which 

coiiectively referreâ to as nitrifiers. 

Nitrifiers are mostiy autotrophs (they use C a  as carbon source), eventhough 

Randall et ai. (1992) noted that some heterotrophic bacteria, b g i  and actinomycetes 

were capable of nitrification They reported that in wastewater treatrnent processes 

autotrophs are the dominant groups and that the heterotrophic nitrification rates are about 

one tenth of the autotrophic nitrification rates- 

The first step of nitrification is calleci nitritification and involves oxidation of 

ammonia to nitrite. The members of the genera Niîrosomonas and Nih.osucoccz~s are 

responsible for this step (Metcalf and Eddy, 1991; Randaii et al., 1992). NitrMication is 

foiîowed by nitraincation; a process in which nitrite is converted to nitrate by the 

members of genera Nihobacter and Nitrocystris. Approximate equations for these 

transformations are as foliows (Metcaif and Eddy, 199 1; Anon, 1993a): 

First step; oxidation of ammonia 

55 m+ + 76 O2 + 109 HC03-- C&@N + 54 Nw + 57 Hz0 + 104 + 

58-84 KcaVmote of ammonium (2.3) 

Second step; oxidation of nitrite to nitrate 

400 NO; + hE&+ + 4 &CO3 + HCO; + 195 02 C a a N  + 3H2O + 400 NO< + 

1 5.4-20.9 KcaVmole of ammonium (2-4) 



Conversion of ammonia to nitrite is slower than the oxidation of nitrite to nitrate. 

Thus the overaii nitrification is usually limited by the performance of Ni tmsomo~s  

(Metcalfaad Eddy, 1991). 

The niaification equation as Summarized by Oleszkiewicz (1995) is : 

NI&+ + 1.89 02 + 0.0805 HCO<-e 0.0161 C5H*N+ 0.952 H20 + 0.984 NO< + 

1.98 H' (2-5) 

The above equation shows that nitrification produces H', which consumes 

alkaünity in the system, From the equation, conversion of one gram of NH&N utilizes 

about 4.6 gram of oxygen, destroys about 7.14 grams of allcalinity (as CaC03), and 

produces about 0.1 gram of biomass. It shodd be emphasiied that the actual oxygen 

consumption, aikaiinity destruction and the yield observed wiii be different in fidi scaie 

systems where presence and activities of other groups of microorganisms affect these 

values. 

2.2.2 FACTORS AFFECTING NITRIFICATION 

Nitrifiers are among the most sensitive groups of the microorganisms Uivolved in 

the wastewater treatrnent. Dissolved oxygen, temperature, pH, total alkalinity, 

BOD51"ïKN ratio, NH3-N concentration, presence of toxic compounds and sludge 

retention t h e  are among the parameters siffecting nitrification kinetics. 

2.2.2.a-Oxygen 

Dissolved oxygen is essential for the nitrification process. It acts as an electron 

acceptor in the biochemical reactions involveci. There are diierent numbers reported for 



ümiting dissolved oxygen @O) concentration Adams and Eckenfèlder (1974) 

recommended 2.5-3 mg/L for design purposes, but reported achievement of nitrification at 

dissolved oxygen concentration below 1 m g L  in lab-scale reactors. Metcalf and Eddy 

(1991) indicated that the DO concentrations above 1 mg!L are essential for nitrification to 

ocair. If DO levels drop below this value, oxygen becomes the limiting nutrient and 

nitrification slows or ceases. EPA (1993) suggested levels greater than 2 m& to prevent 

the possibility of dissolved oxygen limitation It was reported by Stenstrom and Song 

(1991) that the concentration of oxygen in the bio-floc is dependent on the bulk DO 

concentration, bullc mixing, turbulence intensity, size and shape of the floc, and the oxygen 

uptake rates of both heterotrophs and nitri@i.ng organisms in the floc. They found that 

during organic shock loads, the lirniting DO was as high as 4 mgL. 

2.2.2.b-Temperature 

Temperature is one of the most important factors in regdation of the activities of 

nitrifLing bactena. The optimum temperature for Niîrosomonas is 35 OC while 

Nitrohacter has the optimum in the range of 35-42 OC (EP4 1993). The optimum range 

of nitrification reporkd by Adams and Eckenfelder (1974) is 28 OC to 32 OC with the 

cessation of nitrification below 5 OC. However the work of Oleszkiewicz and Berquist 

(1988) on nitrincation in the range of 2 OC to 15 OC indicated the feasibility of the process 

at temperatures as low as 2 OC. 

N~trifïcation kinetics have been reported to exhiiit Arrhenius behavior, but the 

temperature range of the study affects the pattern of change (Henry, 1974; Painter, 1983; 

Oleszkiewicz and Berquist, 1988). At lower temperature, deviation fiom Arrhenius 



behavior was noted by Henry (1974). Oleszkiewicz and Berquist (1988) observed a 

discontinuous Arrhenius behavior in the nitrification kinetics when temperature was 

dropped to lower than 7 OC. Randall and Buth (1984) reported that there exists a lower, 

critical temperature below which the rate of nitrite formation will ex& that of nitrate, 

indicating the possibility of nitrite accumulation and toxicity due to the nitrous acid 

formed. They reported that the inhibitory e f f i  of temperature decrease is more 

pronounceci for Nihobacter than Niirosomonax According to the EPA (1987). in 

treatment processes with nitrification, denitrification and phosphorus removal; nitrification 

has been found to be the most ternperatwe sensitive reaction. 

2.2.2.c-pH and Alkaiinity 

The effect of pH on nitrification is not clearly established in the Literature. It is 

reported that the actual response of the biological system to pH depends on the duration 

of acclimation. A combination of other factors often synerigistidy affects the growth 

rate of bacteria; thus the impact tends to be case specific (Oleszkiewicz, 1995). 

McCartney (1 988) reported that the optimum pH for nitrification is in the range of 

8 to 9, while nitrifying bacteria are active in pH range of 6 to 10. However, Painter 

(1983) found the highest rate of niecation at the pH of 7. The resdts of his research 

indicated that under temperature of 25 OC, no nitrification occurred at pH of 6 with SRT 

of greater than 20 days and HRT of 8 hours. Wdd et ai. (1971) reported a rate of 15% of 

the optimum at pH of 6; the optimum nitrification occutred at pH of 8.4. Sears (1995), 

indicated little loss in efficiency (10%) at a pH of 5.5 and a temperature of 12 OC, with 

almost complete destruction of alkalinity. 



The adverse effects of the upper pH limit are related to the presence of fiee 

ammonia, and that of the lower limit are due to the accumulation of fke nitrous acid 

(Anthonisen, 1976). The equilibrium present between Eee ammonia and Ntt' shüts 

towards production of free ammonia at higher pH levels. Nitrous acid @Na) exists in 

equiiibrhm with nitrite Na-, but in p a t e r  proportion at lower pH. 

Alkalinity is consumed during nitrification reactions. It was shown that for each 

mg of ammonia nitrogen oxidized to nitrate nitrogen, about 7.14 mg of alkalinity is 

destroyed. Inadequate quantity of allcalinity will result in a drop of the pH, which in tum 

may affect the activities of the nitrifiers. Scearce et al. (1980) stated that there are three 

reactions which affect alkalinity in a n i t rmg system: 1) oxidation of arnmonia to nitrate 

which consumes 7.14 mg of alkalinty per mg of ammonia nitrogen, 2) synthesis of new 

celis which removes 3.59 mg of alkalinity per mg of ammonia nitrogen removed, and 3) 

conversion of non-ammonia TKN to ammonia, which adds 3.59 mg of aikalinity per mg of 

ammonia nitrogen formed. 

2.2.2.d-Solids Residence Time 

The optimum solid residence time or sludge retention time (SRT) for a biological 

treatment system depends upon the types of microorganisms involved, their growth rates 

and environmental conditions. 

The major crucial parameter in a mixed culture is the growth rate of the slowest 

group of bacteria Nitrifjing bacteria; being autotrophic, have slower growth rates than 

heterotrophs and demand a longer SRT for their proliferation. They are also more 

sensitive to stress than heterotrophs and easily affected by rnany environmentai and 



operationai parameters. The ratio of the maximum specific growth rate of heterotrophs to 

autotrophs s about 13.6 at 20 O C  (McCrmey, 1988). Consequently the growth rate of 

the nitrifiers is the limiting factor and the SRT of the biological system mua be chosen on 

the basis of nitrifiers' growth rate if nitrification is to occur. Downing et al. (1964) 

indicated that beIow a certain SRT (SRT-), the ttitrifying population would be washed 

out and the system would lose aitrification capacity The optimum required SRT for 

n i t m g  systems varies with the present operational and enviro~mental conditions. AU 

nitrogen removal reactors were suggested to have SRT greater than 5-8 days, which is 

considered safe for nitrifiers to be retained in the system at 20 O C  (Oleszkiewicz, 1995). 

2.2.2.e-Carbon 

In wastewater treatment systems, nitrifiers compete for oqgen with the 

heterotrophs. The presence of biodegradable organic compounds, by reducing the 

availability of oxygen, intensifies the cornpetition and lads to the reduaion in the acfvity 

of the nitnf'ying population. Van Niel et al. (1993) showed that nitrifiers can not compete 

with aerobic heterotrophs for oxygen and other nutrients in the presence of substantiai 

amount of organic compounds. The higher the BOD- ratio, the greater the arnount 

of substrate for the heterotrophs, and the higher their demand for oxygen. Hanaki et ai 

(1990) studied the impact of the activity of heterotrophs on nitrification in suspended 

growth reactors. They concluded that the innuent COD has no direct effect on 

nitrification, but the activity of the heterotrophs utiliPng the COD does. They 

hypothesized that assimilation of ammonia is preferred to nitrkation, and heterotrophs in 

assimilating ammonia, reduce the concentration of ammonium avdable for the nitrifiers. 



. The number and extent of activity of the nitnfLing bacteria is govemed by the ratio 

of B O D m -  According to Metcalf and Eddy (1991), the percentage of n i m g  

bacteria present in biologïcai systems varies tiom 35 to 2.5 at BOD- ratios of 0.5 to 

9, respectively. In generai, biodegradable organic compounds should be mostly consumed 

before si@cant amounts of nitrification occur. Practical confirmation of this 

phenornenon is obsetved in two-stage biologicai treatment systerns where nitrification in 

the second stage foiiowing the carbon removal in the £ht stage, proceeds at a much 

higher rate and stability than in combined one-reactor carbon and nitrogen removal 

systems. 

2.2.3 DENITRIFICATION 

Denitrification is the process of reduction of nitrate to reduced forms such as NO, 

Na and nitrogen gas. The process is accomplished biologicaiiy under "anoxic" 

conditions. The denitrifjring microorganisms; denitrifiers; are ubiquitous in nature as well 

as in the activated sludge systems (EPA, 1975). They are facultative anaerobes which use 

organic carbon as the source of energy and carbon, and oxidized forms of nitrogen (NO.) 

as the alternative electron acceptors to oxygen, and are most effective in the absence of 

oxygen. They comprise several genera of bacteria listed in Metcalf and Eddy (1 99 1) as 

Achromobacter, Aerobacier, Alcaligeees, Baciffus, Brevibactenum, Ffuvobrrcterium, 

Laciobaciflus, Micrococcus, Proteus, Pseudomolt~~, and SpiriZfum. Payne (198 1 )  

reportai that Pseudomnas is the predominant group of denitrifien in wastewater 

treatment systems. In the last few years, some reports were published on the phosphorus 

removhg bacteria (e-g. Acinetobacter) capable of utilinng nitrate as an electron acceptor 



instead of oxygen (Wekke et al., 1988; Kem-Jespersen and Henze, 1993; Kuba et d., 

1993; Barker and Dold, 1996). Kuba et al. (1993) showed that these bactena have the 

same potential for phosphorus removal as the conventional aerobic phosphonrs removing 

bacteria. Barker and Dold (1996) achieved denitrification rates comparable to other 

heterotrophs, whereas Wentzel et al. (1989) indicated minimal denitrification rates with 

phosphorus removing bacteria 

Though denitrifjing bacteria are heterotrophs, Zitomer and Speece (1993) 

reported the denitrifjing capabilities of Paracoccus denitrifcnns, and 13tiobacihs 

denih7ican.s which are autotrophic bacteria 

Denitrification is a four-step process. The first step is the conversion of nitrate to 

nitrite which is foliowed by the production of nitric olcide, nitrous oxide, and nitrogen gas 

(Metcaif and Eddy, 199 1). The general conceptual mode1 is: 

NO3' NO; NO - N20 - N2 (2-6) 

The last three compounds are gaseous products that are dissimilate tiom the 

system and released to the atrnosphere. The final gaseous product in a well performed 

denianfication is nitrogen gas with no detectable arnount of NO and N O 2  in the 

atmosphere. 

A stoichiometric equation describig denitrification process and using methanol as 

a carbon source was suggested by EPA (1993) as: 

NO< + 5/6 CH30H + 1/6 H 2 C a  - 112 Nz+ 413 H D  + HC03' (2-7) 

The equation reveals the consumption of carbonic acid, and production of 

bicarbonate; meaning that alkal.&y is produced during the conversion of nitrate to 

nitrogen gas resulting in an increase in pH. About 3.57 mg of alkatinity (as CaCO3) is 



produced as the result of reduction of one mg of nitrate nitrogen to nitrogen gas. This 

indicates the restoration of almost 50% of allcalinity Iost in nitrification reactions. 

Utilkation of oxygen fkom nitrates to stabilize organic wmpounds in raw 

wastewater in systems with a pre-denitrification step results in oxygen savings 

(Oleszkiewicz, 1995). Assurning a typicai pre-denitrification system with waste activated 

sludge containhg 10% TKN and 35 mg/L of nitrogen in the influent, he estimated an 

oxygen saving of 20% when compared to the systems applying carbon and nitrogen 

oxidation pnor to denitrification Randaii et al. (1995) reported that up to 62.5% of the 

energy required to provide oxygen for nitrification can be recovered by using nitrate as the 

electron acceptor in stabiition of the influent COD. 

Recently, Mulder et al. (1995) discovered a new pathway for the reduaion of 

nitrate to nitrogen gas. The conversion which was narned Anammox, involves the 

anaerobic oxidation of amrnonia with nitrate serving as electron acceptor. The reaction 

was descft'bed as: 

3NOy + 5 NH; + 4N2 + 9H20 + 2 s  

2.2.4 FACTORS AFFECTING DENITRIFICATION 

Kinetics of denitrification reactions are affected by many parameters maidy the 

presence of oxygen, type and concentration of carbon source, concentration of nitrate and 

the pH and temperature of the reactions' environment. 

2.2.4.a-Temperatun and pH 

Temperature affects deaitnfication accordhg to the Arrhenius equation, where the 



temperature correction coefficient was found to be 1.03-1 -2 (for endogenous rate), 

dependhg on the literature source (EPA, 1993). However, the Arrhenius behavior is 

intluenced by the temperature range of study, and different temperature range ümits for 

Arrhenius behavior of denitrification have been reported in the literature (Hagar, 1995). 

The optimal pH for denitrincation Lies between 7 to 8 with Werent optimums for 

ditferent bacterial populations (Metcalf and Eddy, 1991). A linear deaease in the 

efficiency was found by other researchers as pH declined from 7 to 4, or as pH increased 

fiom 8 to 9.5 (cited in Randali, 1992). 

2.2.4.b-Carbon Source 

Denitrifiers, being heterotrophs, require orgaaic compounds in their metabolic 

reactions. Henze et al. (1994) referred to the carbon source as the dominating rate lirniting 

factor, and showed that the detaiied composition of the wastewater influences signScantIy 

the microbiology and the reaction rates in biological wastewater treatment processes. 

Barnard (1975) classified the carbon compounds of raw wastewater to three types 

accordiig to their impact on denitrification rates: easily degraded compounds, slowly 

hydrolyzed compounds, and endogenous carbon compounds. Henze et al. (1994) 

concluded that the rate of hydrolysis of slowly degradable COD (e-g. cornplex 

carbohydrates, proteins) wili in many cases b i t  the denitrification rates. The directly 

metabolizable (e-g acetic acid), and the easily degradable fiactions (eg.  lower amino 

acids), though they may induce high rates, are often present in too smali amounts to make 

a diierence. The denitnfication capacity of raw wastewater then can be very limited due 

to the low concentrations of the above compounds. The denitrification rates for dïirectly 



metabolized, easily degradable, and slowly degradable components of the wastewater 

were reported to be 10-20 g-N/Kg VSS.h, 2-4 g-N/Kg VSS.4 and 0.2-0.5 g-NKg VSS.h 

respectively. 

Henze et al. (1994) documented that the capacity of a carbon source to serve as 

electron donor for nitrate removd depends on its type, its concentration, and the actual 

design and operation of a treatment plant. They found that the ACOD/AN ratio is 3.5-4.5 

for denitrification process where no part of the carbon source is l o s  through oxidation by 

oxygen. However the ratio codd Vary in the range of 4 to 15 depending on design and 

type of the process. Abufayed and Schroeder (1986) recommended a COD/N ratio of 

greater than 7 for an efficient denitrification process. The C/N ratio of 4 6  g BOD& 

NTobi was suggested by Rusten and Eüassen (1993) for total nitrogen removal. Caponetto 

and Oleszkiewicz (1993) found that approlcimately one gram of SOC is utiiized in 

denitrification of one gram of nitrate nitrogen. A general expression for the carbon 

required for deninfication is given by Oleszkiewicz (1995) as: 

CODIN = 2,86/(1- 1-134*Ye) (2-9) 

The formula includes the net biomass yield and assumes that one gram of VSS is 

equivalent to 1.42 gram of COD and thst biomass contains of 100/o nitrogen- 

Addition of easily degradable compounds improves denitrification rates. Isaacs et 

al. (1995) showed that the addition of acetate or hydrolysate (deriveci nom biologically 

hydrolyzed sludge) to the armic zone r d t e d  in an instantaneous increase in the 

denitrification rate. Dinerent types of carbon sources such as methanol, ethanol, glucose, 

acetate, propionate, various organic acids and salts, and even industrial wastes have been 

used to enhance biologkal nitrogen removal (Mauoharan et al,, 1989; Wiiter, 1989; 



Carley and Mavinic, 1991). The conclusions indicated that the denitrXcation rate is 

affecteci by the type and dose of organic carbon utüized. These factors influence the type 

of bactena that develop, bacterial growth rate, nitrate reduction rate and the degree of 

accumulation of intermediate by-products (Carley and Mavinic, 1991; Tarn a al., 1992). 

McCarty (1969) considered methanol as the best source due to its economical cost and 

low sludge yield. Methanol is used in many locations as the most cost e f fdve  fonn of 

readily degradable carbon. The use of purchased carbon source such as methanol 

however has a drawback of continuous price increases (Oleszkiewicz, 1995; Wdson, 

1995). Bell (1994) reported an increase in the cost of methanol fiom S0.4NS-gal in 1993 

to $1.55 by the end of 1994. 

In recent years, researchea have tned to find methods to increase the 

concentration of easily biodegradable compounds of wastewater without addition of an 

extemal source of carbon. Acid fermentation of primary sludge and discharge of the 

ferment& supernatant to the main Stream of the biological nutrient removal units has been 

one of the practices. 

2.2.4.c-Orygen - 

in denitrifjing systems, dissolved oxygen concentration is the critical parameter. 

The presence of dissolved oqgen wiil suppress the enzyme system needed for 

denitrincation (Graciy and L i i  1980; Metcalf and Eddy, 1991). Grady and L i  (1980) 

descrïbed the impact of oxygen inhibition on the enzymatic system of denitrification. They 

stated that lack of oxygen in the denitrification environment is necessary for the synthesis 

of the nitrate reduction enzymes. The findings of KBmer and Zumft (1989), and Von 



Schulthess et ai. (1994) ais0 co&m the intefierence ofoqgen in the denitrifiers' enzyme 

system- 

Grady and L i  (1980) fiinher stated that the determination of oxygen's effects on 

denitrincation becomes more complicated by the influence of sludge floc structure on the 

extent of oxygen inbibitory impact. They explaineci that large flocs most Wely have an 

intenor zone devoid of oxygen which allows denitrification in an aerobic media. 

Dawson and Murphy (1973) showed the inhibition of denitrification activity of a 

Pseudomonas culture at DO levels of 0.2 m g L  Oleszkiewicz (1995) reported that 

practidy the rate of deniaification is seldom affécted at owgen levels below 0.5 mg/L 

provided the oxidation reduction potential stays at or below O mV. Denitrification rates at 

DO concentrations of O, 0.5, 1, 2, and 4 mg/L were measured by Von Schulthess et al. 

(1994). They noted that higher production of ND was associated with higher 

concentrations of oxygen, while production of NO was minimum under such conditions. 

As the concentration of DO was reduced to O mg& the maximum production of NO and 

Nz were observed. It was concluded that oxygen inhiiits reduction of N a  more than the 

reductions of nitrite or nitrate. 

2.3 FERMENTATION 

Complete fermentation involves the decomposition of organic and ïnorganic matter 

in the absence of molecuiar oxygen. Anaerobic degradation of complex organic material 

has been descnbed as a rnultistep p roas  of series and paralie1 reactions (Kaspar and 

Wuhrrnann, 1978; Gujar and Zehnder, 1983, M e t d  and Eddy, 199 1). The process occurs 

in three steps; hydrolysis, acidogenesis and methanogenesis. In the first step, complex 



polymeric materials are hydrolyzed by extraceildar enzymes to soluble products which 

could be transported across the ce11 membrane. These compounds then are fermenteci to 

identifiable intermediate compounds such as short chah fatty acids and alcohols through 

acidogenesis. F i y ,  methanogenesis occurs fkom carbon dioxide reduction by hydrogen, 

and acetate. The fkst part of the process is d e d  out by "hydrolytic bacteria" and the 

second part by "acidogens" or "acid formers". Both groups consist of facultative and 

obligate anaerobic bacteria (Metcalfand Eddy, 1991; Elefsiniotis, 1993). 

2.3.1 AClD FERMENTATION OF PRIMARY SLUDGE 

In acid fermentation of primary sludge, the process is carrieci out to the second 

step and attempts are made to prevent methanogenesis. The objective of acid fermentation 

of primary sludge is the conversion of complex organic compounds to lower molecular 

mass compounds mainly volatile fatty acids. These simple compounds thea can be used to 

enhance biological nutrient removal. Fermentation increases the relative amount of 

directly and easily biodegradable fiactions of the wastewater in the expense of hydrolysis 

and acidification of easily and slowly biodegradable compounds. 

Osbom et al. (1986) showed that the presence of adequate concentrations of 

readiiy biodegradable COD, in particdar VFAs is important to provide the substrates 

required for the Bio-P removal bacteria They reported that in many wastewaters such 

substrates would not be present in adequate concentrations and supplementation fiom 

other sources would be required. A report by B ~ c h  et al., (1994) explains that in the 

process of hydrolysis of primary or pre-precipitated sludge, direct degradable organic 

compounds are produced, which compensate for the low C/P and C m  ratios in the 



iduent and speed up the nutrient removai reactions rates. Pitman et al. (1983). proposed 

addition of supernatant iiquor fiom a bigh rate digester to the feed of treatment plant in 

order to improve biological nutrient removal. Nïcholls et al. (1985) in a fidi seale study 

confinneci the beneficial effects of high rate anaerobic products in biological nutrient 

removai. An improvement in phosphorus removal was observed in a five stage nutrient 

removal process when primary acid digester supernatant was added to the process feed 

(NichoUs et ai., 1987). Signifiant improvements in phosphate removal were observed at 

three of the Johannesburg's activateci sludge plants where acid fermentation of primary 

sludge and subsequent discharge of the fermentation products into the Muent sewage 

streams were practiced (Pittman et al., 1992). They however announced that the nitrogen, 

phosphorus and suspended solids loads to the nutrient removal units were increased, 

which is the disadvantage of this operation. 

RabhoWitz and Oldham ( 1985 ), reported that the fermentation of primary sludge 

can be used successfiiliy to produce volatile fatty acids. The use of a separate fermenter 

for the production of VFAs was first proposed by Barnard in 1977, and is becoming a 

fairly standard practice at locations with colder climate a d o r  more dilute sewage (Kelona 

and Penticton, BC). Acid fermentation of primary sludge supplies volatile fatty acids 

which then could be added to the anaerobic zone of conventionai Bio-P removal systerns. 

This wiii reduce the hydrautic retention of the anaerobic zone and prevent or decrease the 

release of secondary phosphorus (Barnard, 1994; Randali, 1994). The net benefits are a 

more economical design and bigher nutrient removal efficiency. 



2.3.2 FACTORS AFFECTLNG SLUDGE FERMEXTATION 

Many parameters related to environmental, operational and system conditions 

affect fermentation kinetics. Temperature, pH, solids residence tirne (SRT), hydrauiic 

retention t h e  (HRT), solids concentration, and type of the system are among the 

parameters of importance in the fermentation process. ResuIts on temperature effects in 

the range of 14 to 23OC (Skalsky and Daigger, 1995) and 10 to 30 OC (Gupta, 1985) show 

that higher temperatures enhance fermentation process and result in higher production of .. 

volatile fatty acids. 

2.3.2.a-pH 

The role of pH in production of W A s  and their concentration distribution have 

been emphasized by many researchers. Eastman and Ferguson (1981), and Pavlostathis 

and Giraldo-Gomez (199 1) concluded that the rate limiting step in the conversion of waste 

solids to fermentation products is the hydrolysis of particulate matter to soluble substrates. 

Furthermore, according to the results obtained by Eastman and Ferguson (1 98 1 ), the 

distribution of volatile fatty acids changes with the operationai conditions, especially 

variation in pH. Increased values of pH fkom 5.14 to 6.67 improved the solubilization of 

the particulate substrate. Zoetemeyer et al. (1982). (cited in Gupta, 1985) found that the 

relative production of individual fatty acids depends on the difution rate, and more 

strongly on the pH value. Elefsiniotis & Oldham (1993, 1994% 1994b) studied the effects 

of HRT (6 to 15 hours), SRT (5 to 20 days), pH (4.36.2), and system configuration on 

acid phase fermentation at ambient temperature. They indicated the importance of pH in 

VFAs production, and in distribution of VFAs produced. Within the pH range of 4.5 to 



6.1, the effect of pH was negîigr'ble; whiIe a drastic &op in VFAs production was 

observed at pH levels above 6.1. Low pH ranges (4.346) encouraged the production of 

propionic a d ,  and pH values in the range of 5.9-6.2 favored butyric acid formation. The 

authors pointed out that degradation of carbohydrates, proteins, and iipids; each foliows 

an individual trend with respect to pH variation. The highest degradation of proteins 

occurred at pH of 4.5, with a significant decrease at higher pH levels. Lipid solubilization 

was not affected by pH changes up to 5.1, however a moderate decrease was shown at 

higher pH- Carbohydrate degradation increased steadily with increasing pH in the range 

investigated (4.3-6.2). A similar trend has been observed by Eastman and Ferguson 

(1981) in continuous flow reactors treating primary sludge at pH between 5.2 and 6.5. 

Gupta (1985) reported that a change in pH in the range of 5.6 to 7 did not affect VFAs 

production, but it infiuenced the relative concentration of acetic and propionic acids. 

2.3.2.b-SRT and Solids Concentration 

The iiterature on optimum SRT for acid fermentation of primary sludge is not very 

clear. DEerent optimum SRTs have been reported by different authors. This is possibly 

due to the merence in experimentd conditions and types of the sludge used in the 

experiments. Gupta (1985) suggested SRTs of 9 days for temperatures of 10 and 20 OC, 

and 6 days for 30 OC. Daigger (1993) reported that in bench-scaie fermenters operated at 

17 OC to 20°C, VFAs production varieci slightly over SRT of 2 to 6 days. He concluded 

that mean ceIi residence tirne of 2 days shodd produce adequate pediormance and that 

Iittle benefit would be obtained by operation at longer cell residence tirne. On the other 

hand Elefsiniotis and Oldham (1994a) observed a sharp decrease in VFAs production at 



18 to 20 OC as SRT was fowered to 5 days. The increase in VFAs production approached 

almoa a plateau at SRT of 10 days or longer. The rate of VFAs production ranged from 

0.06 to 0.12 mg/mg VS . d (Efefkhiotis and Oldham, 1994a). Production rates were based 

on the reactor volatile solids concentrations, not feed volatile solids concentrations. 

Highest production rates occurred at SRTs between 15 and 20 days and at an HRT of 12 

hours. Skalsky and Daigger (1995) observed a change in VFA yields between 

approxhately 6% and 26% of feed volatile solids under SRTs of 2 to 6 days, fermenter 

solids concentrations between 0.43% and 2.6%, and temperature between 14 OC and 23 

OC- Higher VFAs yields were obtained at higher SRTs, lower fermenter solids 

concentrations, and higher temperature- They concluded that dilute fermenters (les than 

1% soüds) produce slightly higher yields. Improvement in hydrolysis, and substrate 

uptake, and the reduction of inhibitory effécts of fermentation products were suggested to 

be the rasons for achievement of higher VFA yield in the dilute fermenters. 

2.3.3 SLUDGE FERMENTERS : TYPES AND PROBLEMS 

Acid fermentation of primary sludge requires three digerent steps (GonCalves et 

al., 1994) including: primary settling in which separation of particdate organic matter 

occurs, fermentation of settled particdates, and clarification of fermenteci sludge. These 

processes and operations can take place within a minimum of two reactors (Comeau, 

1990; cited in Gon Calves et al., 1994). 

The configurations of fexmenters vary depending on the strength of the 

wastewater, degree of fermentation in the sewage system, and the avaiiability of structures 

and space in the retrofitted treatment plants (Barnard, 1994). in general, there are three 



types of fermenter units which have been identifieci by Oldham et al. (1992) and Barnard 

(1994) as activated primary tanks, static fermenters, and separate completely mixed 

fermenters. The characteristic featwe of each will be briefly discussed in the following 

sections 

2.3.3.a-Activated Primary Tanks 

This method which was proposed by Barnard (1985) consists of prirnary sludge 

recychg around the primary sedimentation tank. There are many problems associatecl 

with this type of fermentation. Rabinowitz et al., (1994) sumrnarized these problems as; 

high solids loading to the primary chrifiers, dficulty in controlling the SRT of the 

fennenting sludge mass, tendency to promote methane and sulfide formation, build up of 

fibrous material in the sludge which can cause blockage of pumps and pipelines, and 

inadequacy to discharge the VFAs produced directly to the BNR process. 

2.3.3.b-Static Fermenters or Thickener/Fermenters 

In static fermenters, primary sludge is transferred to a combined 

fermenter/thickener, and the fermented supernatant is then fed to the nutrient removal 

bioreactor. This method which has been used in Kelowna (Oldham et al, 1992) is the 

simplest process to operate (Pitrnan, 1991), but results in low VFA Volatile fatty acids 

production in Kelowna was reporteci to be about 21g/m3-plant iduent (Oldham and 

Abraham, 1994). The main disadvantage of using thickener as a fermenter is the lack of 

direct control over SRT, though the detection of sludge blanket can serve as a means of 

controlling the system adequacy (Barnard, 1994). 



2.3.3.c-Sepamte Completeiy Mird Fermenters 

The completely maed system includes a vesse1 for retaining the primary sludge for 

a specinc penod of time before passing it to the thickener for removd of some of the 

lïquid rich in VFAs content. This type of fermenters produce the best results however with 

an increase in the number of reactors and complexity of the operations (Gon Calves et al., 

1994). Oldham and Abraham (1994) reporteci VFA production of 58glm3-plant influent in 

Kalispeü, Montana One of the major problems of complete mixed fermenters is sludge 

thickening. The fermented sludge does not thicken easily to more than 3.5%; r e s u i ~ g  in 

a watery sludge to the digesters or sludge dewatering systems (Barnard, 1994). This is 

accompanied by a carry over of solids to the biological nutrient removal units. Another 

problem is build-up of methane fermentation in the completely mixed fermenters. Barnard 

(1993) emphasized that provision must be made for periodic removal of al1 sludge, or for 

occasional aeration to counteract such tendencies. 

Odor and corrosion problems, methane formation, blockages in pumps and 

pipelines, and the formation of stable scum blankets on the surface of quiescent units are 

among the major operating problerns associateci with the operation of fùii s a l e  primary 

sludge ferment ers (Rabinowitz et al., 1 994). 

2.3.4 AClD FERMENTATION OF RAW WASTEWATER 

Acid fermentation of primary sludge has been employed in some hll scale plants 

practicing BNR in conventional flow-through treatment systems, e-g., the three stage 

anaerobic-anoxic-aerobic process in Kelowna B C .  

Sludge fermentation technology cannot be directly applied to discontinuous 



processes nich as sequencing batch reacton (SBR) which usually lack primary clariner 

and hence primaxy sludge. 

In order to brhg the ettluent phosphorus down to the levels lower thaa 1 rn& 

chernicd treatment may have to be used in SBR systems. Chernical methods though vexy 

efficient , produce large quantities of sludge, and increase the cost of treatment 

substantiaiiy. Another possible option is to fhd and improve a biological method that 

plays in the SBR system a role similar to the role of sludge fermenters in continuous flow- 

through systems. 

Existing primary sludge fermentation acts mainly on the particulate hction of the 

wastewater, a large proportion of which consists of slowly degradable organic compounds 

(Henze et al., 1994). The majority of the rapidly hydrolisable compounds are present in 

the soluble fiaction of the wastewater. The soluble components can be used to produce 

VFAs and enhance biological nutrient removal. The potential of the soluble part of the 

wastewater in VFAs production is not being used in the existing fermenters. 

The concept of acid fermentation of raw wastewater which covers both, the 

particulate and soluble organic components, 

concept is new and there has not been any 

beginning of this research (September, 1993). 

could be applied to SBR system. The 

information available on the topic at the 

However very recently Gon Calves et al. 

(1994) reported fermentation of domestic wastewater in pilot-sale upflow sludge blanket 

reactors. They studied the role of HRT (1.1-4.3 hours) on the performance of the system 

at 2Wl OC. The optimum condition obtained at HRT of 2.8 h. They pointed out that the 

fermentation efficiencies were superior to those of the existing fermenton. 

No association has yet been reported between the SBR reactors and the concept of 



primary fermentation of the wastewater. Lîkewise the impacts of other environmental 

and operational parameters on the fermentation of raw wastewater, and the role of 

prefennentaîion of raw wastewater in enhancanent of BNR removai in SBR systems have 

not been reporteci and should be explored- 

2.4 SEQUENCING BATCH REACTORS (SBR) 

A sequencing batch reactor system is an activated sludge system in which each 

reactor accomplishes in time what a traditional activated sludge accomplishes in space in a 

series of continuous flow reactors. The system operates in a cyclic manner, each cycle 

consists of periods of fjii, react (with or without aeration), settle, decant and idle. Figure 

2.4, demonstrates the general performance of a sequencing batch reactor in one complete 

cycle. 

The use of fili-and-draw processes for treating wastewater have been in 

development and use since the tum of the century. Most sewage treatment studies 

between 188 1 and 1912 used ûll-and-draw tanks- In 1914 the value of aeration was 

demonstrateci and between then and 1920 severai f'ull-scale SBR systems were operated. 

M e r  1920 however, the emphasis moved to conthuous flow conventionai systems. In 

the late 1950s and early 1960s interest was revived in the SBR systems with the 

development of the new technology and equipment (EPA, 1986). 

The sequencing batch reactor system is kiown to have several advantages over 

conventional continuous flow systems ( M e  et al., 1977; Silverstein and Schroeder, 

1983; E P 4  1986; Chin, 1988). They are easy to operate, and are much more flexible than 

conventional activated sludge systems. Cycle period and thus hydraulic retention tirne can 



Fig.2.4 : A general operationai cycle in sequenciag batch reactors. Each cycle usually 
consists of periods of fill, react, settie, decant and idle. 



be easiiy changed to match the variation in the influent flow and composition. Hoepker 

and Schroeder (1979) stated that batch reactors behave as ideal plug-fbw reactors with 

respect to kinetic respoases. Furtherrnore, flow equaüzation and attenuation of peak loads 

are intrinsic in batch processes. Thus sludge bullriag is rarely observed and large 

fluctuations in Muent loading hardly affect the process performance, The system couid be 

managed to provide either a continuously low reactor substrate concentration, or an 

alternathg hi&-low concentration substrate profile by varying the operational strategies 

during fiii period. This gives the advantage of incorporating selector mechanisms for 

controlling fitamentous growth and buiking problems. Silverstein (1984), (cited in Jones 

et ai., 1990) discovered that lack of mixing during till period saves energy and controls 

growth of filamentous organisms. Sheker et al. (1994) observed a significant 

improvement in sludge settleability by adapting the anoxic fiii strategy as cornparison was 

made with oxic (aerobic) fiil strategy- 

Since SBR systems are t h e  oriented, fill, mixing and aeration patterns may be 

altered to accommodate for specific operating conditions (anaerobic, anoxic, and aerobic 

enviromnents) and to yield carbon, nitrogen and phosphorus removals- 

The advantages of the system and the vast irnprovement in electronic control 

devices have caused increasing use of such systems in many locations during the past two 

decades. The first fidi-scale SBR facility was b d t  in Cufver, Indiana in 1982. According 

to EPA (1992), there are about 170 SBRs operating in US, of them approximately 40 

were designed to include nutrient removal. Irvine et al. (1983) reported an excellent 

performance for the Culver treatment plant in removing the carbonaceous material. The 

high capability of SBR systems with regard to carbon removal bas been emphasized in 



almoa aü the papers published since then. 

Barth (1985) stated that for wastewater flows up to 19000 m3/day, the SBR 

process is favored over the continious flow process due to total Me cycle cost swings, 

ease of operation, flexi'bility in operation and reliability- 

2.4.1 NITROGEN REMOVAI, 

Irvine et aL(1987) showed the feesibility of nitrogen removal in SBR systems. 
. - 

Since then sequencing batch reactors have been successfûiiy applied throughout the world 

for carbon removai, nitdication and denitrification ( Jones et al., 1990). 

As with continuous flow systems, the probfem with denitrification is mostly 

associated with an imbalance between availability and demand of electron donors. Often 

the availabiüty of electron donors as wel as the quantity of oxidized nitrogen that are 

being reduced limit the deniaification capacity of the system. Many attempts have been 

made to increase the efficiency of the SBR systems in removing nitrogen. 

Wdderer et al. (1986) reporteci that the extent of denitrification c m  be improved 

by a second fiii strategy; a method which may end up with a high ammonia content in the 

effluent. Abufayed and Schroeder (1986) advised the use of primary sludge in SBR 

systems as a an excellent source of carbon, and demonstrated the enhancement of 

denitrification process through this method. 

Tarn et al. (1994) pointecl out the importance of addition of an anoxic stage 

following the aeration stage, and usage of an extemal carbon source in SBR systems. The 

results of their work clearly indicated that the usage of a readily avaüable carbon source 

enhanced overaii nitrogen removal efficiency in the modified sequencing batch reactor 



running at 12 h cycle perïod. They reporteci that methanol; the most commonly used 

carbon substrate, was found to be the least effective carbon source when compareci with 

sodium acetate and propionate. The necessity of addition of a supplementary readily 

biodegradable COD during the anoxic phase to obtain complete removal of nitrogen was 

codùmed by Demuynck et al. (1994). They explained that in wastewaters having low 

C/N ratio, all BOD is n o d y  removed before nitrification is completed. Thus addition 

of an extra carbon source is necessary to guarantee full denitrification during the anoxic 

stage. The extent and rates of denitrincation reactions depend on the type and amount of 

organic compounds used to derive deniaification process (AbUrayed and Schroeder, 1986; 

Tarn et al,, 1994). Demuynck et ai. (1994) h the r  observeci that a sequence of short 

aerobic/anoxic phases enhances nitrogen removal and reduces the consumption of extra 

carbon source. Vuoriranta et al. (1994) obtained about 80% removal of total nitrogen at 

13 OC without any addition of supplementary source of carbon. The feed was a strong 

wastewater (TCOD=590 rng/L) and the operationai parameters consisteci of the cycle 

penod of 1 day, HRT of 86 h, and organic loading of 0.03 to 0.04 Kg BODi/Kg 

MLSS . d. A three-stage SBR system was developed by Jones et al. (1990) in which the 

organic carbon was füst sequestered into biomass, and later was used in denitrification 

process. The system capacity for nitrogen removal was limiteci to 75%. Lack of mixing 

during the initial fill penod improved the perfiormance of the system and the settling 

characteristics of the sludge. 

Olesdaewicz et al. (1 988) studied nitrifi:cation-denitrification in SBR systems at 

temperature ranges of 15 to 7 OC, and 5 to 2 OC. Decreasing temperature resulted in a 

gradua1 deterioration of the nitrogen removal efficiency and rate. The nitrification 



efficiency decüned fiom 90-94% at 15 OC to 5455% at 2 OC. NitrSication efficiency was 

irnproved to 90% at 2 OC by increasing the cycle leogth nom 8 h to 12 h, lowering the 

FJM ratio to 0.07, and extendhg SRI to beyond 60 days. McCamey and Oleszkiewicz 

(1990) in their study on the e f f i  of Iow temperatures on carbon and nutrient removal in 

SBR concluded that significant nitrification is not achieved below 4 OC. The highest 

specinc nitrification rates were 4.41, 2.05, and 1.02 mg/g VSS.h at 10, 6, and 4 OC, 

respective1y. The specific denitrifkation rate reduced from 8.0 mg/g VSS.h at 10 OC to 

1.5 mglg at 4 OC. N~trification was found to be the most temperature sensitive reaction, 

followed by denitrification with carbon removal being the least sensitive. No enhanced 

Bio-P removal was achieved in the temperature range of study (0.5 to 10 OC). 

2.4.2 PHOSPHORUS REMOVAL 

The fïrst classical work on phosphorus removal in SBR was presented by Manning 

(1986). In lab-sale reacton, he applied difEerent operationai strategies during the fill 

penods to investigate the effects of substrate (concentration), oxidized nitrogen, and 

dissolved oxygen on the perfiomiance of SBR systems. AU reactors, ushg synthetic feed, 

included a basic 8 h operating cycle divided into a 2 h fïll period, 4 h aeration period, and 

2 h for settle, draw, and idle. Spiked feeding at the beginning of the fill period together 

with the application of continuous mixing during the ano>cic/anaerobic, was reaiized the 

best strategy on the basis ofthe results obtained for different performance parameten such 

as phosphorus removai, sludge settleability, and COD removal nue. Conthmous feeding 

produced the same effluent phosphorus concentration (less than 0.5 mg/L) as the spiked 

&g, but the rate of COD removai in the anoxidanaerobic penod was reduced, and 



sludge settleabiiity deteriorateci signiscantlyy Sludge volume index (SVI) reached 500 

mUg under continuous fiil, while SM associateci with spike fill rated fiom 60 to 80 mL/g 

indicating the importance of mode of operation of SBR systems in settling characteristics. 

The resuits M e r  revealed excellent phosphoms removal during periods of high SVI. 

Mannllrg verified that fmentation products are a major substrate for the 

phosphorus removing bacteria, and that the presence of oxidùed f o m  of nitrogen in the 

anaerobic stage initiates a competition between denitrifiers and phosphorus removing 

bacteria which r d t s  in reduction of phosphoms release- 

Feasibility of low temperature biologicai phosphorus removal was explored by 

Marklund and Morling (1994) in a Ml-scale SBR treatment plant near the Arctic circle. 

The wastewater temperature varied between 3 OC and 10 OC, being mostly below 5 OC. 

The system operated with cycle penods of 6 to 12 4 HRT of 12 to 24 4 and SRT of 15.5 

to 21 days. Effluent soluble phosphoms concentrations were usuaiiy less than 1 mg/L at 

water temperatures down to 5 OC, but a sharp increase to p a t e r  than 2 m@L was evïdent 

at 4 OC. Biochemical oxygen demand (BOD) removal varied between 70% and 90%. 

These reductions were achieved at supernatant suspendeci solids of 20-30 m a .  

2.4.3 COMBINED NITROGEN AND PHOSPHORUS REMOVAL 

Early investigation on nitrogen a d o r  phosphorus removal in SBR systems was 

perfonned by Aileman and h i n e  (1980). Theu work led to the conclusion that the 

processes of nutrient removal in SBR systems are possible, if the operational conditions 

are properly modified. Some operational modifications such as different combinations of 

anoxidanaerobidaerobic stages in the operational cycles were tried in a research by Okada 

60 



and Sudo (1986). They showed that the presence of an anoxidanaerobic condition durhg 

the 6ü1 period improves nutrient removal. It was however suggested that an optimum t h e  

period should be sought for the anoxidaaaerobic stage in order to achieve suc ces^ 

operations and sludge settleaboiiityiiity Denitrification was not improved by the introduction 

of a second anoxic period of 1.25 b The shortage of hydrogen donor both inside and 

outside the sludge was considerd responsible for preventing denitrification in the second 

anoxic penod. No release of phosphorus was observed during this penod. 

Bortone et al. (1992) in treating cladied piggery wastewater in lab-sale reactors 

realized the benefits of having secondary anoxic stage and step feeding. Though nitrogen 

removal was found to be limited by lack of adequate carbon, they proposed that 

distribution of feed between denitrification phases aliows a better use of the organic 

source for the denitrifiers. W~th HRT of 10 days, SRT of 28 days and step feeding, about 

88-93% of nitrogen and about 95% of phosphocus were removed. 

In a modified SBR unit, Goronszy and Rigel (1990) achieved an enluent 

phosphorus and nitrogen concentrations of Iess than 1 and 5 mg/L, respectively. Sludge 

recycle was employed, and the formal anoxic penod did not exist. 

Rusten and Eliassen (1994) explored the effects of a wide range of operational and 

cycle parameters to optimize biological nutrient removal in a small full scale treatment 

plant at average temperatures 9-10 OC. An equalizaîion tank was used prior to the main 

reactors. The maximum obtaineâ nitrogen removal was 60 to 65% at HRT of about 32 

houn and SRT of 14.3 to 19.2 days. Phosphorus removd was about 46% under these 

conditions and occurred only if the settled sludge was wmpletely denitrifïed prior to the 

first ml. They confirmed that denitrification was limited by the lack of soluble carbon in 



the wastewater. The applicability of SBR for nuaient removal was tested by Imura et al. 

(1994) ushg a manufactureci SBR to treat a wastewater nom apartment houses. Nïtrogen 

removal of 8 1.4% and phosphorus removal of 96.3% were reported at HRT of 22 hours. 

Optïmhtioa of nutrient rernoval has been attempted at Dauphin Borough 

Wastewater Treatment Plant, by changing the periods of nWr-£U, react-fil (McClintock 

and Frazier, 1994). The change in each sets of the parameters lasted for one month The 

best pefiormance occurred with mix-fiil, and react-fiii of 90 minutes each. The process led 

to total-P concentration of less than 0.5 mg/L and total nitrogen concentration of 5.5 

m@- 

In a report by EPA (1992), performance of nutrient removals in existing SBR 

treatrnent plants have been evaluated. The report stated that: "The plants appear to 

achieve denitrification when properly designed and achieve phosphorus removal without 

chernicals to less than 1 m@, although data on both processes are limited". The available 

data on seven plants showed an average efnuent P concentration in the range of 0.5 to 

4.27 mg/L 

In summary, sequencing batch reactors are relatively recently introduced systems 

that show promise for the removai of both nitrogen and phosphorus. However, lirnited 

information exists concerning their design, operation, performance and costs when 

compared to the conventionai flow-through systems. 



Chapter 3. 

RESEARCH OBJECTIVES AND SCOPE OF WORK 

Sequencing batch reactors (discontïnuous flow-through systems) provide 

treatment conditions totally different fiom the continuous flow-through systems. In SBR 

systems, various fùnctiod groups of microorganisms are kept in one tank, and the 

treatment process proceeds on timely sequenced manner, rather than occurring in spacely 

divided tanks. As a r d t  the research findings on treatment opthbtion of continuous 

flow-through systems rnay not be applicable to the SBR systems, eventhough the basic 

mechanisms of the biological removal of carbon, nitrogen and phosphorus are the same in 

al1 biological treatment systems, 

As the review of Iiterature showed, concurrent biologicai removal of phosphorous 

and nitrogen in SBR systems rnay be feasible but has not been investigated thoroughly, 

particularly in performance kinetics and design criteria As well, the process of acid 

fermentation of raw wastewater and its role in enhancement of nutrient removal in SBR 

system has not been explored yet Consequently, a detailed research in this area could 

provide valuable information for pecfbrmance and design improvements of SBR systems. 

3.1 RESEARCXI OBJECTIVES 

This study was initiated with the following objectives : 

1. To investigate the feasibïiity of acid-phase fermentation of degritted raw wastewater 

under various environmental and operational conditions. 

2. To study the effects of acid fermentation of raw wastewater on biological nutrient 



removal of SBR systems. 

3. To optimize biological phosphorus and nitrogen removal in the SBR systems while 

applyiag the process of acid fermentation ofraw wastewater. 

3.2 SCOPE OF WORK 

The scope of research on fermentation of raw wastewater covered the following 

aspects : 

Effects of difEerent SRT : 4 days, 8 days, and 13 days. 

Effects of different pH levels of the wastewater : natural pH range of the wastewater 

(7.0-7.6), and low pH range of 6.1-6.4. 

Impacts of mixing period : 6 h mixing/cycIe, and 0.25 h mixing/cycle. 

Effects ofHRT : 12 h, 9 h, and 6 h. 

In optimization of biologicai nutrient removai in the SBR systems, the impacts of 

foiiowing parameters were investigated. 

Total Cycle length 

Duration of anoxidanaerobic period, aeration penod, and settling penod in each cycle. 

Step-aeration regirne (to improve nument removai, and to rninimize the aeration 

period). 

Step feeding strategy (to enhance denitrification process). 



Chapîer 4. 

MATERIALS AND METHODS 

4-1 OBJECTIVES APPROACH 

The objectives of the research, aiso the variables involved in experiments were too 

diverse to be approached shuitaueously. The swpe of this study covered two broad 

subjects of fermentation of raw wastewater, and the impacts of fermentation on biological 

nutrient removai. The research initiateci with experiments on acid fermentation of 

degritted raw wastewater. However, after achieving some insight on the fermentation 

process, the study of BNR began and continued concurrent with some M e r  studies on 

the fermentation part. To keep the matter simplified the studies performed in 

fermentation, and those on biological nutrient removal will be described separately. 

4.1.1 AClD FERMENTATION OF RAW WASTEWATER 

4.1.l.a-Step 1 : Effects of Sludge Retention Time (SRT) 

The objective of this stage was to investigate the performance of acid fermentation 

of raw wastewater under difRerent SRTs Degritted raw wastewater was fermented in 

three reactors (F 1, F2 & F3) having SRTs of 13 days, 8 days, and 4 days respectively. The 

feed to the reactoa (degritted wastewater) had its own n a t d  pH of 7 to 7.6 during this 

penod of the experiments. These reactors were named Primary Acid Fermenters (PAF). 

It is necessary to mention that at the time this research was initiateâ, there was not 

any operational data available in the Literature with regard to the acid fermentation of raw 



wastewater. As a result, the cxperiment in thW step began with only one reactor p l ) .  

Reactor F1 with SRT of 13 days was set on Oct. 30, 1993 to investigate the behavior of 

the fermentation process. Mer the success of the system was establishd the other 

reactors; F2 and F3 with SRTs of 8 and 4 days were started on Dec. 17, 1993 and Jan. 14, 

1994, respectively. 

Reacton F1, F2 and F3 employed suspended growth, and were operated in an 

anaerobic-SBR mode with three cycles per day (8 hlcycle) and HRT of 12 houn. Each 

cycle consisteci of 6 hr of mix & react (with 15 minutes of fïli at the start of each hour), 

foUowed by 1 hr & 20 minutes of d e ,  20 minutes of decant, and 20 minutes of idle. The 

operational cycle of the fermentation units at this step of the experiments is shown in 

Figure 4.1. 

4.1.1.bStep 2 : Effects of p H  

This section of the research dealt with feasibility and behavior of acid fermentation 

of raw wastewater at low pH condition of the feed (degritted raw wastewater). Reactors 

in step 1 were running in thîs step, too. Ail environmental and operational conditions 

remained the same as in step 1 except for the pH of feed which was reduced to the range 

of 6.1-6.4 using a solution of 6 N hydrochloric acid. 

At the end of this period, one of the reactors with the worst performance ( ' 3 )  was 

discarded, and the other two reactors (FI & F2) were kept for fiiriher investigations 

throughout the reçearch- 



The objective of tbis step was to daaniiae the ~Sciency of the famatation 

proces as a reduction in mkbg @ad was applid The two m o r s  (FI and F2) 

remained nom step 2, were set to operate as Qpiicate in this step. The reactors were 

rtuming at 3 cycldday with HRT of 12 b; mmü.r to previous steps. The major operational 

change in this step was a reduction in mirting period h m  6 h pa cyde to 0.25 h per cycie. 

SRT of both reacton wsr Jso set at 12 days. The degritted raw wastewater used as feed 

kept its own naturai p K  - 6 h 
Ih 20 min. 20 mia 

each 

Fig 4.1 : Cornponents of an 8 h operational cycle employed in primary acid fennenters 
dwing steps 1,2 and 3. 

4.l.l.d-Steps 4 and 5 : Effects of HydmuIic Retention T i c  (HRT) 

The change in performance khavior of fermentation process with regard to 

variation in HRT was investigated in subsequent seps 4 and 5. In step 4 a cornparison 

was made between HRT of 12 h and 9 h wiag reactors F2 and FI. Hydraulc retention 

t h e  of fermenter (Fl) was programmeci at 9 h (4 cycldday with 6 Wcycle). while the 

other reactor (F2) was kept at its prcvious HRT of 12 h (3 cycldday)). The 6 h cycle 

consisteci of4 h of react (with 15 minutes of at the start of each hour). and a total of 2 



hours for settle, decant and idle periods. Mixing was applied for only 0.25 h durhg the 

1st portion of the react period. Distribution of the time for settle, decant and ide were 

the same as those in previous steps of the reseafch, 

In step 5, reactor F2 was changed graduaiiy (was reduced to 9 h HRT for several 

days) to HRT of 6 h (6 cycle/day) end its peflormaace was compared to the parallel 

reactor (FI) with HRT of 9 h. The cycle lengh in reactor F2 was 4 hours; consisted of 

two hours of react (with 15 min of fill penod at the beginning of each hour), and the total 

periods of 2 hours for settle, decant and ide. 

Sludge retention t h e  and mixing period of both reactors during steps 4 and 5 were 

kept at optimized values obtained fiom previous steps of the research; rneaning 12 days 

for SRT and 0.25 idcycle for the mixhg penod. 

4.12 IMPACT OF FERMENTATION OF RAW WASTEWATER ON BNR IN 

SBR SYSTEMS 

Research on biological nutrient removl began concurrent with step 3 in 

fermentation studies. 

Two new paralle1 sequencing batch reactors were set 031 and B2) for the purpose 

of biologicai nutrient removal. One reactor (Bl) was fed with the fermented effluent fiom 

PAF reactors, and the other reactor (B2) was directiy fed with the degritted raw 

wastewater- The fht system which consisteci of a fermenter (PAF), and B1 was called 

PAF-SBR system. In this system, degritted raw wastewater was fermented first (ii a PAF 

reactor), and then was treated for nutrient removai in B 1. The parallel system which was 

called conventionai-SBR consisted only of B2, and treated degritted raw wastewater 



diredy for nutrient removl. 

The objectives were to investigate the effects of prefermentation of the raw 

wastewater on behavior of biological nutrient removal in sequencing batch reactors, and to 

op-e nutrient removal in the new developed two-stage SBR system (PAF-SBR) 

consisting of a fermenter and a BNR-SBR 

Experiments on biological nutrient removai were conducted in four sequentid 

stages as folîows: 

4.1.2.a-Stage 1 : Use of The Conventional 8 h-Cycie 

A cornparison between the performance of the PAF-SBR system, and the 

conventional-SBR systern was made in this stage. Both BNR reactors (BI and B2) were 

run at a cycle period cornmon in SBR systems (8 h cycle). The reactors were operating at 

3 cycldday with HRT of 12 b Each operational cycle during this stage (Figure 4.2) 

included 20 min of fiii without &g, 2 h of anoxilanaerobic period with M>cing, 4 h of 

aeration with mix, 1 h and 20 min of settle folowed by 20 min of decant. 

4.1.2.b-Stage 2 : Improvcment in P-nmovd (6 h-Cycle, HRT = 9 h) 

Major changes were made in the operational cycles of the BNR reacton (BI and 

B2) to optimize phosphorus removal efficiency. Total length of initial anoxidanaerobic 

period was reduced from 2 h and 20 min in previous stage to 45 min in this stage which 

pennitted the operation of BNR reactors at 4 cycldday with HRT of 9 h. Each cycle, as 

indicated in Figure 4.3, was composeci of 20 min of fill without mixing, 25 min of 

anoxic/anaerobic with mwllg, 3 h and 40 min of aeration with mix, 1 h and 15 min of 



settle and naally 20 ami of decant. Compcirison of 4.3 wïth Fig 4.2 a u i d  dear out 

the nature of aiterations d e  in thh stage. 

20 min. 

Fig. 43 : Components of an 8 h operational cyde in the BNR rcactors (BI & B2) during 
stage 1 in the reses~fch, 

Ih l0min. 20 
min. 

Fig. 4.3 : Components of a 6 h operational cycle in the BNR reactors during stage 2 in the 
research 

4-1.2.~-Stage 3 : Enhancement in Nitmgen Removai (StepAmtion) 

Nitrogai rernovai was enhanced in BNR reactors (BI and B2) by introduction of 

an moxic paiod in the operationai cycle. This was done by stopping the aeration system 

for a predetermincd paiod of tirne. By this mean, the total time period of  anoxic 

condition in each cycle was i n d .  Difkmt c o m b i i o n  of aerobidanoxic paiods 

were tested to obtain the optimum opsratonal @O& in each cyde (Figure 4.4). 



Hydraulic mention time and No. of opaatiod cycldday w a e  kept simüar 

to previous stage m T  of 9 h, 4 cycldday). Each qde, as depiaed in Fig. 4.4 consisted 

of 45 min ofanoxic/anactobic paiod inchidhg 20 min of nlluig time (same as in stage 2). 

foUowed by 1 h of d o n ,  lh and 45 min of anoxic period, 1 h of Mer aeration, 1 h 

and 10 min of settiing and 20 min of de~aar Mkkg was provideci during the paiods of 

anoxidanaerobic. aeration and anoxic conditions. Rie major change in this stage was 

asrociated with the total a d o n  period which was nit to aimost half as compared to the 

total aeration paiod in stage 2. 

20 2s lh 
mia min 

Fig. 4.4 : Optimum operational cycle used in the BNR reactors during stage 3. 

4.1.2.d-Stage 4 : Enhancement in Nitmgen Removd (Step-Feeding) 

The s t e p - d o n  schedde in step 3 was modified to some anend in tbis stage to 

reduce the chance of phosphorus reiease during the anoxic period. Fwthermore a step- 

fêeding procedure was aied to improve nitrogen removai a d  reduce totai nitrogen 

content ofeEîuents to I d  below 5 m&. The new sep-aeration scheme included the 

sequence of 1 h aeration, 1 h anoxic. 30 min aeratioa, 45 min anoxic, and 30 min nnal 



aeration penods- As it is obsened the total aerationhnoxic periods in each operational 

cycle remained the same as in stage 3. However they were divided to shorter time 

intervals ia this stage to reduce the possbility of development of anaerobic conditions 

which would otherwise lead to the release of phosphorus- hiring step-feeding, a portion 

of total feed in each cycle was kept and added to the reactor at the beginning of last 

anoxic period. This stage of research was applied only to the PAF-SBR unit. 

The sludge retention time of the biologicd nutrient removl reactors was kept at 

10 days during all stages of this study to ensure the growth and proliferation of nitrifjing 

bacteria in the reactors. Due to their slower growth rate, n i m g  bacteria demand 

longer SRTs than those required for the growth of heterotrophic bacteria (see section 

2.2.2). Oteszkiewicz (1995) suggested SRTs of p a t e r  than 5-8 days for the proliferation 

of n i m g  bactena in biological systems operating in 20 OC. 

4.2 FlXPERIMENTAL SET UP AND EQUIPMENTS 

The experiments in this research were carried out at room temperature ( 2 W C ) .  

The reactors in all stages of the research had each a total volume of 4 liter and a working 

volume (liquid volume) of 3 liter. During the decant penod 2/3 of the volume (2 liter) was 

withdrawn fiom each reactor wbich would be replaced by the sarne amount of feed at the 

begianing of the next cycle. 

Plexiglass cylinders, with the inner diameter of 10 cm were used to make the 

reactors. The heights of the reactors were 50 cm The influent and enluent ports were 

located at the heights of about 30 cm and 13 cm, respectively. A sampling port which was 

also used for the wastage of excess sludge was placed at the height of 20 cm in each 



reactor, 

Pumpage of the influents and etauents were done by Cole Parmer # 7553-80 

peristdtic pumps with Masterfiex 70 17-21 pump heads equipped with ske # 17 masterfiex 

tubing- Cole Parmer # 7553-71 Masterfiex Speed Controllers were used to control the 

speed of the pumps. 

Tygon tubing (size # 17) conveyed Liquids from the influent buckets to the pumps, 

and fkom the pumps to the reactors. The same type of tubes traflsferred efnuents Erom the 

reactors to the pumps, and &om the pumps to the effluent buckets. Connections between 

tygon tubing and pump tubiig or reactors were made with the help of the PVC plastic 

connectors. Efnuents Erom the reactors were discharged to 10 liter plastic buckets. 

Experimental trains were assembled in Environmental Engineering Laboratory, 

Department Civil and Geological Engineering, University of Manitoba. 

4.2.1 ACID-FERMENTATION REACTORS (PAF'S) 

The rectors for acid-fermentation process were sealed using a rubber O-ring in 

addition with silicon water proof sedant A Cole Parmer Uitraciean Tefion gas bag # H- 

01409-14 filied with nitrogen gas was cornecteci to the head space of each reactor to 

allow for level changes within an enclosed head space- Mixing was provided by a Cole 

Parmer # 4515 magnetic stirrer. The reactors' operation was controlied by a 

programmable electronic timer. 

A schematic of PMnary Acid Fermenter with the connecteci components are shown 

in Figure 4.5. 



Fig. 4.5 : Typical schematic of a primary acid fermenter (PAF) developed in this study. 

4.2.2 BNR-REACTORS (BNR-SB&) 

The two paraiiel reactors (BI and B2) used for BNR were open on top, and each 

received mixing action by a mechanical stirrer. The h r  was made of a 50 cm stainless 

steel rod equipped with two 4.5 cm mixing blades at its end. The stimr was connected to 

a Cole Parmer Pump # 7553-20 which was hstaüed inversely at 8 & distance fkom the 

top of the reactor and could provide 6 to 600 RPM A view of these two reactors in 

operation is observed in Figure 4.6. 

One of the BNR reactors (BI) was féd with the femented wastewater (effluent 

fiom PAF reactors). The arrangements in this system is shown in Figure 4.7. The other 

BNR reactor (B2) was fed drectly fiom the degritted raw wastewater storage tank 



A dïfhsed aeration system composed of a Cole Parmer Aeration Pump # 7530-40 

and a stone diniiser, supplieci the air during aeration periods. Dissolveci oxygen in the 

reactors were kept between 2 to 4 mg/L and was monitored with a Fisher YS1 mode1 # 

51B DO meter. The reactors' ORPs were measured by a Cole Parmer Chemcadet pH 

meter/controiier set to read millivolt potential, using a Canlab CA 73950-0 14 ORP probe 

(Ref. electrode; Ag/AgCL). AU operationai processes in BNR reactors were controiied by 

Digital Lamp and Appliance Timers # 52-885 1-2 purchased fiom Citll~~dian Tire. 

Figure 4-7 shows dinerent components of the PAF-SBR system. The parailei 

system (Conventional-SBR) consisted only of one reactor with no prefermentation process 

prior to it. 

Fig. 4.6 : A view of the two biologicai nutrient removai (BNR) reactors. 
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PAF (Fermenter) 
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Degritted Wastewater Fermenteci EBBuent Final Efnuent 
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Fig. 4.7 : Detaüed components of PAFSBR system. This system included two reactors in 
series. The fht reactot (PAF) was a SBR-benter in which the wastewater was acid 
fermented. The eflluent b m  the PAF reactor was then conducteci to a conventional SBR 
for enhanced removal of mtxients. Nutrient removai in this system was checked against a 
system which was ody composeci of a conventional SBR fd  dircctiy on degritted row 
wastewater. 



4.3 RAW WASTEWATER COLLSCTION 

Degrïtted raw wastewater was collected d i r d y  fiom an aerated et chamber at 

the South-End Water Pollution Control Center, city of Wepeg ,  and deliverd by courier 

to the Environmental Engineering Laboratory on Monday, Wednesday and Fnday. 

Collection was done at around 1:00 PM.. 

The wastewater buckets were stored in a cool chamber at 4" C to minimize 

microbial activities and to prevent the change in characteristics of the wastewater. The 

wastewater then would be transferred daily to a 22 üter magnetically stirred plastic 

container which was kept in a refiigerator by the reactors, and provided the feed for the 

reactors- The contents of the buckets were shaken thoroughly prior to emptying them to 

the feed container. 

The SEWPCC receives wastewater mostly fiom residential areas, also some septic 

discharges nom different sources. Septic discharges are carrieci by trucks to a station 

located at the treatment plant and discharged to the sewage intIow Iine 

4.4 REACTORS' START UP 

4.4.1 ACID-FERMENTATION REACTORS 

Fermentation reactors (PAR; FI, F2, and F3) were started by 6lling them up to 

the volume of 3 liter with a mixture of degritted raw wastewater and primary sludge. 

Degritted raw wastewater and primary sludge were mixeci in such proportions to result in 

suspended solid concentration of about 3000 mg/L in each reactor. Proportions of each 

components were determined on the basis of their suspended solids concentrations (Table 

4-1). The purpose of adding prirnary sludge was to seed the reactors with the 



fermentation microorganisms. The reactors then were sealed and the operational cycles 

were initiated as they have been programmeci. 

Primary sludge was coliected fiom the North End Water Pollution Control Center 

(city of Winnipeg). and delivered to the laboratory three days before the start up of each 

reactor and kept at room temperature. Analysis of the volatile fàtty acids showed partial 

fermentation of primary sludge and ensured the activities of the fermentation bacteria 

Some characteristics of the primary sludge and degritted raw wastewater used for start up 

of each reactor is shown in Table 4.1. 

Table 4.1 : Data on characteristics of wastewater and primary sludge 
(start-up of fermenters) . 

4.4.2 BNR-REACTORS 

The initiai contents of the two BNR reactors were prepared by mUring a Bio-P 

removal sludge with degritted raw wastewater for one reactor , and with the fermented 

wastewater for the other reactor. Each reactor was Wed to the volume of 3 Liters with the 

designateci mixture, and the operational cycles were started. The amounts of seed. raw/or 

fermented wastewater used in the suvt up of each reactor were calculated on the basis of 

their suspended solids concentrations in such an order to result the initial suspended solids 

- 

Primaxy Sludge 

S.S.(m@L) VFA (mg/L) 

26140 2260 

19760 1860 

23300 2525 

Fermentation 

Reactors 
L 

F1 

F2 

F3 

W.W. 

S.S.(mg/L) 

214 

199 

184 



of about 1500 mg& in each reactors- The concentrations of suspended solids in de@tted 

raw wastewater, femented wastewater and the sludge were measured to be 160, 98, and 

1 1250 mg& respectiveIy. 

The sludge for seeding biologicai nutrient removal reactors was supplied by the 

University of British Columbia Bio-P Pilot Plant. It was delivered to the laboratory three 

days prior to the start up of the reactors. huing this period the sludge was kept at 4 OC in 

a cool chamber. 

To control SRTs of the reactors (acid-fermentation and BNR reactors), the excess 

sludge in each reactor was wasted once per day through its sampling p o ~ .  n ie  wastage 

was done at the end of the react period, before the reactors undergo the settling phase. 

4.5 SAMPIJNG AND ANALYTICAL PROCEDURES 

4.5.1 SAMPLINC 

The samples were obtained fiom three Werent sources in order to evaluate the 

performance of reactors. The sources were : 

1) Influent (degritted raw wastewater) : samples were taken directly fiom the weU mixed 

daiiy feed container. 

2) Reactors : samples were taken fkom the sampling ports of the reactors. 

3) Effluents : samples were taken fiom the effluent container after the content was weU 

mixed. 

Sampihg Scheduie and the parameters of importance are Summarized in Table 4-2. 

Handling and preservation tirnes before analysis were kept to a practicai minimum. 

Samples for determination of soiids, pH, alkalinity, VFA, COD were tested immediately 



&er the collection times- For oxidized forms of nitrogen (NO3+NG) 

phosphates, the analysis were done within 24 hours of the samplings. Other 

the analysis of soluble organic carbon (SOC), ammonium, Kjeldahi nitrogen, 

and ortho- 

samples for 

other forms 

of phosphorus, and &tes were preserved; as indicated in the Standard Methods (APHA. 

et al., 1992). The anaIyses of the soluble parameters were perfonned on the filtered 

samples. AU sample filtrations were done usïng Whatman 

filters in the filtration process. 

Table 4-2 : Parameters of importance and their sampling scheduies. 

I Parameters 

COD 

SOC 

Soluble & Total-P 

Nïtrogen (DifFerent Forms) 
L 

MLSS, MLVSS I l  
Microbial Observation 

No, 934-AH 

3 times 

3 times 

3 times 

2 to 3 times in Steps 1 &2, and once during the rest of 
the research penod 

3 times 

3 times 

2 to 3 times in Steps 1 & 2, and once during the rest of 
the periods 
2 to 3 times in Steps 1 & 2, and once during the rest of 
the periods 

3 times 

Once in Stages 1 through 4 

Occasional Sampiing in Step 1 

Occasional Sampling 



4.5-2 ANALYTICAL PROCEDURES 

The majority of the anaiyticai tests were conducted in accordance with Standard 

Methods (APHA et al., 1992). When other testing procedures were pefiormed, they are 

discussed in details in the following sections. 

4.53.a-Different Forms of Solids (TS, SS, VS) 

Analysis for TS, SS, and VS were performed as outlined in methods 2540 B, 2540 

D, and 2540 E of Standard Methods (APHA. et al., 1992). Sarnples for TS and SS were 

dried to constant weight in a Fisher Isotemp (Mode1 230F) at 104 OC. Subsequently by 

igniting the residues at 550 OC in a muffle fbmace (CIC instrumentation, model DTP- 

S6PN-E, FK), the volatile solids were measwed- 

4.5.2. b-pH and AIkalinity 

pH of the samples were measured by a Fisher Accumet pH meter, model No. 230. 

The pH meter was calibrateci daiiy using the standard buffer solutions of pH of 4.0 and 

7.0. Total alkal'ity was determineci by titration of the samples to an end point of 4.5 with 

0 -02 N sulfiiric acid; followiag the procedure 2320 B in Standard Methods (APHA. et al., 

1 992). 

4.5.2.c-Soluble Organic Carbon (SOC) 

Samples for SOC determination were passed through 0.45 p Whatman 934-AH 

microfibre fiken. The nItrate was acidiied with phosphonc acid, purged with pure 

oxygen for 2 minutes and findy injected to a TOC analyzer (Dohnnann DC 80, 



Dohrmann Div., Santa Clara, California). 

4.5.2.d-Chernieal Orygcn Demaad (COD) 

The total and fiitered samples were analyzed for COD using the Closed Reflux, 

Colorimetric Method outlined in Standard Methods, section 5220 D (APAH. et ai., 1992). 

4S.2.e-Volatile Fatty Acids (WA) 

Samples for VFA were analyzed using a Hewlet Packard HP 5890A GC (Gas 

Chromatograph) which was equipped wiîh a flame ionization detector (FID) and HP- 

FFAP (cross linked) capiilary column of size 10 m x 0.53 mm x 1.0 pm. The injection, 

oven and detector temperatures were set at 150 OC, 85 O C  and 170 OC respectively. 

Hydrogen was used as the carrier gas at a flow rate of 13-15 Wmin.  

The samples were filtered and 1 pL of the filtrate was injected to the GC. Volatile 

fatty acids anaiyzed include : acetic, propionic, iso-butyric, nano-butyric, iso-valeric, and 

nano-valeric. The system was calibrated in the range of 0-600 mg/L Total-VFA prior to 

the injection of sarnples. 

4.5.2.f-Nitrogcn 

Oxidized forms of nitrogen (NO3+N&) were measured in fltered samples using 

autornated Cadmium reduction method foilowing section 4500- F in Standard 

Methods (APHA et al., 1992). Analysis were done within 24 hours of sample collection. 

Samples coilected for ammonium and organic nitrogens, were preserved with 

concentrated suffiric acids and stored at 4 OC. Ammonia nitrogen was analyzed by the 



automated phenate method (section 4500-Ni33 H in Standard Methods), using a 

continuous-fiow Tecator Autoanalyzer, KJELTEC AUTO, model No. 1030. 

The Semi-Micro-Kjeldahl Method, seaion 450eNas C (APHA. et al., 1992) was 

employed in measurements of Kjeldahl nitrogens. Fitered and unfilterd samples were 

used to determine the soluble or total Kjeldahi nitrogen m, respectively. Samples 

were fint digested in a Tecator Block Digester (model No. 1015) with concentrated 

H2S04 and &SOI to convert organically bound nitrogen to ammonium. The samples then 

were analyzed using Tecator KJEL,TEC Autoanalyzer. 

4.5.2.g-phos phorus 

Analysis for ortho-phosphate was perfomed in the same day, aAer coilection of 

the samples. Samples were filtered, and andyzed by the automated version of Stannous 

Chloride Method (section 4500-P D, Standard Methods) using a Technicon Autoanalyzer 

II. In this method Molybdophosphonc acid is formeci and reduced by stannous chloride to 

intensely colored molybdenum blue. Standards of known concentrations were analyzed in 

the same fashion as the samples. Peak heights of the samples were compared to the peak 

heights of the standards to obtain the concentrations. 

Soluble and total phosphorus were determineci in fltered and unfiltered samples 

respectively. Samples were preserved with concentrated HCI and stored at 4 OC prior to 

the anaiysis. Soluble and total phosphorus were measured in acwrdance with the 

Persulfate Digestion Method outiined in section of 4500-P B of Standard Methods 

(APAH, et al., 1992). Ail organically bound phosphorus is liberated and oxidized to 

ortho-phosphate, which then can be measured by the Stannous Chloride Method. 



4.S.Z.h-Head-Space Methane Gu ( C E )  

The head-spaces of fermentation reactors (Pas) were monitored occasiody for 

the methane content. A Gow-Mac gas chromatograph with senes 550 themial 

conductivity detector was employed for this purpose. The GC was equipped with 

Porapak Q Column (80/100) and Heüum was used as a carrier gas at a fiow rate of 60 

d m i n .  A 1 mL sample of the head-space gas was injectecl into the GC. The apparatus 

was calibrateci by standard methane gas at Werent percentages composition. 

4.5.2.i-SIudge Volume Index (SVI) 

Sludge volume index was calcuiated by measuring the settied volume of sludge 

after 30 minutes in 100 r d  graduated cyiinder and dividing this volume by the mass of 

solids. 

4.5.2.j-Micro bial Examination 

Microbial obsewations were made by preparing microscopic slides of the reactors' 

MLSS contents. The siides then were examined under 10 and 40 magnitication power 

using a Leitz LABORLUX phase-contrast microscope. The abundance of fiiamentous 

organisms was assessed by microscopic observations WO.) as per the method proposed 

by EPA (1987). 

4.5.2. k-Statistics 

Statistical analysis of the coiiected data in this resezuch utilized Quattro Pro for 

Wmdows (version 5.0) and the statistics book by McClave and Dietrich (1994). 



Chapter 5. 

RESULTS AND DISCUSSION 

5.1 NATURE OF TEE WASTEWATER (FEED) 

The dciency of the BNR processes is influenceci by the characteristics of the raw 

wastewater. Thus an understanding of the nature of the wastewater is essential in the 

design and operation of BNR systems. 

The i d o w  to the South End Water Pollution Control Center is composed mostly 

of the wastewater fiom the residential ana, though some septic discharges, and the 

wastewater fiom some industries are also included. To evaluate the wastewater 

characteristics, regular analyses were perfiormed on various physical and chemical 

parameters of the wastewater brought to the lab. A statistical summary of the results, is 

presented in Table 5.1. The detailed data on wastewater characteristics is given in 

Appendix A, Table Al. 

The range of variation for most parameters were quite large. The variations, 

however were much higher in some parameters than others. The coefficient of variation; 

CoV for alkalinity and TVS, and different forms of nitrogen and phosphorus was around 

20%; considerably lower than the variations observed for VSS, SOC, and COD. The day 

to day variations in the wastewater were due to various sources such as: minfidi and 

infiltration, discharge of septage, equipment faiiure in the grit chamber and c lan  up of 

diierent units in the treatment plant. 

The average ratio of VSSRVS indicated that about 46% of the organic matter 

were present in the form of particulate and 54% in the form of dissolved constituents. The 



Table 5.1 : Degxitted raw wastewater characteristics over the entire research period (Oa. 

30, 1993-July 7, 1995). 

COV(%))" 

3 -47 

15.90 

22-12 

20.19 

40.97 

33.89 

38.64 

32.58 

22.73 

14-75 

13.25 

20.73 

22.7 1 

20.53 

Note : AU values in columns RANGE, MEAN and SD are expressed in m&, except pl 
* SD = Standard Deviation 
** CoV = Coefficient of variation 
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PARAMETER 

L 

PH 
Alkaliaity as Caca 

TS 

W S  

SS 

VSS 

SOC 

CODsot 

C O h  

NH4-N 
TKNsoi -N 

p0i3-p 

PSOI 

 PT^ 

MEAN 

7.5 

303 

792 

350 

217 

165 

40 

13 1 

427 

27.1 

32.7 

3 -5 

4.4 

6.5 

RANGE 

7-0-8.8 

180460 

350-1348 

170-592 

58-786 

42-473 

19-164 

58-265 

252-848 

13.8-39-8 

18.8-43-4 

1.6-4.9 

2.4-8.4 

3.7-12.3 

SD' 

0.3 

48.2 

175.2 

70.6 

89 

55-9 

15-3 

42.7 

97.1 

4-0 

4.3 

0.7 

1 .O 

1.3 



total nïtrogen in the wastewater was wmposed of organic &ogm and NH3-N. 

Ammonium on the average wnstitute about 66% of total nirrogen and 83% of the soluble 

TKN. Total phosphorus included soluble phosphorus and the phosphorus in the 

partidate matter. The mean value of soluble phosphorus as the percentage of total 

phosphorus was 68%. and the amount ofortho-P as a wmponent of soluble phosphorus 

was 88%. 

The suitability of a wastewater for biological nutrient removal treatment is usudy 

determined by one or more of the following indices: 

Ratio of CODIP 

Ratio of COD/N 

Ratio of VFA/P 

Randail et al. (1992) reported that a COD/P ratio of greater than 40: 1 is required for high 

rernoval of phosphorus. A COD/TKN ratio of 10:1 and 8:1 has been suggested by 

Barnard (1983a) and Malnou et ai. (1984), respectively, for biological removai of nitrogen 

and phosphorus. Presence of VFA is also essential for successful removal of phosphorus. 

It has been reported that about 6 to 9 mg of VFA is required for removal of one mg of 

phosphorus (cited in Barnard, 1993). 

The data on the ratios of the COD/P, and COD/N in the wastewater used during 

the course of this study are presented in Figures 5.1, and 5.2. Accordmg to the data 

presented in Figure 5.1, the ratio of total CODltotal-P was always greater than the 

requked suggested value of 40: 1. The average value of this ratio was about 67: 1. The 

ratio of total CODhotal-N (Figure 5.2) was also greater than 10:l most of the times with 

the average of about 10:l. Judging on the basis of the total COD data, the wastewater 

87 



had more than dEcient amount of carbon for a successfiil biologicai removal of nitrogen 

and phosphorus. In reality, however, the microorganisms involved in the processes absorb 

only the avdable soluble fkaction of the total COD. Therefore the total COD data could 

be misleading, unless d c i e n t  time is provideci in the treatment process for the 

solubiiization of particdate organic matter, and production of adequate quamity of 

available carbon compounds. 

A more realistic conclusion could be made on the basis of the data obtained for the 

soluble components of the wastewater. The ratios of CODSoi/P~l and COD~~/TKN~,I 

have been also presented in Figure 5.1 and Figure 5.2 respectïvely. These ratios were 

almost always less than the required limits of successfirl BNR process (40 for the COD/P, 

and 10 for the COD/N). The fltered COD/Ps, averaged 30.5, and the rnean ratio of 

filtered COD/soluble-N was 4. Moreover, the mean values of the VFA (5 mg/L), and Psi 

(4.4 mg&) indicated that the VFA/PSI of the wastewater is not adequate for the excess 

removal of phosphocus. 

5.2 BIOLOGICAL ACCLIMATION OF THE REACTORS 

The existing populations in a biological treatment reactor undergo acclimation with 

the changes in the operational andor environmental conditions. The acclimation period is 

not constant and is infiuenced by many parameters such as: type and characteristics of 

feed, environmental and operational conditions, type of the seed, and the type and 

configuration of the treatment system. Mer  the acclimation penoâ, the cornmunity 

reaches a steady-state in which the abundance of the species and their ranges of activities 

are in relative equilibrium with the exîsting resources, and the environmental conditions. 
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Fig. 5.1 : Variation in the COD/P ratio of the degritted raw wastewater during the total 
research period- 



EXPERIMENTAL PERIOD (d) 

Fig. 5.2 : Variation in CODN ratio of the degritted raw wastewater during the totai 
research period. 



The performance of biological treatment units at steady-state conditions 

dependents upon the fluctuations of feed quality. It was mentioued in section of 5.1.1. 

that the variations in characteristics of the wastewater used ia this research were 

considerably large. Due to the highly &able nature of the raw wastewater, some 

fluctuations in the performance of reactors were observed, even aiter an acclimation 

period of 3 to 4 SRT. Consequently, achievement of steady-state conditions in each stage 

of the research was assumed when coefficient of variation of the performance parameters 

showed values less than 20%. During fermentation studies, the changes in alkalinity, VFA 

and SOC production were used to indicate steady-state conditions, while in BNR reactors, 

the changes in effluent nitrogen and phosphorus concentrations were considered for this 

purpose- 

In the fermentation reactors the initial acclimation took place within the penod of 3 

to 4 SRT, regardless of the length of the SRT. The initial acclimation penods and the 

achievement of steady-state conditions for the fermentation restctors are shown in Figure 

5.3. The BNR reactors required about three SRT (30 days) to reach steady-state 

conditions. After establishg a steady-state condition, any fbrther change in the 

operational or environmental conditions led to the dynamic changes within each reactor. 

The required length of time for readjustment was however much less than the initial 

acclimation period. The readjustment periods were usuaîly in the order of two SRT or 

less; especially when the change was related to the HRT of the systems. 

Statistical d y s i s  and performance evaluation were pertormed on the data 

collected during the steady-state conditions, when the standard deviations of the 

observations were within 20% of the mean for most ofthe panuneters. 
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Fig. 5.3 : Achievement of steady-state conditions in the femientation reactors. Steady- 
state condition was reached Withi<L the period of 3 to 4 sludge retention the. Evaiuation 
of the performance ofrra*on were made on the basU of the sets of data d e c t e d  during 
steady-state conditions. 



5-3 FERMENTATION STUDIES 

5.3.1 STEP 1 : EFFECTS OF SRT @H OF FEED = 7.0-7.4) 

in wastewater treatment qstems 'cbiological treatment" is accomplished by a 

community not d o m i  in nature- The heterogeneity is associated with the species 

diversity and the relative abundance of populations. Some species are present in larger 

numbers and their activities are so pronounced that the outcome of the community as a 

"whole" is the reflection of their activities. These populations are referred to as the 

dominant species. Dominance is not specific to certain populations and varies with many 

parameters such as temperature, pH, available resources, etc. As one or more of these 

parameters changes, the distribution of dominant species shifts towards the populations 

which can use the resowces with the highest efficiency. The goal in biological treatment 

systems is to control the environmental conditions such that the dominancy is distributed 

among those species which can accompüsh the desired type, and degree of treatment. 

In the acid fermentation processes the objectives are to ma>cimize the solub*zation 

of particdate organic matter, and to convert the soluble complex organic compounds to 

simple compounds mostly short chah fatty acids. By this means the availability of carbon 

for the following biological nutrient removai units is increased. One of the operational 

parameters which can be used to control the activity of acidogenic bacteria, is the sludge 

retention t h e  of the system. Sludge retention time is denned as the average amount of 

time that microorganisms are retained in the reactor, and is controlied by the quantity of 

the sludge wasted per day. This parameter affects the type of the species which can be 

present in the system. It also determines the extent of their activities due to its association 



with the growth phases. Therefore in the process of acid fermentation it is desirable to 

achieve a SRT that encourages prolife~ation of the acidogenic bactena and suppress the 

growth of methanogenic bacteria It is dso important that the SRT provide the system 

with maximum stability and least sludge. 

In the studies reported in the fiterahire, different optimum SRTs have been 

suggested for the acid fermentation of prhary sludge (Diagger, 1993; Elefsiniotis and 

Oldham, 1994a). However with regard to acid fermentation of whole raw wastewater no 

report was found on the subject of SRT. 

In step 1 of this research (Oct. 30, 1993 to Feb. 23, 1994). the effects of three 

sludge retention times; 4, 8 and 13 days, on the fermentation of degritted raw wastewater 

was investigated using three pardiel PAF reactors (F3, F2. and F1 respectively). The 

hydraulic retention time of afl reactors were 12 h at this step. The raw data for this step 

are shown in Appendix A, Tables Al to A4. Data used for statistical analysis and 

performance evaluation of reactors at steady-state conditions cover those days in the 

period of Feb. 4, 1994 to Feb. 22, 1994 which have complete analysis for all the 

parameters. 

5.3.1.a-Solubilization of Partieulate Organic Compounds 

One of the major steps in fermentation of partidate organics is the solubilization 

process. The process is carried out by extracellular enzymes produced by some of the 

microorganisms present in the environment. The organic solids are hydrolyzed, and are 

converted to soluble compounds which act as subsmite for the acidogenic bacteria. 

About 47% of the total volatile solids of the feed (degritted raw wastewater) in 



this step of the study were in the fom of partidates. Solubilization of this portion of the 

volatile solids wuld contribute sigdicantly to the production of short chah volatile acids. 

The efficïency of the solubilization process is estimated ushg data on different 

parameters such as : TVS, COD. SOC. TOC. In this d o n  the data on COD were used 

for discussion on the degree of solubilization of partidate substrate in the fermenters. 

Total and soluble COD were measured regularly and the data are given in Appendk A 

The concentrations of soluble COD in the feed, and in the effluent of the reactors 

are shown in Figure 5.4. The increase in soluble COD of the reactors as compared to the 

concentration in the feed, indicates that solubiiization of particdate matter occurred within 

al1 three reactors during the experimental period. 

Figure 5.5 shows the average concentrations of soluble COD in the effluent from 

the fermenters at steady-state conditions. Furthemore, Table 5.2 ïncludes other data 

necessary for the evduation of solubilization process under dEerent SRTs. Cornparisons 

between the average concentrations of COD at Merent SRT were made using the Least 

Significant Difference (LSD) Method (McClave and Dietrich, 1994). Reactors with 13 

days and 8 days SRT penormed similarly with respect to total solubilization as expressed 

in mg/L of effluent CODSI. (Fig- 5.5). A Merence of 1.5% observed în the COD 

concentration, or 5% in solubilization yield (Table 5.2) can be contributed to the 

experimental enon. The nsults clearly show that 8 days SRT provided adequate time for 

the volatile solids in the reactor to be converted to soluble substrate by the biomass. 

Increase of SRT fiom 8 days to 13 days did not improve solubilization of organic 

particdates significantiy. 

The difference between the concentration of COD in the effluent of the reactor 



Fig. 5.4 : Profile of soluble COD in the f d  and enluent &om the fermcmenten at dinetent 
SRTs (pH of feed=7.0-7.6). 

Fig. 5.5 : Mean concentration of soluble COD in the duent fiom the fermenters at 
steady-state condition (pH of M=7.0-7-6). The highest net COD rolubüization was 
associated with the longest SRT. 



with 4 days SRT, and the concentrations of COD h the effluent of other reacton were 

however sigainant (P<0.1). Solubîlization efficiency and yield decreased by 12 and 38% 

respectively as SRT decreaKd h m  8 days to 4 days. In other words. with 4 days SRT. 

the microorganisms and the partidate substnite did not remah long enough in the reactor 

to reach the best efficiency of soluble substrate production 

The results obtained are similar to those reported by Elefsiniotis (1993) in the 

midy of the effects of SRT (range of 5 to 20 days) on fermentation of primary sludge. He 

observed a sharp drop in solub'ition efficiency as the SRT reached 5 days, and a plateau 

was achieved at longer SRTs of 10 and 15 days. 

Table 5 -2 : Solubilization pefiormance of fermenten at different SRTs ( ~ H ~ d 7 . 0 - 7 . 6 ) .  

* Solubiiization Efficiency : Net Soluble COD as % of Feed CODsi 
** Solubilizattion Yield : mg Solubilized COD/mg Feed Particulate COD 

where : Solubilized COD = Effluent CODsol - Feed CODSl 
Particulate COD in Feed = Feed CODi, - Feed CODsol 

Variation in SRT had a profound effect on the specific solubiiization rate of COD 

Reactor 

Fl 

F2 

F3 

expressed as mg of net soluble COD per gram of VSS per hour. The net soluble COD 

SRT 
(d) 
13 

8 

4 

concentration and the specific solubiiization rate are depicted in Figure 5.6 as a hction of 

HRT 

12 

12 

12 

SRT. The net soluble COD decreased with the reduction in SRT. as was explaineci earlier, 

Solubilization 
Efficiency %* 

38 

36 

24 

Efflu. COD&[ 
(mm) 
209 

206 

188 
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Fig. 5.6 : Total COD solubilization and the s p d c  nte of solubilization as a function of 
SRT (pH of fds7.0-7.6). Total rohibiiizaîion was directiy proportional to SRT; 
increasing as SRT was increased, The spedc solubiIization rate on the other hand was 
inversely proportional to SR?; decreasing as SRT was increased. 



F3 with SRT of 4 days had the highest specinc solub'ition rate (2.6 mg COD/g VSS-h), 

though the production of total net soluble COD was the least in this reactor. The specinc 

rate in this reactor was 23% higher than the rate in the reactor with 13 days SRT, and 

12% higher than the rate under 8 days SRT; indicating a sigdicant dinérence (P0.1) 

between the reactors in this regard. 

The difference obsenred in the impacts of SRT on net solubilization, and on 

specific rate of solubilization could be related to the amount of biomass present in the 

system at each SRT and their degree of activity. At longer SRT, more biornass is present 

in the system, however the Mcroorganisms are usuaiiy in a less active stage of their 

growth. As a result the biomass produces less soluble material per unit of biomass, but the 

total s o l u b ~ t i o n  would be higher due to the larger existed biomass in the system. 

5.3.1. b-VFA Production 

The soluble organic compounds initiaiiy present in the wastewater and those 

generated in the process of solubiüzation are used by acidogenic bacteria. The result of 

acid fermentation reacîions is the production of a wide variety of compounds; mainly short 

chain volatile fatty acids (CrCs). 
I 

The profiles of total VFA production in the reactoa accompanied with the 

concentration of VFA in the f d  are shown in the Figure 5.7. The increase in the 

concentrations of VFA in the reactors indicated that the conditions necessary for the 

growth and proliferation of acidogenic bacteria were provided in nll three reactors 

operating with Merent SRT. 

The net VFA production (as acetic acid) at steady-state conditions as a fiuiction of 



SRT is presented in Figure of 5.8. Variation in SRT had a signifïcant impact on the acid 

fermentation process. Production of VFA increased with SRT to a maximum vaiue of 47 

mg/L at 13 days SRT. The di&rence observed in acid productions of the reactor with 4 

days SRT, and the reactors with higher SRT were significant (P<O.l); indicating the 

importance of operation in SRTs longer than 4 days. A longer SRT diows for the growth 

of microorganisms with slower growth rate, and provides more t h e  for the solids to 

remain in the system to undergo solubilization and fermentation process. 

The 4 mg/L merence observed between the mean VFA production in the units 

with 8 days SRT and 13 days SRT, though was not statistically significant, but its impact 

on the efficiency of Bio-P removal process could be significant. Biological phosphorus 

removal requires about 6-9 mg of VFA for removal of 1 mg of phosphonis (cited in 

Barnard, 1993). Thus 4 mg& of VFA could support removal of 0.5 m@L, of phosphorus 

which is noteworthy- 

Table 5.3 includes data on the behavior of the acid fermentation process with 

regard to the SRT. Total VFA production and the specific rate of VFA production are 

aiso shown graphicaliy in Figure 5.9. 

The VFA production yield reduceâ with the decrease in SRT resulting in minimum 

VFA production under the operationai condition of 4 days SRT. Gon Calves et ai. (1994) 

reported a msucimum VFA yield of 0.17 mgVFA/mg Feed CO&& in the upfiow sludge 

bIanket (USB) type reactors operating under diierent HRT. 

In contrast to the VFA yield, the specinc VFA production rate increased with 

reduction of SRT Vigure 5.9). The highest production rate was associated with 4 days 

and the lowest rate occurred at 13 days SRT. As mentioned in the previous section, the 
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Fige 5.7 : Profde of VFA concentration in the duent fiom the fameners as compared to 
the VFA concentration in the f d  (Impact of SRT). 

Fig. 5.8 : VFA production (as HAc) at différent SRTs (pH of fd=7.0-7.6). Reduction in 
SRT causeci a decrease in the production of volatile fhtty acids. 



Table 5.3 : Acid fèrmentation @ormance a diffacnt SRTs @&&7-0-7.6). 

Fig. 5.9 : VFA concentration and the spe&c rate of VFA production at diffQent SRTs 
(pH of f&=7.0-7.6). Spccîfic rate wu CCdUced at higher SRTs. In con- maximum 
production of VFA occureci under the condition of highest SRT of 13 days. 
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microorganisms at 4 days SRT are probably in a more active state of growth, thus 

showing more activity per unit ofbiomass. The results obtained on the e f f î  of SRT on 

the VFA specific production rate do not agree with the findhgs associated with the 

fermentation of primary sludge. Elefs'iotis (1993) in his research on the fermentation of 

primary sludge observed an increase in specific VFA production rate as SRT changed 

f?om 5 days to 10 and 15 days. 

The input of solubilization on VFA production was estimateci by calculating the 

carbon equivalent of VFA in each reactor (based on the chemical formula of component 

acids) and comparing the caldateci value with the net SOC solubilization. It was found 

that about 55% of VFA in the reactor with 4 days SRT (F3) originated fiom soluble 

portion of the feed and 45% fiom the particulate matter. In reactors with 8 and 13 days 

SRT, however, solubilization contniuted to 65% of VFA production and the remaining 

35% came fiom the soluble compounds originally present in the wastewater. This resuits 

show that as SRT increases, the role of solubüization of particulate organic matter in the 

production of VFA becomes more pronounced. 

In general based upon the results obtained on the effect of SRT on the 

solubilition and fermentation processes (Figure 5.10). it can be concluded that SRT 

afEected both process similarly. An increase in SRT fiom 4 days to 8 days improved 

solubilization and acidogenesis signi6.cantIyy Fwther extension of SRT nom 8 days to 13 

days however did not &éct solubiition but enhanced VFA production to some extend. 

5.3.l.c-VFA Composition 

A knowledge of distribution of difrent short chah volatile fatty acids formed 
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Fig. 5.10 : SolubiIization, and acid fermentation at di&nnt SRTs (pH offeed=7-0-7.6). 
Both processes fôiiowed the same trend of change; hcreasing as the SRT increased from 4 
days ta 13 &YS. 



during the acid fermentation of degritted raw wastewater could provide some information 

on the quality of the femented efl3uent for use in BNR processes. 

Acetic acid has been known as the best substrate for the activity of the Bio-P 

bactena (Fuhs and Chen, 1975; Comeau et al., 1986; Appeldoorn et al., 1992). In a study 

on the effects of different types of VFA on the efficiency of Bio-P removal, Abu-ghararah 

and Randail (1991) pointed out that acetic acid caused the greatest release and the 

greatest uptake of phosphorus. 

The type of carbon source not only affects biological phosphorus removal but it 

also affects biological nitrogen removal. Henze et aL (1994) dmonstrated the importance 

of type and concentration of carbon source in nitrogen removal. Directiy metabolizable 

compounds such as acetic acid gave the best results in their experiments. 

The VFA components identined in this study include : acetic, propionic, iso- 

butyric, nano-butyric, iso-valeric and aano-valeric. The distribution of these acids as was 

affected by difEerent SRT is shown in Figure 5.1 1. It is obsewed that acetic acid was by 

far the most produced component of VFA in d the reactors. The percentage of acetic 

acid in total VFA was 93% in SRT of 13 days, 94.5% in SRT of 8 days and 96.5% in the 

SRT of 4 days. The second important component of VFA was iso-valeric acid with the 

percentage of 4.5 under longest SRT (13 days), and 3.5% in lower SRTs. The remaining 

percentages of VFA in the reactors were composed mainly of propionic acid (about 2% of 

total in SRT of 13 days and 1% in the SRT of 8 days). The average values show a 

relative reduction in acetic acid with a shift towards production of higher molecular weight 

fatty acids as SRT increased. Since the production of higher molecular weight volatile 

fatty acids @utyric and valeric) is mostly the result of anaerobic metabolism of proteins 
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Pig. 5.11 : E&ao of SRT on percent distn'bution of VFA (pH of fd=7.0-7.6). Acebic 
acid was the mort sigdicant component of VFA under the conditions investigated. Its 
conm'bution to total VFA production was more than W?& regardless of the SRT. 



(Gottschaik, 1986; Elefsiniotis, 1993), the increase in protein dissimilation is most Nely 

the reason for increase in iso-valenc acid at 13 âays SRT. 

One of the most signifiant findings of this research is associateci with the 

distribution of VFA produced in acid fermentation of raw wastewater as compared to the 

values reporteci in the iiterature for acid fermentation of primary sludge. A value of 55% 

was reported for acetic acid production in the acid fermentation stage of sludge digestion 

process (Randall, 1994). Oldham and Elefsiniotis (1993) obtained 45% acetic acid, and 

Wentzel et al. (1988) mentioned fiaction of 43% acetic acid in acid fermentation of 

primary sludge. While the percentages of acetic acid reported for acid fermentation of 

primary sludge Vary within the range of 43 to 55%, the obtained percentage of acetic acid 

in this experiment (using degritted raw wastewater) was higher than 90% regardless of the 

length of the SRT. The higher production of acetic acid relative to other acids in the case 

of wastewater is probably due to the availabüity of soluble portion of wastewater as 

substrate for the microorganisms. Conversion of the soluble carbohydrates to acetic acid 

could be the major reason for the increase observecl in production of this compound. 

S.3.l.d-Quality of the Fermented Wastewater - Effrects of SRT 

Some of the characteristics of wastewater, as mentioned in section of 5.1 - 1, are of 

particular interest in biological nutrient removal due to theu direct impact on the 

performance efficiency of treatment systems. Any improvement in such parameters could 

cause a hïgher degree of microbial activity and result in higher nutrient removal efficiency. 

Table 5.4 summarizes some of the characteristics of the raw, and fermented 

wastewater. The pH values of the reactors were very stable d e r  reaching steady-state 



conditions, such that the coefficient of vanvanation was in the range of 1.2 to 2-5%. The 

stabiiity of the pH could be attriiuted to the bufferïng capacity which is d e h d  as the 

degree of resistance to pH changes. High alkaluiity content of the raw wastewater, and 

dissociation of proteins as it is indicated by an increase in the ammonium content of 

fermenteci wastewater are the major sources of the buffering capacity of the reacton. In 

an acid-phase digestion, the net buffering capacity is the result of many inorganic and 

organic buffer systems such as carbonate/bicarbonate, phosphate, burate, silicate, citrate, 

and proteins that could be active ùi the pH range of interest (Elefsiniotis, 1993). The 

above components were not measured during the course of this experiment, therefore their 

contribution to the buffering capacity can not be specifïed. 

In general, as it is noticed in Table 5.4, ali the parameters of signincance in 

enhancement of biological nutrient removal were hnproved by the fermentation process. 

The soluble organic compounds, and the availability of carbon in the wastewater increased 

as the result of the solubilization, and fermentation reactions. The observed increase in the 

ratios of CODA?, CODIN, SOCN, and VFMP are aU evidence of the improvements made 

in wastewater quality for the purpose of nutrient removal. Cornparisons between the 

means of each of the above parameters under different SRT were made using the LSD 

method. The mean ratios of COD&PSo~ and COD&NSI changed significantiy @?<0.1) 

with the increase in SRT fiom 4 days to 8 days, but the difference between the mean 

values at 8 days and 13 days were not meaningfùi. The most profound effect of 

fermentation was related to the increase in the VFA content of wastewater. Fennentation 

in general increased the ratio of VFA/PSoI., but the mean values were significantly différent 

at different SRTs. The highest value of this ratio was obtained at SRT of 13 days. 



Table 5.4 : Characteristics of raw and femented wastewater (Impacts of SRT on acid 
fermentation of degritted raw wastewater, pH=7-0-7.6). 

Parameter 

PH 

Alkaiinity as C a c a  
1 

VFA as HAc 

HAc as %VFA 

VFmsoi 

* : Non-similar letters in the superscript indicate a significant clifFerence between the 
means (P<O, 1)- 

w - N  

S.3.l.e-Conclusion 

Sludge retention tirne had signincant impacts on the acid fermentation of raw 

wastewater. Solubiîization of organic particles, as weU as production of volatile fatty 

acids enhanced as SRT increased fiom 4 d to 8 d and m e r  to 13 d, The best results 

nom the view point of total solubiiization and VFA production obtained at SRT of 13 

days, although the ciifferences between the mean values at 8 days and 13 days SRTs were 

not statisticaily signincant. Acetic acid was the most abundant component of total VFA. 

More than 90% of total VFA under the investigated SRTs was composed of acetic acid. 
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5.3.2 STEP 2 : pH REDUCTION @H OF FEED = 614.4) 

pH is one of the most important parameters involveci in reguiating the equilibrium 

in a heterogeneous microbid community. The growth rate of each species is affecteci 

directly or indirectly by the pH ofthe environment. R has been found that many aspects of 

microbiai metabolism such as utilization of carbon and energy sources, efficiency of 

çubstnite dissimilation, synthesis of storage material, and the release of metabolic products 

could be influenceci by variation in the pH (Elefsiniotis, 1993). In general each group of 

microorganisms has h own tolerance and optimum limits with respect to the pH of the 

environment (Gaudy and Gaudy, 1980). Thus any changes that occur in the pH of the 

habitat can act as a selective pressure in favor of certain populations Living in the 

community, and lead to a shift in the relative abundance of populations with a change in 

the net outcome of the community. 

Many treatment plants (such as those in Vancouver, BC) may receive wastewater 

with a pH lower than neutral. The response of this type of wastewater to the process of 

acid fermentation may be totaliy different fiom what was observed in acid fermentation of 

a wastewater that had its natural pH in the range of 7.0-7.6 (step 1). 

Step 2 of this research was performed to investigate the feasibility of acid 

fermentation of wastewater with a pH lower than neutral. The effects of three SRT; 4 

days, 8 days, and 13 days were studied in this regard. Reactors FI, F2, and F3 tlom step 

1, continued under the same operational conditions during this step. However the pH of 

the feed (degritted wastewater) to the reactors was lowered to the range of 6.1-6.4 by 

using a solution of hydrochlonc acid @Cl). The pH was maintaineci at 6.1-6.4 for the 

duration of this step. 



The data coilected during this period of the research (Feb- 24, 1994 to Apr. 27, 

1994) are presented in detail in Appendix 4 Table Al through Table A4. Statistical 

analysis and performance evaluation of the reactors were done on the basis of the data 

during steady-state conditions (Apr. 8 - Apr. 27). 

5.3.2.a-Organic Carbon S o l u b i l d o n  

The trends of change in soluble COD of the effluent fiom the three reactors fed 

with the low pH wastewater are depicted in Figure 5.12. The soluble COD in the efEluents 

of the reactors were higher than the concentration in the feed during the whole period of 

data collection. The results indicate that solub'ition of organic matter occurred in all 

three reactors under the operational conditions. The solubilization efficiency showed a 

reduction d e r  the 20th day of the experiment, however the reduction did not last more 

than 10 days, after that the units retumed to their normal capacity which continued until 

the end of the experirnental period. 

Total solubiiization in each reactor expresseci as mg/L of soluble COD is shown in 

Figure 5.13. The values represent the mean solubilization at the steady-state condition. A 

signifïcant difEerence in solubilization of partidate organic compounds was observed 

between the reactors operating under different SRTs. Solubilization achieved its highest 

efficiency at SRT of 13 days SRT. The production of soluble COD decreased as the SRT 

was brought down to Iower levels of 8 days, and 4 days. A summary of the mean values 

of the measured and calculated parameters of solubilizattion is included in Table 5 -5. 

The results distinctly reveal the significance of SRT in the dissimilation process of 

organic particdates under the feed pH of 6.1-6.4. Variation in SRT created a dramatic 
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Figm 5.12 : Profiie of soluble COD in the feed and duent from the fermenters at different 

Figo 5.13 : Mean concentration of soluble COD in the efEumt h m  the kmenters at 
steady-state condition (pH of W4.1-6.4). At low pH condition, SRT played a 
profound role in the extend of solubilization process. The differences obsemd between 
the mean values of net COD production M di&rrat SRT were remarkable. 



Table 5.5 : Solubilization performance of fermenten at diffetent SRTs (pHFecd = 6.1-6.4). 

** Solubilization Yield : mg Solubilized COD/mg Feed Partidate COD 
where : Solubilized COD = HIuent CODsoi - Feed CODsoi 

PartiCulate COD in Feed = Fe& C O h  - Feed CODS,~ 
t Specific Rate : Specinc Solubilization Rate as mg net CODlg VSS.h 

change in the solubi t ion performance of the reactors. The reactor with 4 days SRT 

practicaliy fded in hydrolization and conversion of particulate organic forms to the 

soluble forrns. The solubiüzation yield was only 0.03 mg COD per mg of feed particulate 

COD with the specinc rate of 0.65 mg COD/g VSS-h. A significant irnprovement in 

solubilization efficiency was made as the SRT doubled nom 4 days to 8 days. The 

increase brought up the solubiition yield nom the negligible magnitude of 0.03 to the 

average level of O. 17 mg COD/mg feed particulate COD. Further increase in SRT to 13 

days caused a 47% increase in solubiiization yield as compared to the yield value at 8 days 

SRT. The same trend of increase was observed in the specific rate of solubilization. 

Solubikation rates showed considerable variation with different SRTs; obtaining its 

maximum value of2.66 mg COD/g VSS.h in the reactor with the longest SRT (13 days), 

and its minimum value of 0.65 mg COD/g VSS.h under shortest SRT of 4 days. It should 

be pointed out that the dinerences observed between the mean values of the performance 

parameters were statistically sigdcant (P<0.01). 
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The inefficient penormance of the reactor F3 with 4 days SRT was probably due 

to the removal of rnicroorganisms fiom the system at a rate faster than their growth rate. 

A reduction in pH of the wastewater fiom the range of 7.0-7.6 to the range of 6.1-6.4 

could have slowed down the rnicroorganisms growth rate, thus demanding longer SRTs 

than 4 days for the establishment of an active biomass. The signifïcant increases in the 

perComüince efficiencies of the reacton with 8 days and 13 days SRT codnns the former 

statement. At longer SRTs than 4 days, SuffiCient t he  was provided for the growth and 

proliferation of the biomass. Also the contact tune between the microorganisms and 

substrate increases at longer SRTs. This could be a fiirther reason for the improvements 

observed in solubilization of particulate matter at SRTs of 8 days and 13 days. 

To compare the results obtained from solubilization of particulate organic matter 

under the two sets of the investigated conditions (step 1 with the pH of feed = 7.0-7.6, 

and step 2 with the pH of feed = 6.1-6.4), Figures 5.14, and 5.15 were developed. Figure 

5.14 shows the net soluble COD production as a fùnction of SRT under Merent pH 

conditions of the feed, while Figure 5.15 represent the specfic solubilization rates. 

The feed (degritted raw wastewater) to the reactors had similar characteristics 

during the first and second steps of the research. Thus the difrences observed between 

the steps could be related to the change made in the pH of the f d .  The average TVS of 

feed was 332 mg/L duriag the first step of the experiments, and 359 mgL duriog the 

second step; a ciifference of about 8%. 

Total solubiition, expressed as mg net soluble CODIL, improved under both pH 

conditions as the SRT increased in the range of 4 to 13 days (Fig. 5.14). However, the 

degree of impact of SRT on the improvement of solubilization was not the same in both 



cases- In the pH range of 7.0-7.6, al1 the reactors under Merent SRTs were actively 

involve in the solubilirstion of particdate matter. The net soluble COD production in 

these reactors increased with SRT changing fiom 4 days to 8 days, and then reached a 

plateau such that the doifFerence between 8 days and 13 days was not signincant. In 

contrast, with the wastewater of Iow pH (6.16.5), the differences observeci in net COD 

production were al! sigdicant. The amount of net COD production at 4 days SRT was 

very low (less than 10 mgL), but improved sharply with increasing SRT to 8 days. 

Increase of SRT to 13 days caused a further relevant improvement in solubilization 

process. Overall, the impact of SRT on solubilization, as the slopes of the curves in Fig. 

5.14 show, was more profound at the lower pH range. 

A significant observation was made on the effect of SRT on the rate of 

solubilization of organic particulates under different pH conditions of the feed. 

Cornparison of the Fig. 5.14, with Fig. 5.15 shows that the trends of change in total 

solubilization, and in specific rate of solubilization were not the same under the two pH 

ranges. According to the results shown in Fig- 5.14, total solubilization, regardless of the 

pH of the feed, benefited eom longer SRTs and the trends of change for both pH levels 

were increasing- However, the impacts of SRT on the specific rate of solubilization were 

not similar at the two pH range@&. 5.15). The solubiiization specific rate foiiowed a 

decreasing trend at the feed pH range of 7.0-7.6. In contrast, it showed an increasing 

trend at the pH range of 6.1-6.4. 

One possible explanation for this merence in behavior could be related to the 

impact of pH on the enzymatic activities of the biomass. Change in pH disturbs the 

natural balance of the biological system, and can stimulate certain enzymatic activities. It 
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has been found that hydrolysis of complex carbohydrates reaches a maximum rate at a pH 

value between 6.0 to 6.5 (Breure et aI., 1986), which indicates pH dependency of the 

activity of the enzymes involved in the process. Elefsiniotis (1993) during acid 

fermentation of primary sludge, obse~ed a maximum carbohydrate degradation in the pH 

range of 5.9 to 6.2, which he explained as the major cause of maximum rate of 

solubilization achieved within this range. A similar trend has been reported by Eastman 

and Ferguson (1981) in the fermentation of prirnary sludge at pH between 5.2 and 6.5. 

On the basis of the information provided in the literatwe it could be concluded that the 

solubilization rate of particulate organic matter incfeases as the pH approaches the range 

of 6 to 6.5 and this is the result of increase in extracellular hydrotysis of carbohydrate 

component of particulate organics. 

The organic solids in domestic wastewater are composed mostly of carbohydrates 

(Elefsiniotis, 1993; Metcalf and Eddy, 1992)- Consequently, the reduction made in the 

feed pH during this experiment could have stimulateci carbohydrate degradation; enhanced 

by an increase in SRT fiom 4 days to 13 days- 

In general, it seems that the effect of pH on the growth rate of microorganisms 

was different fiom its efEect on their hydrolysis activities at the feed pH range of 6.1-6.4. 

The reduction in pH suppressed microbid growth, while enhancing some of their 

enzymatic activities. At the pH range of 6.1-6.4, a longer SRT was required for the 

growth and proliferation of microorganisms as compared to the pH range of 7.0-7.6- This 

indicates that the microbial growth rate was slower at the feed pH range of 6.1-6.4. In 

contrast, the enzymatic activities of the biomass with respect to carbohydrates hydrolysis 

seemed to enhance at the lower pH range. Higher enzymatic activities compensated the 



slower growth rate such that the net solub'ition at SRT of 8 days at Iower pH range 

(6.1-6.4) was almost equal to the net soIubilizattion at higher pH range (7.0-7.6). 

Maximum values for net solubiluation and specific solubilization rate occurred at 

SRT of 13 d using the wastewater with the pH range of 6.1-6.4. Sludge retention time of 

13 days provided a sutncient time period for the promeration of microorganisms, and for 

the solubilization of complex organic matter. Moreover, the feed pH range of 6.1-6.4 

enhanced enzymatic activities. The synergetic impacts of 13 days SRT and low pH range 

caused the best solubilization performance w i t h  the conditions investigated during steps 

1 and 2 of this research, 

S.3.2.b-VFA Production 

The profile of volatile acid production, depicted in Figure 5-16, indicates the 

presence of acid formers in Merent reactors. The comparison between Fig. 5.16, and 

Fig- 5.12 revealed that the change in VFA production of each reactor foIiowed almost the 

same pattern as that was observed for the solubilization process. A reduction in VFA 

production occurred in aii the reactors between days 26th and 35th which is related to the 

reduction in the solubilization of volatile solids between days 20th and 30th of the 

experimental period. Mer this penod of recession, the microbial population in the units 

with 8 days and 13 days SRTs regahed its highly active status in the fermentation process. 

However, the unit with 4 days SRT did not restore its ability for solubi t ion and acid 

formation processes. A combination of Iow SRT and Iow pH may have pushed the 

conditions to the limits of tolerance for the growth and activities of the microorganisrn 

involved. 



The net concentration of VFA as acetic acid, at steady-state conditions, is shown 

in Figure 5.17. The importance of SRT in the extent of the activities of the acid formers is 

clearly demonstrateci under the pH condition of 6- 1-6.4. The reactor with 4 days SRT was 

the least efficient unit. The net production of VFA in this unit was practicaily negligï'ble- 

VFA production improved substantialiy with inmeashg the SRT to 8 days. The average 

VFA concentration was 3 1 mg/L in the eauent of this unit as compared to 4 mg/L at 4 

days SRT; a significant merence (P<0.0 1). 

The maximum production occurred at SRT of 13 days resdting in VFA 

concentration of 32 mg/L as acetic acid. The excess production of VFA in the reactor 

with 13 days SRT as compared to the reactor operathg under 8 days SRT was also 

statistically significant. As it was explained in section 5.3.1, a longer SRT allows a longer 

period of t h e  for the solids and microorganism to rernain in the reactor. Also it allows 

for the growth of rnicroorganisms with the slower growth rate. Therefore solubilization 

and fermentation of organic compounds improves with longer SRT. 

The impact of SRT on acid fermentation under feed pH of 6.1-6.4 was evaluated 

by the pararneters sumrnarized in Table 5.6. AU the pararneters of importance conceming 

with acid conversion of complex soluble organic compounds improved as the result of 

increase in SRT under the investigated conditions of this stage of the research. Maximum 

values of total VFA production, acetic acid concentration, maximum yield, and specific 

VFA production rate occurred at the maximum SRT of 13 days. The data in Table 5.6 

also codhn the inefficiency of acid fonners under the low SRT and low pH conditions. It 

is observed that the increase in SRT fkom 4 days to 8 days caused a drastic increase in the 

mean values of dl parameters, which further increased at an SRT of 13 days. 



O 10 20 30 40 50 60 70 
EXPERIMENTAL PERIOD (4 

Fig. 5.16 : Profile of VFA concentration in the feed and efauent fiom the fermenters at 
the Iow pH range. 

Fig. 5.17 : Mean concentration of VFA at di&nent SRTs (pH of feed=6.14.4). 



Table 5.6 : Acid fermentation performance at different SRTs @HF& 6.1-6.4)- 

* VFA Yield = mg VFAImg Feed CO&& 
** Production Rate = mg VFNg VSS.h 

The mean values of total production of VFA, and specinc rate of M A  production 

are shown in Figure 5-18. There was a difference between the units with 8 days SRT, and 

13 days SRT with respect to total VFA production; being higher at the longer SRT. But 

both units had almost the same specific rates of VFA production, and the change in SRT 

did not improve the process. Consequentiy, the excess VFA produced at 13 days SRT 

was simply the result of higher biomass concentration, not the result of higher specific 

rate. 

Cornparison between the net SOC produced and the carbon equivalent of mean 

VFA illustrates the contribution of solubilized products in the net VFA production. On 

the basis of the r d t s  obtained for the pH range of 6.1-6.4, about 75% of VFA produced 

in the reactors with 8 days and 13 days SRTs onginated fiom the solubilized products, and 

only 25% contribution was made by the soluble compounds which were initialiy present in 

the wastewater. The corresponding value for contribution of s o l u b i d  products under 

the pH condition of 7.1-7.6 (step 1) was 65% in the both reactors. It is evident that at the 

lower pH the role of solubilization in the net output of VFA became more predorninant. 

The results on solubilization, and VFA production under the two investigated 
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ranges of pH are shown in Figures 5-19 and 5.20 respectbely. In general, regardless of 

the SRT, total VFA production was lower in the pH range of 6.1-6.4 than in the pH range 

of 7.1-7.6. In contrast (neglectiag the r d t s  on solubilization at SRT of 4 days), the 

solubilization efficienties were equal (at SRT=8 d), or higher (at SRT=13 d) under the 

condition of lower pH range. 

In general low pH improved solubhtion, but suppressed the activities of the acid 

formers possibiy through adverse effects on the ad-generating pathways. In another 

word, under the feed pH range of 6.1-6.4, the conversion of soluble intemediates to VFA 

was the rate limiting step in the overail efficiency of acid fermentation process. 

Elefsiniotis (1993) observed similar results in acid fermentation of primary sludge 

in the pH range of 5.9-6.2. Perot et aL (1988) reported maximum concentration of acid- 

phase products at pH 6.8 using a mixture of primary and activated sludge. 

5.3.2.c-VFA Composition 

The percent distniution of VFA f o d  under the low pH condition in diEerent 

SRTs is summarked in Table 5.7. Although acetic acid was also the most predominant 

species of VFA at the lower pK, alteration of pH influenced the percent VFA distribution. 

In general the reduction in pH of the wastewater caused a drop in the percent acetic acid 

component of VFA 

The totd VFA concentration in reactor F3 (4 days SRT) was very low, with acetic 

acid contributing about 40%. The concentration of other short chah fatty acids in this 

reactor was not considerable, eventhough the percentages represent high values. The 

distribution of short chah fatty acids in other reactors with longer than 4 days SRT was 



Fig. 5.18 : Total VFA and VFA spcafic production rate as a hction of SRT (pH of 
feed=6.1-6.4). Significant impmvemnt in both parmeters were obsexved as the SRT 
increased to long&time period than 4 days. 

80 7 

Fig. 5.19 : S o l u b ~ o n  ofpartidate oqanic matter at diffucnt SRTs unda the two p H  
ranges of the f d .  Xmprovement of solubüuation at pH range of 6.144 ova pH range of 
7.0-7.6 became signifiant as SRT approached 13 days. 
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Fig. 5.20 : VFA production at different SRTs unda the two ranges of p H  Regardles of 
SRT, total VFA production was Iower in the pH range of 6.14.4 than in the pH range of 
7.0-7.6. 



Table 5.7 : Percent VFA distriiution at Merent SRTs @HF-- 6.1-6.4). 

very similar- Total VFA was made of 88% and 86.5% acetic acid in the reactors with 8 

days and 13 days SRT, respectively. The second most important component of W A  in 

these two reactors was butyric acid with mean total percentage of about 5%. Valenc acid 

constitute about 5% of VFA production, with the last 3% belonging to propionic acid. 

Redts  on percent distribution of VFA under high pH Figure 5.1 1) and low pH 

(Table 5.7) conditions show a deche in the percent production of acetic acid when the pH 

of the wastewater decreased fiom 7.0-7.6 to 6.1-6.4. The reduction was about 6.5% in 

the reactors with 8 days and 13 days SRTs, and was accompanied with the accumulation 

of higher molecular weight VFAs mainly isorners of butyric and valeric acids. Lower 

production of acetic acid could be the result of disturbance of the biochemical pathways 

that lead to the generation of this acid. In contrast, higher production of butyric and 

valenc acids has most ükely resdted fkom the degradation of proteins which is encouraged 

at lower pH levels. 

S.3.2.d-Quaiity of the Fermentai Wastmater - Lon pH 

Acid fermentation of the raw wastewater at low pH improved its quality for the 

purpose of biological nutrient removal. A cornparison was made between some of the 
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characteristics of the wastewater before, and a£ter the application of the fermentation 

process. The results are summarized in Table 5.8. 

Table 5.8 : Characteristics of raw and fermented wastewater (Impact of SRT on acid 
femeatation ofdegritted raw wastewater with pH = 6.1-6.4). 

Paramet er W.W. FI F2 F3 
(SRT=13 d) (SRT=8 ci) (SRT=4 d) 

1 VFA as HAc I 3 1 32S.4 1 29rU.6 1 4rt1.7 

. 
Note : Values of alkalinity, VFA and NH3-N are reported in mg/L. 
* : Non-similar letters in the superscript indicate a significant difTerence between the 
means (P<0.05). 

Although the low pH condition in general impaired overall VFA production 

(especiaily at low SRT of 4 days), nevertheless, the process of fermentation did enhance 

the wastewater quality in the reactors operating under the sludge retention tirnes of 8 days 

and 13 days. 

Solubiiization of organic solids and conversion of soluble organic matter to volatile 

fatty acids were very inefficient in the reactor with 4 days SRT due to the washout of the 



biomass. No improvement in the wastewater quality was obsewed in this reactor as 

reflected by the mean vaiues of WNPs1, CODsfls,,~, CODS,,JNS,,I, and SOClNsi ratios 

(Table 5.8). Longer SRTs caused a major improvement in solubilization and fermentation 

processes as iiiustrated by the values of the above ratios in the effluent Eom remtors with 

8 days and 13 days SRTs. The Werence observed between the mean values of each of 

the VFA/PS,,I, CODS~~/PS~I, CODS~/NSI ratios at sludge retention times of 8 days, and 13 

days were sigaificant (P<0.05); indicating the beneficial effects of longer SRT in the 

fermentation of raw wastewater when its pH is in the range of 6.1-6.4. 

5.3.2.e-Conclusion 

Acid fermentation of raw wastewater with a pH range of 6- 1-6.4 was found to be a 

feasible process. The role of SRT on solubiiization and fermentation of organic 

compounds in this pH range was crucial. Solubhtion of organic particulates, VFA 

production, and the related specific rates were improved remarkably as the SRT was 

increased fiom 4 days to 8 days. The best results, however, obtained at an SRT of 13 d- 

In generai, regardless of SRT, the low pH range of 6.1-6.4 hproved solubilization 

but its negative impact on acid formers activity reduced the overali esciencies of VFA 

production. Distribution of VFA was also afkted by the change in the pH of raw 

wastewater. The acetic acid percentage of VFA was decreased at the lower pH range. 



5.3.3 STEP 3 : REDUCTION IN MIXING PERIOD 

One of the components of total costs in m e n t  plants is the wst associateci with 

the mixing operations. Improvements in the mixing systerns' efficiencies andlor duration 

of mVcing periods will certainly be beneficial as the related operational costs will be 

reduced. 

The objective of this step of the research was to investigate the effkcts of reduction 

in the mWng penod on the perfiormance efficiency of the fermentation process. A change 

in the mixïng regime could affect the system performance as the conditions for microbial 

activities changes. During the mUong period, the microorganisms are in a more dilute 

environment. Besides, they are in contact with the soluble portion of the substrate as well 

as with the solid portion When the G g  is stopped the solids and the biomass settle 

down. In the settled sludge, the environment is not as dilute as the media at the time of 

mixing. Furthermore, the microorganisms are mostly in contact with the solid portion of 

the substrate. Consequently, a change in the mixing regime could produce a different 

outcome in the fermentation process of raw wastewater. 

To investigate the effects of a reduction in the mixing period, two reactors FI & 

F2 fiom previous steps of the research were reprogrammd. The two reactors were acting 

as duplicates to improve confidence in the results. Most of the operating parameters were 

kept the same as in previous runs. The reactors were running at 3 cycldday, with the 

HRT of 12 h. The major operationai change in this step was the reduction of mïxing 

period fiom 6 h per cycle to 0.25 h per cycle. In steps 1 and 2, fermentation of raw 

wastewater produced the best result under the SRT of 13 days. Therefore, SRT of 12 

days was chosen for ali the fermentation reactors in the current, and in the foliowing steps 



of the research. Sludge retention time of 12 days was considerd to be close enough to 13 

days to provide the optimum condiaon for the fermentation process. 

Data related to this stage are shown in detail in Appenda A, Tables Al to A4. and 

cover the tirne perbd f?om July 5. 1994 to Nov. 23. 1994. The data used for the 

statistical analysis and performance evaluation are those wliected during steady state 

conditions of the reactors (Aug. 20, 1994 - Nov. 23, 1994). 

S.3.3.a-Solubilization and VFA Production 

The average performances of the duplicate reacton under reduced mixing are 

shown in Table 5.9. Both reactors were performing very closely, and the observed 

difEerences between the mean values of the measured parameters were not statistidy 

signi£icant (P>O.05). The profles of the VFA concentration in the effluent of the two 

reactors pig. 5.21) du, ver@ their s d a r  behavior in acid fermentation process. On 

average about 81.5% of the total VFA produced in the reactors was acetic acid. The rest 

was composed of 8% propionic acid, 5.5% valeric acids, and 5% butyric acid. 

Table 5.9 : Performance of the duplicate reactors under the mBMg condition of 0-25 
hkycle. 

I I I I 

* COD Rate : Specific Solubifization Rate as mg net COD/g VSS-h 

b. 

Reactor HRT 

F1 12 

F2 12 

** VFA Prod. : Specinc Rate of VFA Production as mg VFA/g VSS.h 
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SRT 
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12 

Mkhg 
(hh'cle) 

0.25 

0.25 

EECODS~ 
(m&) 
179 
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COD 
Rate * 
1.70 

1.80 

EEVFA 
( m a )  
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Prod. ** 
1.32 

1.36 
- 
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Fig. 5.21 : Effluent VFA concentration under the short mkhg penod of 0.25 Wcycle. 
Pedormance of dupliclte reactors in acid fermentation of degritted wastewater was 
comparabIe unda the reduced mkhg condition. 



The fermentaton process under the new mïxing regime of 0.25 hlcycle was 

evaluated by a cornparison made between the average perCormance of the duplicate 

reactors in this step (step 3), and the performance ofthe reactor F1 with 6 h mixing penod 

in step 1. The operational conditions of the reactor F1 during step 1 were similar to the 

operational conditions of the reactors in this step except for the length of the mixing 

period in each operational cycle. The data for the cornparison are presented in Table 5.10. 

Some of the Werences observed in the feed characteristics during steady-state conditions 

of step 1 and step 3 are also summarized in Table of 5.1 1. 

Table 5.10 : Cornparison between the performance of the fermenter with 13 days SRT in 
Step 1 (mi?cing period = 6 Wcycle). and the average performance of duplicate reactors in 

As fiu as total solubilization and VFA production are concerned, confirmeci by the 

results in Table 5.10, the reactors under the short mkhg regime were p e r f o h g  as 

efficiently as the reactor under the long mixing condition. The net COD production at the 

mkhg condition of 0.25 hlcycle was 63 mg&, compared to 57 m@ obtained at the 

mixing condition of 6 hkycle. The net VFA concentrations were also comparable; 47 

mg/L at 0.25 h miangkycle versus 48 mg/L at the mixllrg period of 6 Wcycle. 

VFA 
~ a t e '  
1.74 

1.34 

* COD Yield : Solubilization Yield as mg net COD/mg Feed Particdate COD 
** COD Rate : S p d c  Solubilization Rate as mg net COWg VSS.h 
t Specinc Rate : Specific Solubibtion Rate as mg net COD/g VSS.h 
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However, the average COD yield and the specifïc rates of solub'rlization and VFA 

production were lower in the case of short minag penod, although the feed (wastewater) 

was stronger in the totd carbon content than the wastewater used in step 1. 

Concentrations of TVS and VSS were higher by 14% and 96/s respectively as indicated by 

the data in Table 5.11. 

Table 5.1 1 : Some of the characteristics of degritted raw wastewater (feed) during steady- 
state conditions in step 1 and step 3. 

The reasons for observing lower specific rates of solubiiization and VFA 

production in step 3 are probably related to the total amount of substrate physically 

available for the microorganisms and to some extend to the higher concentration of 

MLVSS in the reacton. The mWng period during the first step of the research was 6 

hours (75% of total cycle penod). Consequently, although the wastewater was weaker in 

carbon content, the rnicroorganisms involveci in the solubilization of particdate matter 

were provided continuous physical contact with the whole speanim of VSS even the 

nonsettleable colioidal particles. Likewise, in such conditions, acid formers could use the 

solubilization products as weli as the soluble volatile solids of the feed in the production of 

VFA D u ~ g  this step of the research, the d g  period was reduced to 0.25 h (3.2% of 

the total cycle penod). Thus, the quiescent conditions were provided for 97% of the total 
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Step 3 

TVS 
(mfi) 
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C O h t  
(m&) 
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VSS 
(ma) 
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Partidate COD 
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cycle time penod, yet some ofthe coiIoidai particles did not settle out. This non-settleable 

portion ofVSS was outside the domain of the microbial activities in the settled sludge and 

could not actively participate in the solubilization process- Therefore, wMe the 

wastewater was stronger in VSS under this condition, the portion of VSS physically 

available for the microorganisms has been les; resulting in Iower COD yield and lower 

specïfïc solubüization rate. Similarly, in the case of VFA production, lack of mixing slows 

down the contact between the microorganisrns and the soluble organic matter in the 

supernatant. Less active participation of soluble volatile solids in biochemicai reactions 

and toxic VFA levels located in sludge could have been the reasons for lower rates of 

VFA production under the condition of short rnixing. 

On the basis of carbon equivalents, the net increase in SOC was accountable for 

the total M A  production under the quiescence condition. In contrast when mixing was 

provided (step l), the net inaease in SOC was counted for only 65% of the total VFA, 

and the other 35% was produced by the soluble organic matter originally present in the 

wastewater. The cornparison confirms the above statement concerning the inefficiency of 

conversion of soluble volatile solids to short chah fatty acids when mixing is not provided 

sufEciently. 

Reduction in the mixing penod causeci a change in percentage distribution of 

volatile fatty acids. The obtained acetic acid percentage (81.5%) was lower than the 

percentages achieved in other investigated conditions, with a shift towards higher 

percentages of propionic (8%) and butyric acids (5%)). The valeric acid content of the 

VFA was 5.5%; similar to the previous cases. Hïgher concentrations of substnite and 

extracellular enzymes in the microenvironments within the settled sludge could have 



encouraged degradation of proteins and iipids; r d t i n g  in higher production of propionic 

and butyric acids, and a change in percent distri'bution of volatile fatty acids. 

5-3m3-b-Quaiity of the Fcrmented Wastewater - Reduceâ Miring 

The changes occurred in certain characteristics of wastewater as the r e d t  of the 

fermentation process under the low mking condition are summrized in Table 5.12. It is 

observed that al1 the ratios of interest in biological nutrient removal process were 

improved, eventhough the miiaag period was reduced considerably. The most significaat 

variation, as was found in previous steps of the research, was associated with the ratio of 

VFA/PSo~ which increased fkom 1.2 in the degritted raw wastewater to the average value 

of 1 1 in the effluent of fermenters. 

Table 5.12 : Characteristics of raw and fermenteci wastewater (Impacts of short mixing 
period). 

I Parameter 

* : Non-similar letters in the superscript iDdicate 
means @CO. OS). 

Duplicate Reactors (FI & F2) 
Mean of the MeansSD 

. signifiant ciifference between the 



Redt s  f?om this step of the research clearly show the operational improvement 

that has been achieved. The mking period was reduced by 96% without any negative 

impact on the parameters involved in the biological nutrient removal. 

5.3.3.c-Conclusion 

The length of the mixing period per cycle infiuenced some aspects of the 

fermentation process. The specinc rates of solubiiization of p h l a t e  matter and VFA 

production deched as the result of a reduction in mixing penod nom 6 hkycle to 0.25 

h/cyclee Regardless of the slower rates at 0.25 h mixing/cycle, net solubilization and VFA 

production were sirnilar in values to those quantities obtained at the rnirung condition of 6 

h/cycle. Adequate solubilization and VFA production improved the wastewater 

characteristics for the purpose of biological nutrient removal. 

The distniution of VFAs was also affecteci by the change made in the mixing 

regirne. Production of propionic and butyric acids was enhanced under the short rnixing 

condition. Acetic acid, however was the most abundant component of the VFA and 

constitute about 8 1.5% of total VFA production. 



5.3.4 STEPS 4 AND 5 : EF'FEC'l'S OF HRT 

Hydraulic retention time (HRT) is the average period of time that a molecule of 

wastewater remaias in the reactor, and is dehed by the volume of the reactor divided by 

the influent flow rate (Metcaif and Eddy, 1991). It actudy detennines the effective time 

of contact between microorganisms and the wastewater. It also & i s  the total daiiy load 

of solids to the reactors; hence controllhg the relative mass of the microorganisms in the 

MLVSS of reactors, ewn at a constant sludge retention the.  As a r d t ,  through its 

influence on the relative mass of microorganisms, and on the contact time between 

substrate and biomass, HRT controIs the efficiency of biologicai treatment processes and 

has been considered as one of the major parameters of importance in the design and 

operation of such systems. The role of HRT as an operational parameter is of great 

importance in the SBR systems. These systems are flenile in manipulation of the 

operational cycles that aliows for a change in the HRT. 

The objective of this part of the research was to investigate the effects of HRT on 

the efficiency of acid fermentation of degritted raw wastewater. The experiments were 

carried in two steps; step 4 and step 5. In step 4 a cornparison was made between HRT of 

12 h and 9 h ushg reactors F2 and FI, respectively. In step 5, reactor F2 was changed to 

HRT of 6 h and its performance was compared to a parallel reactor (FI) with HRT of 9 h. 

The sludge retention tirne and minag period in the reactors were kept at the values 

obtained from previous steps of the research; meaning 12 days for SRT and 0.25 hkycle 

for the mixing period. 

The experimentai period in step 4 lasted fiom Nov. 24,1994 to Jan. 18, 1995, 

while Step 5 was perforrned f?om Jan. 25, 1995 to Apr. 12, 1995. The data related to this 



part of the research are also covered in Appendk Tables Al to A4. Coliected data 

over the period of steady-state condition was used for performance evaluation. This 

penod for step 4 was fiom Dec. 19, 1994 to Jan. 18, 1995 and for step 5 was fiom Mar. 3 

to Apr. 12, 1995. 

5.3.4.a-Solubilization of Organic Particdates 

Profiles of the variations of the SOC and COD concentrations in the effluents of 

reactors versus the concentrations of these parameters in the degritted raw wastewater are 

shown in Figures 5.22 and 5.23, respectively. 

The significant increase observed in the SOC and soluble COD concentrations of 

the effluents over their concentrations in the raw wastewater were the result of the 

solubilization of particulate organic matten. Solubilization reactions proceeded in the 

reactors regerdless of their HRT. The trend of change in solubilization products 

concentration within each reaaor, as depicteci in the related Figures 5.22 and 5.23, 

foilowed exactly the same trend of change that was associated with the strength of the raw 

wastewater. 

Variation in HRT showed some influence on the net soluble COD production as 

well as on the specific solubiiization rate. Data for solubilization performance evaluation 

are summarized in Table 5-13. The results are also graphically presented in Figure 5.24. 

According to the presented data, the maximum values of net soluble COD and 

solubilization rate were obtained at HRT of 9 h. The increase in HRT to 12 h, in step 4, 

caused a decrease in total solubhtion, and in its specinc rate. The clifference between 

COD yield and total solubilization at 9 h and 12 h, however were not significant (P>0.05). 
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Fig. 5.22 : Profiie of SOC in the ef38umt h m  the fermenters versus its concentration in 
the féed (effécts of HR?). Remarkable amount of solubiiization occucfed in the reacton 
regardles of their HRTs. 
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Fig. 5.23 : Profüe of sohible COD in the f d  and e83uent h m  the fermenters (steps 4 
and 5). The change in the suent foiiowed the variation in the f d .  



Table 5.13 : Solubibtion resuhs at difkent HRTs- 

Fig. 5.24 : Solubiilizaton of organic partidatte at différent HRTs. Net soluble COD 
production and solubiion specinc rate achiovcd th& maximum values at HRT of 9 h. 
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Reduction in solubilization and its specific rate was also observed d u ~ g  step 5 of 

the research as the HRT was changed fkom 9 h to 6 h. The decline noticed at the longest 

HRT (12 h) was probably caused by lower daily load of VSS to the reactor which limited 

the amount of substrate for the biomass- The reduction observed in solubiition of 

partidate organic matter at shortest HRT of 6 h, however, could be the result of the 

limited contact time between the colloidal particles and the microorganisms, and/or high 

VSS daiiy load which wuld reduce the biomass content of the MLVSS in the reactor. 

5.3.4. b-VFA Production 

The profiles of the reactors' effluent VFA concentrations are presented in Figure 

5.25. High concentrations of VFA in the effluent nom the reactor as compareci to the 

mean concentration of 5.5 mg/L in feed, indicate that the conditions for growth and 

activity of the acid producing bacteria have been favorable under different HRTs. 

The data related to the performance of VFA production in the reactors at steady- 

state condition are summarized in Table 5.14. The VFA production (as acetic acid), and 

the specinc rates of VFA production as a firnction of HRT are fùrthermore presented in 

Figure 5.26. 

The change in HRT fiorn 12 h to 9 h did not affect the perfiormance of the acid 

producing bacteria. The two parallel reactors in step 4; F2 with HRT of 12 h and F 1 with 

HRT of 9 h, were producing almost the same net concentration of VFA The VFA yields 

in these two reactors were identical, and the differences observed in total VFA production 

and the specific rates were not statisticdy significant (P>O.OS). In contrast, a reduction of 

HRT f3om 9 h to 6 h (step 5) caused a statistically significant decline in VFA yield and 
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Fig. 5.25 : Pronte of VFA concentration in the ef8uent fiom the fermentation reactos 
(effkcts of HRT). High concentratons of VFA in the reacton indicated fivorable 
conditions for the growth and proliferation of acid producing bacteria 



Table 5.14 : PerfOmce of M A  production at di&nnt HRTs. 

VFA Ykid : mg VFAtmg Feed C 0 h a  
** Production Rate : mg VFAlg VSS.h 

Step in 
Research 
Step 4 

Step 5 

Figo 5.26 : VFA production (c&as of HRT). No significaut di&nnce in VFA 
production was obsennd baween rcacton o p d g  at 12 4 and 9 h hydraulic retention 
the. Reduction of HRT fiom 9 h to 6 4 howevcr, decrrwd specific rate and total 
production of volatile fiitty acids. 

Reactor 

F1 

F2 

FI 

F2 

IIRT 

9 

12 

9 

6 

VFA 
(mR/L) 

52 

53 

49 

42 

Acetic Acid 
(mm 
42 

41 

38 

35 

VFA 
Yicid* 
O. 12 

O. 12 

O. 12 

O, 10 

ProductionRate ** 

1.57 

1.61 

1.63 

1.48 



total VFA production The specific rate of W A  production was approxïmately 10% 

lower at HRT of 6 h revesiling a nonsignifiant difference. The lower rate of VFA 

production at the shortest HRT is mainly due to the limited t h e  avaïlable for substrate 

assimilation by the acid former bacteria. 

A cornparison between the s p d c  rates of solubilization and VFA production as a 

fimaion of HRT is made in Figure 5.27. Hydraulic retention time of 9 4 as depicted by 

the average specific rate values in the figure, provided the optimum condition for the 

process of acid fermentation of degritted raw wastewater. At this HRT, solubilization 

and acid formation processes showed their best overall performances. Figure 5.27 also 

clearly indicates that the variation of HRT within the investigated range did not a e c t  the 

activity of acid formers as much as it iduenced the aaivity of the microorganisms 

involved in the solubilization process. In wntrast to the results obtained in this research, 

Elefsiniotis (1993) in his research on impact of HRT (range of 6 to 15 h) on fermentation 

of primary sludge reported maximum solubilization and VFA production at HRT of 12 hr. 

5.3.4.c-VFA Speciation 

The percent distribution of components of VFA produced at dïerent HRTs are 

stiown in Table 5.15. The most signifiant component of VFA was acetic acid with the 

lowest percentage (78.5%) obtained at HRT of 12 h, and highest percentage (84.4) at 

HRT of 6 h. Propionic acid was the second most abundant fhtty acid present in the 

reactors, followed by valeric and butyric acids percentages. 

In general, some variations were noticed in percentage distribution of volatile fatty 

acids at different HRTs, but the differences were not statistically signifiant @>O.OS). 



Fig. 5.27 : Impacts of HRT on the specXc rates of solubiiization and VFA production. 
Change in HRT did not affect VFA production signikantly. The impact of chaage on 
solubiition rates was however considerable. Best d t s  were obtained at HRT of 9 h 

Table 5-15 : Percent VFA distribution at different HRTs. 

Step in HRT 

Step 4 9 

12 

Step 5 9 

6 

VFA 
(rnfi) 

52 

53 

49 

42 

Acetic 
%VFA 

80.2 

78.5 

81.3 

84.4 

N-But. 
%VFA 

2.5 

2.7 

2.5 

1.8 

Propioa 
%VFA 

10.0 

11.5 

8.3 

6.8 

Iso-Val. 
%VFA 

4.1 

4.0 

4.7 

4.1 

Ise-But, 
%VFA 

2.2 

2.3 

2.2 

1.9 

N-W. 
%VFA 

1 .O 

1 .O 

1 .O 

1 .O 



The VFA distriiution patterns in al1 the reactors were very similar to the 

distribution obtained in step 3; under the condition of low mixing penod (0.25 idcycle). 

On the basis of the r d t s ,  it can be concluded that VFA speciation was under the control 

of mixing regime and was not affected by the variation in HRT within the investigated 

range of 6 to 12 h. 

5.3.4.d-Quality of the Fermented Wastewater - Effects of ERT 

The quaiity of the raw wastewater changed as it was subjected to the fermentation 

process under various HRTs. The influence of HRT on the final characteristics of 

fennented ealuent firom the reactors is shown in Table 5.16. The quality characteristics of 

the wastewater important in biological nutrient removal; shown in Table 5.16 by the ratio 

of WA/Ps1 and other ratios representing C/P and Cm, improved si@cantly during the 

fermentation process. The highest impact was observeci on the ratio of VFA to 

phosphorus which increased about 10 fold in ali reactors regardless of their HRT. 

Fermentation in general enhanceci the wastewater quaiity for the purpose of 

biological nutrient removal. However, variation in HRT did not inauence the extend of 

improvements signifïcantly. Similar values were resulted for the ratios of VFA/PSbl, 

COD/Ps,,l and COD/Nst at different HRT tested in steps 4 and 5 of the research. 

Variation of HRT from 12 h to 9 h in step 4, and fiom 9 h to 6 h in step 5 did not make a 

signincant change in the mean values of these ratios, though total solubiition and VFA 

production in the reactor with the shortest HRT (6 h) was less than the other reactors. 

Proportionality of solubilization of phosphorus and nitrogen, with solubüization of carbon 

and VFA production is the reason for observing sUnilar values for the above ratios. 



Table 5.16 : Characteristics of raw and fermented wastewater (Impacts of HRT). 

Step 4 (12 h vs 9 h) 

Parameters 
1 PH 

Step 4 (9 h vs 6 h) 

1 VFA as HAc 

CODsoi/Psoi 

CODsol/Nsoi 

soc/N&,, 

Note : Values of alkalinity, ' 

wew. 

Mean,+SD 

FA and NE&-N are reporteci in mgK. 
* : Non-similar letters in the superscript indicate a significant merence (P<O.OS) between 
the means of each parameter during that specinc step of the research. 



5.3.4.e-Condusion 

The iafluence of HRT on acid fermentation of raw wastewater was less 

pronounceci than that of SRT and p H  Reduction of HRT ftom 12 h to 9 hr did not affect 

total solubilization, total VFA production, specific rate of VFA production and 

distriiution of VFA significantly. Total solubiition and total VFA production were 

sigdicantly lower at HRT of 6 h as compared to HRT of 9 h, although the merences in 

the specific rates were not signifïcant. Percent distribution of volatile fatty acids were also 

similar in HRTs of 6, and 9 h, On the basis of the results, it could be concluded that the 

optimum fermentation performance occurred at HRT of 9 h. 

Fermentation of degritted raw wastewater at different HRT caused remarkable 

improvements in the characteristics of importance in biologicai nutrient removal. The 

extent of improvement, however, was independent of HRT within the imrestigated range. 

5.3.5 FERMENTATION PROCESS : AN OVERWEW 

Detailed explanation of the research on acid fermentation of degritted wastewater 

under various environmental and operational conditions have been provided in the 

previous sections. This section, however covers only the overall summaty of the 

fermentation process, and a discussion on the stability and refiability of the developed 

system (PAF; primary acid fermenter) with regard to its application as a part of the 

biological nutrient removal systems. Furthemore, the performance of the PAF fermenters 

is evaluated on the basis of the VFA production in these units (acid fermentation of raw 

wastewater), versus the VFA prcduction reported for fermenters performhg acid 

fermentation of primary sludge. 



The conditions appiied to acid fermentaton of raw wastewater during steps 1 to 5 

of this research and the results obtained on VFA production, percent disûiiution of VFA 

components, and the ratio of VFA/PSoi under each set of conditions are presented in Table 

5.17. The data are the resdt of the research over the penod of 17 months (Oct. 30, 1993 

to Apd 12, 1995). 

The stability and reliabiiity of the PAF reactors; as shown by the effluent average 

VFA concentration data was very steady. The fermenters, except under one set of 

conditions, were producing enough VFA to b ~ g  up the ratio of VFA/Ps, into the range 

of 6 to 9 required for an efficient removal of phosphorus (cited in Barnard, 1993). The 

results also indicate that the developed system was stable under changing environmentai 

and operational conditions. Consequently its application as an integrated part of a 

biologicai treatment system to enhance biologicai nutrient removal was found to be 

reliable. 

Acetic acid is the best substrate for Bio-P bacteria and its presence in the infiuent 

to the anaerobic zone of biologicai phosphorus removal system is highly desirable. The 

results (Table 5.17) indicate that in acid fermentation of the whole wastewater the 

conditions are more favorable for the production of acetic acid than the conditions created 

in acid fermentation of primary sludge. The acetic acid content of VFA produced by acid 

fermentation of primary sludge has been reported to be in the range of 43% (Wentzel et 

al., 1988) and 55% (Randali, 1994). In conaast, the percent contribution of acetic acid in 

this research ranged nom 78% to 96% under various operational conditions investigated 

except in the reactor operating with SRT of 4 days under the low pH condition (Reactor 

F3 in step 2). 



Table 5.18 shows the M A  production observed in various lab d e ,  and in some 

fili scaie prinary sludge fennenters. The VFA production is given as its equivalent 

concentration in the treatment plant influent- Cornparison of the VFA values in Table 5.17 

and Table 5-18 confirms that the PAF reactors were more efficient than the conventional 

statidcomplete-mix fennenters (on the basis of the equivalent concentration in the 

treatment plant influent). Their behavior approached the penonnance o f  wmplete-mix 

fermenter with thickener (Kalispel) ody under the condition of low mWng period (0.25 

Wcycle) at HRT of 12 h. 



Table 5.17 : Summary of the results on a d  fermentation of degritted raw wastewater 
under various environmental and operational conditions tested in this research. 

Steps in 
Research 

SRT 

a 
13 

8 

4 

(Wcycle) (h) (ma) %VFA 
Natural 6 12 47 93 8 

6 12 4 41 0.9 

Natural 0.25 12 44 81 11 

I I 1 

Natural 0.25 9 47 84 10.9 

* The average ratio of VFA/Psi in the raw wastewater was in the range of O. 1 to 1-4. 

Table 5.2 8 : SCVFA yields related to the quantity of primary effluent. 

Oldham & Abraham 
(1994) 

Treatment Plant 

Kelowna, Canada 
(Static Fermenter) 

Penticton, Canada 
(Complete mix fermenter) 

SRT/HRT 
(dh) 
19/14 

Equiv. Plant Influent 
VFA as HAc (ma) 

7/17 
(Ferm. oniy) 

Reference 

Kalispeu, USA 
(Complete mix fermenter- 
Thickener) 

Lab Scale, Univ. of BC, 
Canada 

21 

12/28 

Oldham & Abraham 
(1994) 

10112 

58 Oldham & Abraham 
(1994) 

5 1 Elefsiniotis 
(1993) 



5.4 IMPACT OF FERMENTATION OF RAW WASTEWATER ON BNR IN 

SBR SYS'I'EMS 

The main objectives of this part of research were: 

1- Exploration of the effécts of the prefermentation of raw wastewater on biological 

nutrient removaI in SBR systems. 

2- Optimization of nutrient removal in the newly developed two-stage system of PAF- 

SBR; consisting of a fermenter and a conventional SBR 

Experiments on biological nutrient removal were conducted in four consecutive 

stages (see section 4.1.2) which will be discussed in order in the foilowhg sections. 

5.4.1 STAGE 1 : USE OF THE CONVENTIONAL 8 h-CYCLE 

The objective concemed with the effects of prefermentation of raw wastewater on 

biologicai removai of nitrogen and phosphorus in the SBR systems was accomplished in 

this stage. 

Two parailel biological nutrient removal systems were operating duriag this period 

of research. One a conventional-SBR, compriseci of only one reactor (B2), which was fed 

directly with degritted raw wastewater. The other, a PAF-SBR system consisted of a 

fermentation unit (F2) and a conventional-SBR (Bl). in the latter system, degritted raw 

wastewater was first fermented in fermenter F2 (PAF), and the effluent fiom F2 

(fermented wastewater) then was wnveyed as feed to B1 to be treated for nutrient 

removal. 

The BNR reactors (BI and B2) were operating in conventional cycle period of 8 h 

(3 cycleslday). Each operational cycle during this stage included 20 min of fill 



without mirring, 2 h of anoxidauaerobic penod with mwn& 4 h of aeration with mixing, 1 

h and 20 min of settle foliowed by 20 min of decant. 

The research in stage 1 began on Jul. 5, 1994 and finished on Jan- 14, 1995, The 

two pardel systems were compared as to theu performances and stability of operation 

with respect to the influent variations. The detailed data related to reactors B 1 and B2 are 

shown in Appendix B, Tables B1 and B2. Data on the raw and fermented wastewater can 

be found in Appendix A, Tables Al, A2 and A3 (notice the dates). The performance of 

biological nutrient reactors was evaluated on the basis of the data coliected during the 

steady-state conditions taken on Aug- 1, 1994 to Jan. 14, 1995. 

5.4.l.a-Phosp horus Removal 

The behavior of the two parallel BNR systems with regard to phosphorus removal 

is illustrated in Figure 5.28. The figure shows the profile of the ortho-P concentration in 

the effluent fiom reactors B1 and B2 during the research penod. Reactor BI, fed with the 

fermented wastewater was much more efficient in removing phosphorus than the reactor 

fed with the raw wastewater. The concentration of ortho-P in the PM-SBR system 

effluent was mootly below 0.5 m@ f i e r  achievhg steady-state condition, while in the 

conventional-SBR the effluent concentration of ortho-P usualiy exceeded 1.5 mg/L 

The extent of phosphorus removal in both systems is described more clearly by the 

application of a fiequency chart on the effluent concentration of ortho-P (Figure 5.29). It 

is observed that 50% of the samples taken from the PAF-SBR system had ortho-P 

concentrations 5 0.2 mg/L. About 83% of the samples had values less or equal to 1 mg@ 

in this system. In contrast, the effluent orthop concentrations corresponding to 50 and 80 
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Fig. 5.28 : Ortho-P concentration in the final efltluent h m  the two parallel BNR systems 
(stage 1; 8 h-cycIes). Prefènnentatioa of raw wastewater enhanced P-removal in PAF- 
SBR system. The comnmional-SBR system fd directly with raw wastewater, was 
significantly l e s  efficient with P-removd. 
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Fig. 5.29 : Fnquency chut on the efauent oztho-P concentration of the BNR systems 
(stage 1). About 72% of the samples taken f?om the PAF-SBR systems had an ortho-P 
concentration s 0.5 mg& whüe the comsponding concentration for the conventiod- 
SBR was 2.6 mg&. 



percentiie values were 2.2 mg/L and 3 m& respeaively in the conventionai-SBR system. 

The dinerence observed between the systems in removing phosphocus was evaluated 

statisticaliy and found to be signiscant (P~0.01)- 

In the PAF-SBR system, the characteristics of the raw wastewater changed during 

the fermentation process. Cornplex organic compounds were converted to VFA and other 

easily biodegradable compounds which play an important role in the enhancement of 

biological nutrient removal process. Figure 5-30 shows the changes that occured in the 

ratio of WA/orthoP as the result of the fermentation process. The ratio* as depicted in 

Fig. 5.30, increased remarkably in the fermentation reactor. The mean concentration of 

WA/ortho-P in degritted raw wastewater was 1.1 during this stage of research; indicating 

the inadequacy of VFA for an efficient removal of phosphorus. The ratio* however 

increased to 11 -5 in the fermented wastewater (effluent fiom the fermentation reactor F2). 

As a result the feed (fermented wastewater) conveyed to reactor B1 (BNR reactor in the 

PAF-SBR system) carrieci higher concentration of VFA and a higher ratio of VFNortho-P 

than the feed (raw degritted wastewater) used for reactor B2 (conventional-SBR). This 

was the reason for observing a more efficient removal of phosphorus in the PAF-SBR 

system. 

Track studies were wnducted on the trends of change in ortho-P concentration in 

each BNR reactor (BI and B2) during their operational cycle. The data on this part is 

summarized in Tables C 1 (a), C lm), and C2, Appendiv C. 

The results of track studies are shown in Figures 5.3 1 and 5.32. Figure 5.3 1 

presents the change in ortho-P concentration when the raw degritted wastewater was low 

in VFA content (3 mg/L), while Fig. 5.32 is the representative of the change in ortho-P 
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Fig. 5 3  : VFNortho-P ratio in the mw, aad famatcd wastewata (stage 1). The 
quality of the raw wastewater for BNR process was improvcd by acid fermentation The 
ratio of VFA/ortho-P in the masteci wastewater was rematkably hi* than that 
observai d u e s  in the raw wastewatu. 



concentration when the raw wastewater was relatively rich in VFA (about 16 mg VFNL). 

in both conditions the amount of phosphorus release and uptake in reactor BI (fed 

with the fermented wastewater) was much higher than the values obse~ed  for B2 which 

was fed with the raw wastewater. 

The type and concentration of substrate present for Bio-P bacteria play an 

important role in the amount of phosphoms that is released under anaerobic condition, and 

the amount of phosphorus that is uptaken in the following aerobic condition (Rensink, 

1984; Manning, 1986; Abu-ghararah and Randall 1991; Randail et al., 1994). In the PAF- 

SBR system, prefermentation enricheci the wastewater with the best quality substrate : 

acetic acid. Therefore the Bio-P bacteria, having a supply of VFA during 

anoxic/anaerobic penod, released more phosphorus (prirnary release of phosphoms) to 

provide enough energy for uptake, and conversion of VFAs to PI-W 

The released phosphorus plus the phosphoms already present in the feed were 

removed efficiently in reactor B1 during the aeration period of the cycle @igues 5.3 1 and 

5.32). The phosphorus uptake rate was not constant during the aeration period. It was 

reduced gradually foilowing a first-order reaction (average rate constant k = -0.045) as the 

concentration of ortho-P in the reactor became limited. 

Figure 5.33 shows the amount of P-release in reactor B1 as a bct ion of VFA 

concentration present in its feed (effluent fiom fermenter, F2). The amount of P-release 

was directly proportional to the amount of VFA avaiiable for the Bio-P bacteria during the 

anoxidanaerobic period. The result is in agreement with the results obtained by Iwema 

and Meunier (1985) and Kuba et al. (1994) who al= obsemed an increase in P-release as 

the concentration of acetic acid increased in the environment. 



Fig. 5.31 : Pronle ofortho-P c o n ~ o n  in the BML rcactors during opaational cycles 
in stage 1 (typid for the days when the raw wastewater was low in VFA content). Due 
to the low concentrations of VFA in the raw wastewater, the amount of phosphorus 
release in th. conventional-SBR systern was Iow and not adequate to aigger an dFxient 
removal of phorphorus in this sys~em. Phosphorus reicase and upPLe was high in the 
BNR reactor of the PAF-SBR system as Susbicient quantity of VFA was presait in its feed 
(fermenteci wastewater). 
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Fig. 532 : Profle of ortho-P concentration in the BNR reactors during operational cycles 
in stage 1 (typical for the days when the raw wastewater was rich in VFA content). 
Presence of VFA (about 16 m@L) in the raw wastewatcr improved the performance of 
comrentional-SBR systcm. Unda such conditions, this system was as scient as the 
PAF-SBR system in removing phosphow 
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Fig. 5.33 : P i d e w  in the BNR reactor of the PAF-SBR system-B1 (stage 1). The 
amount of phosphorus rcieasc was proportional to the amount of VFA in its feed 
(fermmtd wastewater). 



The role of SCVFA in reiease and uptake of phosphocus wuld be realized if 

cornparison is made among the m e s  related to the conventionai-SBR in Figures 5.3 1 

and 5.32. The amount of P-release and P-uptake in this reactor was dependent on the 

amount of VFA present in the raw wastewater. The release and uptake of phosphorus 

under the condition of low VFA (Fig. 5.31) was smaller than the release and uptake 

obsewed under the condition of high VFA concentrations (Fig. 5.32). In penods when 

the VFA content of the wastewater was c o n s i d d e  (about 16 mg/L), the conventional- 

system removed phosphorus as efficiently as the PAF-SBR system. 

in summary the results demonstrateci the vital role of SCVFA in bio1ogical nutrient 

removai process. The raw wastewater during this period of the research had a mean 

CO&,,JPTM value of 77 (recommended value for high removal of phosphorus is 40:l). 

However, the conventional-SBR system did not remove phosphocus efficiently except on 

those occasions that the wastewater was rich in short chah volatile fatty acids. In other 

words, though enough organic carbon was present in the raw wastewater, the type of 

carbon was unsuitable for the Bio-P bacteria. Some production of VFA could have 

happened during anoxic/anaerobic period of cycle in conventional-SB& but the resulting 

VFAs were not adequate to provide resources (PHA) for efficient uptake of phosphorus in 

the aerobic portion of the cycle. In contrast, in the PAF-SBR qstem, the lack of VFA in 

the raw wastewater was compensateci within the fermentation unit, resulting in success of 

the following reactor in Bio-P removal process. 



S.4.1.b-AnoUdAnaerobic Period 

The eauent quality fkom the two-stage BNR system (PAF-SBR), shown in Fig. 

5.28 deteriorated occasionaiiy and its phosphoms content exceeded even the levd of 1 mg 

ortho-PL Detenoration could have been caused by a very dilute wastewater on those 

occasions orland a very long penod of anaerobic condition, both resulting in secondary 

release of phosphorus and poor removal efficiency. A search through data on raw 

wastewater characteristics confirmeci the concern about dilute wastewater. The 

wastewater associated with those occasions of low removai was weak in suspended and 

dissolved organic matter (SS<ZOO m& and SOC<40 mg&,). 

Dilute wastewater could have reduced the efficiency of phosphorus removal 

through the following sequence of events: 

1. High quantity of VFA could not be produced during acid fermentation of dilute raw 

wastewater in fermenter F2. Thus the effluent fiom this reactor was not carrying 

adequate amount of VFA to the biological nutrient removal reactor (B 1). 

2. hadequate amount of VFA in the fée4 and long anoxidanaerobic period could have 

triggered the secondary release of phosphoms in BI which impaired Bio-P removal 

signifïcantly. 

In order to investigate further the subject of secondary reluise of phosphorus, and 

to irnprove the performance of the Bio-system even in the periods when the wastewater is 

dilute, several detailed track studies were performed on behavior of ortho-P and VFA 

concentration during the anoxidanaerobic part of the operational cycle (data are tabulated 

in Table C6 and C7 in Appendix C). 

The trends of VFA and acetic acid uptake are presented in Figure 5.34. No mixing 



was provided during the fil1 period and the biochemicai reactions were minimized by 

preventing the contact between the settled biomass and the incoming feed in an UIlStirCed 

environment. At the end of the fili penod, mixing was applied, and was kept through the 

remaining of the cycle period up to the settling tirne. Aimost all of the VFA were uptaken 

durhg the nrst 50 minutes of the anoxidanaerobic period. The mean specific rate of VFA 

uptake was 28.5 mg VFA/g VSS-h (equivalent to 27.1 mg of VFA as acetic acid/g VSS-h) 

as compareci to the VFA production rates which were in the range of 1.2-2.9 mg/g VSS.h 

(See Sections 5.3.1-5.3.4). The cornparison shows the signincant digerence that exists 

between the rates of the actMties of the Bio-P bacteria, and the fermentative bacteria. 

The VFA production rates in this research were obtained under controiied 

laboratory conditions favorable for the fermentative bacteria. In real world, some 

fermentation of organic compounds occurs in the anaerobic zone of Bio-P removal 

systems, but the conditions are usuaily not as favorable. As a result the VFA production 

rate would probably be lower than those obtained in this research. Hence the merence 

between the rates of production and uptake of M A  becomes a more critical issue. 

The dichotomy of the rates is moa probably the major reason for unreliable 

performance of P-removal in those treatment plants that anaerobic zone is the sole means 

of production of VFA for the Bio-P bacteria. Because of the differences in the rates of 

actisities of the fermentative bacteria and the Bio-P bacteria, optimization of design and 

operational conditions in such systems is very diffi.cult if not impossible. The ferrnentative 

bacteria, haWig slow rate, require long HRT for the conversion of complex organic matter 

to volatile fatty acids. in contrast, the BioP bactena are very fast in removing VFA, and 

their efficiencies in removal of phosphorus would be impaired by long HRTs, due to the 



Fig. 5.34 : VFA-uptake in B 1 during the initial anoxidansembic period of 8 h opdonal  
cycles (stage 1). The VFAs were al1 removeci during the nnt 50 min of this paiod. 



phenornenon of secondary phosphonis release. 

The patterns of phosphorus release in the two Bio-P removal systems are shown in 

Figure 5.3 5. The trend of phosphorus release in B 1 ( fed with femented wastewater) was 

steep in the initial 50 minutes of the anoxidanaerobic period and then d i s h e d  

signifïcantly during the rest of this period. Cornparison of the results of VFA uptake and 

phosphorus release (Figures 4.34 and 4.35) in the PAF-SBR system indicates that the 

higher rate of P-release (primary release) occureci in the same t h e  interval that VFAs 

have been uptaken. The average rate of P-release during this period was 19 mg ortho-P/g 

VSS.h. The rate afterwards decreased to an average of 1.8 mg ortho-Plg VSS.h 

(secondary release). High initial release of phosphorus provides energy for the basal 

requirement of the ceus, and for the uptake of substrate (VFA) and storage of them in the 

form of polyhydroxyalkanoates. After volatile fatty acids were ail taken up, the P-release 

did not stop and continueci with slower rate due to the energy requirements of the 

microorganisms under anaerobic environment. 

The rate of release cf phosphonis in a conventional-SBR was relatively slow, 

uniform and almost parailel to the rate of secondary release in the PAF-SBR system. The 

trend of release did not show any distinct bend (Fig. 5.35); indicating the absence of 

adequate amount of VFA in the f d  to this reactor. The rates of primary and secondary 

release of phosphonis could not be differentiated in conventional-SB& as the production 

and uptake of VFA were occurring concumntly. 

Secondary release of phosphorus deteriorates the efficiency of Bio-P removal 

systems and should be prevented as much as possible. One method is based on 

optimization of the initial anoxidanaerobic period of the operational cycles. In a 



conventional SBR system, this optimirrrtion is not practical , as the time intenral between 

primary and secondary releases of phosphorus is not distinguishable (Fig. 5.35). 

However, in two-stage system (PAF-SBR), the thne of the depletion of VFA and the start 

of the secondary release is clearly distinct. As the result the anoxidanaerobic timing in 

these systems could be controiied to reduce the excess release of phosphorus. Accordhg 

to the results, the anoxic/anaerobic period of 2 h and 20 min for the PAF-SBR system was 

too long because it induced some secondary release of phosphorus. 

Overaii, secondary release of phosphorus aggravateci with the weak wastewater 

was the reason for observing deterioration of nnal effluent quality in PAF-SBR system on 

certain days of the experirnent. Anoxic/anaerobic period of the BNR system with the 

prefermentation step should be reduced fiom 2 h and 20 min to about 45 minutes 

(including the fiil period) to match the time period required for the uptake of VFA, and to 

prevent my secondacy release of the phosphorus. This is equivalent to 20% decrease(1 h 

and 35 min ) in total 8 h cycle period in the SBR systems. In continuos-fiow systems this 

reduction accounts for a decrease of one and a half hour in the HRT of anaerobic zone- 

In summary, it is evident that the contents of VFA in the infiuent to Bio-P removai 

systems can infiuence the sizing of the units due to its impact on the required HRTs. 

Thus, it seems necessary to consider the infiormation on this parameter in the design of 

such systems. 

S.4.l.c-Nitrogen and SOC Removai 

The peflorrnance of the two parallel biological nutrient removal systems in 

removing nitrogen is obsewed in Figure 5.36. Nmogen removai in both systems 



Fig. 5.35 : P-rdcase during the initial moxidanaerobic period of 8 h operationai cycles 
(stage 1). The high initial rate of phosphorus rcleasc in BI comsponds to the t h e  period 
of VFA uptake (Sœ Fig 5.34). The rate of phosphorus release in the c0mrCIltional-SBR 
(B2) was slow, d o m i  and aimost equal to the rate of nlease in BI w h a  ail the VFA 
have been used up. 



depended upon the strength of the incoming wastewater. The data on soluble organic 

carbon (SOC) of the degritted raw wastewater is presented in Figure 5.37. The 

percentages of nitrogen removal (Fig- 5.36) foiiowed the same pattern of change that was 

observed for SOC content of wastewater. Durhg the initial period of the experiment, 

when the wastewater was stronger, more nitrogen was removed as the result of presence 

of higher amount of carbon for the denitrification process. 

The mean percentage of total soluble nitrogen removai at steady-state conditions 

was 46% for PAF-SBR system, and 40% for the conventional-SBR Higher percentage 

removal in the former system is the resdt of higher concentration of available SOC 

produced in the prefermentation step. Total aitrogen concentration in the etnuents of BI 

and 8 2  were 17.5 and 18.5 mg/L respectively; about 90% was comprised by the oxidized 

forms of nitrogen (NO3+Nû& Mean ammonium content of the effluents was negiigible. 

Instantaneous denitrification, and the denitrification that occurred during the initial 

anoxic period of each cycle were primariiy responsible for the removd of nitrogen. 

Nïtrogen removal in both systems was limited by lack of carbon for the denitrification 

process, and the limited total amount of time that was docated for denitrification in each 

operational cycle. 

Profiles of SOC concentration in BNR reactors-B 1 and B2, during 8 h operational 

cycles are presented in Figure 5.38 on the basis of the data in Appenda C, Tables Cl(a) 

and Cl@). The average concentration of SOC remaining in the effluent of these reacton 

at the end of each cycle was 18 mfi in B 1, and 19 m g L  in B2. These values represent 

the amount of SOC that has not been biodegraded by the biomass of each reactor. 

Considering the initial dilution of the feed with the remaining volume of the liquid fiom the 
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Fig. 5.38 : Change in SOC concentration of the BNR reacton during 8 h operational 
cydes (stage 1). AU biodegradable SOC was removeci w i t h  the fust 4 h of each cycie. 



previous cycle, it was r&ed that about 77% of the biodegradable SOC in reactor B1 

(belonging to the PAF-SBR system), and 65% ofthe SOC in reactor B2 were consumed 

during the initial anoxidanaerobic period, and the remaining amounts were mostly uptaken 

for the aerobic metabolism of rnicroorganisms during the nrst two hours of aeration. 

Consequently, any instantaneous denhification would have been mainly dependent on the 

endogenous carbon resources. Summariaag the tesults, it cm be concluded that the lack 

of avaiiabiity of extemal organic carbon could have restricted the extent of denitrification 

process in both BNR systems. 

Sm4.1md-Final Effluent 

The charactenstics of feed, and finai effluents in the parallel biological nutrient 

removal systems tested in stage 1 are presented in Table 5.19. 

The fermented wastewater (F.W.W.) served as feed in the BNR reactor of PAF- 

SBR system was stronger in soluble components than the raw wastewater, RW-W. (feed 

to the conventionai-SBR). However with regard to the suspended solids, it containeci 

60% less SS than the raw wastewater. The fermentation unit in the PAF-SBR, in fact, 

acted as a sedientation, and a fermentation tank. The efficiency of this reactor in 

removing suspended solids of the raw wastewater was equivalent to an efficiently designed 

and operated prirnary sedimentation tank. A weli designed prirnary sedmentation tank 

WU remove fiom 50 to 70% of the suspended solids (Metaif and Eddy, 199 1). Removal 

of SS fiom the wastewater reduces the load to the foilowing BNR reactor. Moreover, the 

solubilization and fermentation of organic compounds in the fermentation unit caused an 

increase in the soluble components, especially in VFA concentration. Alkalinity, SOC, 



VFA, and different forms of soluble nitrogen and phosphorus were present at higher 

concentrations in the fennented wastewater than the raw wastewater (Table 5-19). Total 

phosphorus and total nitrogen of fermented wastewater, however, showed a reduction due 

to the removal of suspended solids in the fmentation unit. 

The effluent quality of the two BNR reactors indicated that the PAF-SBR system 

was producing a better quaüty effluent than the conventional-SBR system. The BNR 

reactor of PAF-SBR system, in spite of stronger feed (F-W-W) received, demonstrateci 

higher efficiencies in treatment of suspended solids and dierent forms of nitrogen and 

phosphorus as compared to the conventional system. The merences observed in the 

mean values of diflierent forms of nitrogen in the effluent of the two systerns were not 

statisticaliy significant showing the similarity ofthe behavior of two systems in removal of 

nitrogen. However the differences in the removal efficiencies of suspended solids and 

dinérent f o m  of phosphorus were considerable and statistidy signifiant. 

The average concentration of suspended sotids in the ha1 enluent of the two-stage 

SBR was 11 mg& while in the conventional-SBR system it averaged 19 mgL. Iudging 

on the basis of the average concentrations, suspended solids were removed efficiently in 

both BNR reactors. However, the stability and consistency of the SS removal were not 

the same in the two compared systems. As verified by the standard deviation, Table 5.19, 

the concentration of suspended solids in the efauent of the conventional-SBR system was 

highly variable- The concentration ranged fiom 5 to 5 1 m g L  with the mean concentration 

of 19 mg/L and standard deviation of 13.1 as compared to mean suspended solids 

concentration of 11 mg/L with standard deviation of 3.8 observed for the PAF-SBR 

system- The highly variable SS in the emuent of the conventional system was due to the 



Table 5.19 : Characteristics o f  the feed and the nnal efZIuent fiom the two p d e l  BNR 
systems (8 h-cycle). 

Parameter RWoWo FoWeWo Effluent Effluent 
(PAF-SBR) (Conventional-SBR) 

M&SD MeaûSD MeanfSD MeanISD 
PH 7,lM. 1 7 ,W.  1 7-7H.3 7.7M.2 

VFA 3 -7 47k11.2 - - 
PO," 3 -5f0.5 4.2f0.6 0.5 " 2.3f 1.2 b 

Note : AU values are expressed in mg& except pH. 
SD : Standard Deviation of the data 
* : Non-simiiar letters in the superscript ïndicate a significant difference between the 
means (W0.0 1). 



changes which occurred in the biological characteristics of sludge. Periodic proliferation 

of flamentous bacteria caused the loss of solids through the effluent and inconsistent 

efficient removal of suspended solids. A discussion on some characteristics of the of 

sludge of the two systems such as settieabii wilf be presented later in a separate section, 

In summary, a substantiai improvement was observed in the quality of the treated 

effluent fkom the PAF-SBR system. The success was reIated to the fermentation of raw 

wastewater prior to its treatment for nutrient removai. 

5.4,l.e-Conclusion 

Prefermentation of raw wastewater enhanced nutrient removai in a two-stage SBR 

system. Enhancement was due to the presence of easily biodegradable compounds 

(VF'As) generated during the fermentation process. 

The conventional operationai cycle period of 8 h (with 2 to 3 h initial anaerobic 

condition) which is common in SBR systems removing nutrients, was proved to be too 

long if the wastewater is already nch in VFAs (fermented wastewater). The long initial 

anoxiclanaerobic portion of the cycle should be shortened to 40-50 min in order to prevent 

secondary release of phosphorus. 

Nïtrogen removal in both SBR systems; with and without a prefermentation step, 

was constrained by lack of availability of organic carbon for the denitrification process and 

limited anoxic time period of operationai cycles 



5.4.2 STAGE 2 : IMPROVEMENT IN P-REMOVAL (6 h-CYCLE, HRT = 9 h) 

In previous stage of the research with 8 h operational cycle, it was demonstrated 

that an initiai anoxic/anaerobic period of 2 h and 20 min deteriorated the efnuent P- 

removal efficiency in the PAF-SBR system, thus should be reduced. Reduction to 45 min 

would be expected to d u c e  any chance of secondary release of phosphorus. 

In this stage of the research, the total cycle penod of the BNR reactors (B 1 &B2) 

was reduced to 6 h, aliowing the reactors to operate with 4 cycldday and at HRT of 9 h. 

Each cycle was composed of 20 min of £ill without mixing, 25 min of anoxidanaerobic 

with miuing, 3 h and 40 rnin of aeration with mk, 1 h and 15 rnin of settle and finally 20 

min of decant. In this stage a major reduction in anoxidanaerobic tirne period of each 

cycle took place. The configurations of the parallel BNR systems were sirnilar to those in 

the previous stage. The PAF-SBR system was composed of the BNR reactor BI, and the 

fermenter F1 which was NMing at 4 cycldday at the t he .  The pardel system, 

conventional-SBR, did not have the fermentation step and consisted of oniy B2, the 

reactor for biologicd ternoval of nutrients- 

The objective was to improve phosphorus removal, by investigating the efficiency 

and stability of the process under the new operationai cycle conditions where the 

anaerobic period of the cycle was reduceâ to 45 min. 

The experimentai work started on Jan 15, 1995 and continued up to Mar. 13, 

1995. The performance evaluation of the reactors was based on their operation during the 

steady-state condition (Jan. 25, 1995 to Mar. 13, 1995). The data related to BNR 

reactors are summarized in Tables B1 and B2 in Appendix B. and the data on raw, and 

fermented wastewater (efnuent fiom F1) are presented in Appendix A; Tables Al and A2 



S.4.2.a-Nutrient Removaï 

The discussion of the effects of the new operational cycle on the removal of 

nutrients requires some information about the characteristics of the raw wastewater which 

has been used during the current, and previous stage of the research Figure 5.39 shows 

the variations in the suspended solids and the SOC concentration of the raw wastewater. 

The figure clearly illustrates that during m e n t  stage of the research (stage 2), there also 

were periods in which the incornhg raw wastewater was as dilute as during some penods 

in previous stage (stage 1). During dilute condition periods, the raw wastewater had 

suspended solids and SOC wncentrations of less than 200 m a  and 40 mg& 

respectively. Dilute wastewater initiates the chah action of reduction in the VFA 

production, secondaxy release of phosphorus and finaüy deterioration of the excess P- 

removal. During the prevïous stage, the impact of âilute wastewater was compounded by 

the long penod of anaerobic conditions withh the operational cycle, such that the two 

parameters together impaired the performance of BNR reactors on occasions that the 

wastewater was dilute. In contrast, detenoration of P-removal in PAF-SBR system was 

not observed during this stage of the research. The system was continuousiy producing 

high quality effluent regardess of the strength of the wastewater. The rasons for the 

success of the system, as will be disaisseci in detaiis, were: 1) fermentation process which 

e ~ c h e d  the raw wastewater with the VFAs, and 2) reduction in the length of the 

anaerobic penod which controîied secondary release of phosphorus. 

Figure 5.40 shows the profiles of the VFA concentration in the raw, and fennented 

wastewater. The fermented wastewater carried significantiy higher concentration of VFA 

in cornparison to the raw wastewater. The variation observed in the FVA content of the 
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Fig. 5.39 : Variation in SS and SOC concentdons in the raw wastewater (stages 1 & 2). 
During stage 2 of the -ch, there were a h  periods in which the raw wastewater was 
as weak as those occasions observeci during stage 1. 
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Fig. 5.40 : Pro& of SCVFA in the mv and fûmcntd wastcwater (stage 2). The 
concentration of VFA in the fermentecl wastewater was si@cantly bigher than the 
concentration in the raw wastewater. 



fennented wastewater was due to the variation in the strength of the incoming wastewater. 

Regardless of the variation in the raw wastewater, the fermenter in the PAF-SBR system 

always acted as a s a f i  vaive for the operation of BNR reactor. The fermentation unit, 

even on the days that the systern received dilute wastewater, produced an adequate supply 

of VFA because of the solids remahed in the reactor &om the previous days (SRT » 

m. 
The raw wastewater used during this stage, as shown in Fig. 5.40, was not 

consistent in its VFA content. The VFA concentration was almost negligïble d u ~ g  the 

6rst 35 days of the experiment- However, in the last portion of the experiments which 

was in late Febmary and early March, the raw wastewater was delivered partially 

fermenteci, such that the concentration of VFA on some days was as high as 20 m a .  

The profile of the concentration of ortho-P in the raw wastewater and in the 

effluent of the two parallel BNR systems are presented in Figure 5.41. The Iower 

concentration of ortho-P in the effluent (fkom BNR reactors) as compared to the raw 

wastewater indicates that the Bio-P bacteria were present in both systems, but their 

efficiencies in removal of phosphorus in the two systems were not comparable. In PAF- 

SBR system, the excess removal of phosphorus by the Bio-P bacteria produced an average 

efnuent concentrations of 0.2 m& and 0.3 mg& for the ortho-P and soluble-P, 

respectively. The mean concentration of soluble phosphorus was reduced fkom 4.7 mg/L 

in the raw wastewater to 0.3 mg/L in the fiaal effluent of PAF-SBR; corresponding to an 

average removal efficiency of about 94% in this system. During thû stage of the research, 

the ortho-P concentration of the ha1 effluent in the PAF-SBR system was always less 

than 1 mg& while in the previous stage (8 h cycle), the concentration exceeded 1 mg/L 



Fig. 5.41 : Profile of orrho-P concentration in the raw wastewater and ef18uent 6rom the 
BNR systems (stage 2). Excess biologïcai phosphorus removal was o d g  in both 
systems. The e86iciency of phosphorus runoval, howcver was not the same. 



on the days that the wastewater had low carbon content. The observed improvement was 

the result of application of the 6 h operational cycle with a short anaerobic period. 

The process of biological phosphorus removal, however was not vey efficient in 

the conventional-SBR system, On the average about 47% of the soluble influent 

phosphorus (2.2 mgL) was removed by the biornass in this reactor which is 50.h of the 

phosphorus removal efficiency in the PAF-SBR system. Accordhg to Metcalf and Eddy 

(1991), 10 to 30 percent of the influent phosphorus is removed d h g  secondary 

biologicai treatment. Additional uptake of phosphoms in excess of the demands for 

normal cell maintenance and synthesis is requred to achieve low effluent concentration 

levels. The mean concentrations of ortho-P and soluble-P in the effluent of this qstem 

were 2 mg& and 2.5 mg/L, respectively. Phosphorus removal in the conventional-SBR 

showed an improvement during the last 25 days of the experimental period (Fig. 5.41). 

This time period, as can be seen in Figure 5.40, coincideci with the tirne period of 

observing high concentration of the VFA in the raw wastewater. Consequently, higher 

removal of phosphoms during this specific period was the result of the presence of VFA in 

the raw wasiewater. 

Nîtrifkation in both BNR reacton was almost complete, leading to the NH&N 

concentration of less than 0.5 mg/L in the emuents of the two BNR systems. Soluble 

nitrogen removal averaged 50% in the PAF-SBR and 42% in the conventional-SBR The 

nitrogen removal efficiency was calculateci on the basis of total soluble nitrogen 

concentrations in the feed to the BNR reactors, and in the effluents fiom these reactors. 

Total soluble nitrogen in the efauent of Bl  avenged 20 m a ;  about 87% being oxidized 

foms of nitrogen (NOS-N and NO*. In wntrast, the mean concentration of total 



soluble nitrogen in the effluent fiom the conventional-SBR was 23 mg/L including 85% 

oxidized form of nÏtrogen. Durhg steady-state condition, the total nitrogen content of the 

effluents f?om B 1 and 8 2  averaged 21 m f i  and 27.5 mg& respectively. 

5.4.2. b-Track Studies 

The trends of change in ortho-P, NOx-N, and SOC concentration of BNR reactors 

(BI & B2) were investigated to demonstrate the behavior of the systems during the new 

operational cycle of 6 h. 

The results of the ortho-P and NOx-N studies are collectively shown in Figure 

5.42, and the outcome obtained for SOC is presented in Figure 5.43. These figures which 

will be discussed in the following sections are bas& upon the data in Appendix C, Tables 

C3(a) and C3 (b), 

5.4.2,~-Phosphorus Profde 

Phosphorus was released in reactor BI during the initial 45 min of the operational 

cycle when the reactor was experiencing the anoxidanaerobic conditions (Fig. 5.42). The 

high quantity of release in this reactor was due to the presence of VFA in the fermented 

wastewater which averaged 38 mg/L during the period of track studies. The sp&c rates 

of VFA uptake and P release in the 1st 25 min of anoxi Janaerobic period (when mixing 

was provideci) were 22 mg VFA.1 g VSS.h (equivalent to 21 mg of acetic acid) and 16 mg 

of ortho-Plg VSS.h, respectively. On the average 1 mg of phosphorus was released 

during uptake of 1.4 m g L  of SCVFA This is equivalent to the molar ratio of 0.7: 1 for 

the VFA uptake (as acetic acid)/ortho-P release. The molar ratio obtained in track studies 



of the previous stage of the research (8 h cycle) was 0.75: 1. The ratio of VFA uptake/P- 

release is not a constant value and varies considerably depending upon the conditions of 

the experiments, type of substrates present, and the ongin and type of sludge. Some of 

the reported values for the molar ratio of SCVFA decrease to phosphate increase in bulk 

solution were: 0.7: 1 (Arvin, 1985; Comeau et al., 1986), 1: 1 (Fukase et ai., 1982; Wentzel 

et al., 1985), and 1.3: 1 and 3 -4: 1 (Adho et al., 1987). The ratios obtained in this research 

are similar to the ratio reported by Arvin (1985) and Comeau et al. (1986). 

Phosphorus uptake occurred during the first 3 h of aeration. The P-uptake rate 

was not constant and decreased as the aeration proceeded. The behavior of phosphorus 

uptake in this stage was similar to the behavior observed during the aeration penod of 

stage 1 (Figures 5.3 1 and 5.32). The highest uptake rate occurred in the first hour of 

aeration with an average specinc rate of 5.7 mg ortho-P/g VSS.h which then diminished to 

2.4 mg ortho-P/g VSS.h in second h of aeration. The slowest rate of P-uptake was 

observed in the 3rd hour of aeration and was equal to 0.9 mg ortho-P/g VSS.h. 

Phosphorus fate in the conventional-SBR system was totaiiy difTerent fi-om the 

PAF-SBR system. The release of phosphorus was negligible due to low concentration of 

W A  in the raw wastewater (average VFA=3.6 m a )  in the days of the track studies. 

Furthermore, the anoxidanaerobic period was too short (45 min) to allow for considerable 

conversion of complex organic compounds of feed (raw wastewater) to VFA in this 

reactor- About 50% of the phosphorus in the solution was removed d u ~ g  the aeration 

period of this system indicating an incomplete uptake of phosphorus. 



S.4.2.d-Nitmgen Profüc 

Nitrogen compounds in the feed to the BNR reacton were composed of =-N 

and organic nitrogen Nonetheless, as t is observed in Fig. 5.42, there were some 

oxidized forms of nitrogen (-+Na) present in both BNR reactors at the start of each 

operational cycle. These compounds onginated fiom the previous n/ce and were present 

in the volume of the liquid that remained in each reactor after the decanting operation. 

The oxidized forms of nitrogen then would be diluted with the incoming feed, and M y  

denitrified durkg the initial anoxidanaerobic period of each cycle- 

It is interesting that in reactor B1 (BNR reactor of PAF-SBR system), 

considerable amounts of phosphorus were released even in the presence of nitrate in the 

solution, The release of phosphorus in the presence of nitrates was reported by several 

authon (Hascoet et al., 1985; Iwema and Meunier, 1985; Manning, 1986; and Kuba et al., 

1994). The release, as was suggested by Hascoet et al. (1985), may have partialiy 

onginated in a part of the biomass which was unable to reduce nitrates. Iwema and 

Meunier (1985), and Kuba et al. (1994) showed that despite the presence of nitrate, the 

Bio-P bacteria release phosphorus as long as acetic acid is present in the environment. P- 

release was observed under anoxic condition with nitrate concentrations up to 40 mg 

N03-N/L (Iwema and Meunier, 1985). The release was found to be a hction of nitrate 

and acetic acid concentrations; increasing with an increase in the concentration of acetic 

acid. Contrary to the work of these groups, some other authors including Osborn and 

Nicholls (1978), Comeau et al. (1990), and Jenkins and Tandoi (1991) reported the 

inhibition of P-release when nitrate was present in the anaerobic zone of BNR process. 

Conversion of m - N  to nitrate occumd in both BNR reacton dunng the aeration 



Fig. 5.42 : Results of the track studies on 0rtho-P and NOx-N concentrations (stage 2). 
Behavior of the two parailel BNR reactors were _n'mil= with respect to the changes in 
NOeN concentration. However, the systems were distinctiy Merent in their abüity for 
reluise and uptake of phosphorus. 



period of each cycle. The rate of nitrification, however, did not remain constant and 

varied whiie aeration proceeded. Two distinct periods were obsaved with respect to the 

nitrification rates. In the first 2 h of aeration, nitrification rates expressed as oxidized 

fonns of nitrogen were fkst (2.98 mg NOx-N/g VSS.h in reactor BI, and 2.73 mg NOx- 

N/g VSS.h), as rdected by the steep parts of the related cuves in Fig. 5.42. The rates 

then diminished to 0.68 mg NOx-N/g VSS.h and 0.43 mg N O a g  VSS.h in B 1 and B2, 

respectively d&g the last penod of aeration as a result of decrease in concentration of 

substrate (NH4-N) in the reactors. The average specific rate of nitrification over the whole 

period of aeration was 1.94 NOx-N/g VSS.h in reactor B1 and 1.68 NOx-N/g VSS.h in 

reactor B2. 

Nitrification is a sensitive process, affected by many parameters including 

temperature, pH, organic carbon, etc. Therefore the specific rate of nitrification varies 

with the conditions of experïments. Some ofthe rates observed by other researchers are 

as foliows: McClintock et al. (1993) measured removal rates of 1.97 mg =N/g 

MLVSS.h at a temperature of 20°C and a pH of 7.2. Wdd et al. (1971) reported a 

specific nitrification rate of 2-04 N=-N/g MLVSS.h at a temperature of 20°C and pH of 

6.5. Cornparison between the average rates obtained in this experiment and the rates 

observed by the above authors showed that the average speciflc rate of nitrification in the 

PAF-SBR system was very close to the reported values. The specific rate of nitrification 

in reactor B2 (conventional-SBR) was however lower than these values. 

In both BNR reactors, as shown in Fig. 5.42, the amount of denitrification during 

the settîe phase of operational cycle was negligible. 



5.4.2.e-Solubk Organic Carbon (SOC) PtofiIe 

The behavior of carbon uptake during the 6 h operationai cycle is shown in Figure 

5.43. The patterns of the change in soluble organic carbon concentration of both BNR 

were similar to those observeci in an 8 h operational cyde during the previous stage of 

research Pig. 5.38). AU biodegradable soluble organic carbon were removed in the first 3 

h of the cycle, leaving a concentration of about 18 mg/L non-biodegradable SOC in the 

effluents fiom reactors B 1 and B2. In reactor B 1, 62% of the biodegradable SOC was 

removed under initial anoxic/anaerobic condition which lasted for 45 min, and the 

remaining 38% was reduced during the first 2 h of aeration The specific uptake rate of 

SOC was 9.6 mg/g VSS.h during the anoxidanaerobic portion of the cycle which then 

gradualiy diminished in the following 2 h of aeration. The rate finally leveled off due to 

unavailabiïty of SOC in this reactor. 

In reactor B2, the tme rate of SOC uptake could not be estimated due to 

concurrent occurrence of solubilization process. Any change in the concentration of SOC 

in this reactor was the result of solubiiization of particdate organic carbon (increase in 

SOC), and the uptake of carbon by the biomass (reduction in SOC). As a result the rate 

of change in the SOC concentration in reactor B2 can not be calculated to specw the 

uptake rate of SOC by the biomass. 

5.4.2.f-Conclusion 

Operationai cycles with short anaerobic period were essential for efficient 

phosphorus removal if the receiving infiuent to SBR systems has been already enriched 

with VFAs. The consistency of PAF-SBR system in removing phosphorus to 



Fig. 5.43 : Profile of SOC in the parailel BNR reactors (Stage 2; 6 h cycle). The behavior 
of SOC removal durhg operational cycle of 6 h was simikr to the behavior that was 
obsaved in 8 h cyde (lig. 5.38). About 62% of the bidegradable SOC in reactor B1 
was removed unda the anoxi J ~ o b i c  portion of operationai cycles. 



concentrations less than 1 mg/L was si@caatiy improved through application of 

operational cycles of 6 h, with 45 min anoxidanaerobic condition at the beginning of each 

cycle. Shortening the cycle fiom 8 h to 6 h did not damage biological removal ofnitrogen 

or organic carbon. 



5.43 STAGE 3 : IMPROVEMENT IN NITROGEN REMOVAL THROUGH 

STEP AERATION 

D e n i m g  miaoorganisms are fkcuftative anaerobes (see section 2.2.3). 

Presence of oxygen suppresses the deaitrification enzymatic system and decreases the 

process efficiency (Grady and Lim, 1980; K6mer and Z u d ,  1989; Von Schulthess et al., 

1994). Thus for a successful biological nitrogen removal, existence of an awxic period 

where oxidized forms of nitmgen can act as an e1ectron acceptor in metabolic reactions is 

essential. 

The results of previous stages of this research showed that nitrification was 

occurring in both biological nutrient removal reacton; B1 and B2. Denitrilkation 

efficiencies were however LUnited partly due to the iimited anoxic period of each 

operational cycle. Operational cycles in stages 1 and 2 of the research did not have any 

pre-programmed anoxic penods. The ody anoxic period was a short period at the 

beginaing of each cycle when the remaihg volume of the liquid from the previous cycle 

was mixed with the feed to the reactor. 

The objective of this stage was to enhance bio1ogical nitrogen removal through 

introduction of a pre-prograrnmed anoxic period within the operational cycles of BNR 

reactors. For this purpose step-aeration was applied such that d e r  the initial 

anoxidanaerobic period of 45 min, the BNR reactors were aerated for 1 h in order to 

nitri@ some of the ammonium present in the f d .  This period of aeratîon was foliowed 

by 1 h and 45 min of anoxic condition. Aeration was tumed off during this period to 

encourage the use of nitrates in biochemical reactions. At the end of the anoxïc period, 

the reactors were aerated again for one more hour to nitr@ the remaining ammonium in 



the system. Settle and decant periods foilowed this step of aeration The total cycle 

period was 6 h (4 cycle/day), the same as in the previous stage (stage 2) of the researcb, 

Each cycle included a 45 min of anoxidanaerobic penod, followed by 1 h of aeration, 1 h 

& 45 min of anoic period, 1 h of aeration, 1 h & 10 min of settling, and fhdy  20 min for 

decanting. Mïxing was provideci at the end of the î2l period (fht 20 min of each cycle) 

and kept in action up to the settiing period. The only dserences between this and the 

previous stage were the total aeration penod, and the aeration regime. in the previous 

stage of the research the total aeration penod of each cycle was continuous for 3 h 6 45 

minutes. In this stage, the total aeration period was reduced to 2 h which was applied in 

two intermittent periods of lh each, with an moxic period of 1 h & 45 min in between. 

The HRT and SRT of the reactors remained the same as before : 9 h, and 10 d 

respectiveIy. 

The above operational cycle was the outcome of many track studies performed 

with different combinations of aerobidanoxic periods. The resdts indicated that 

allocation of less than 1 h for the £kst penod of aeration, did not produce enough NOx to 

be removed in the following anoxic period. Aeration of more than 1 h also reduced 

denitrification efficiency due to the oxidation of carbon in the presence of ovgen which 

intensined the deficit of carbon source for the deniaification process. A penod of 1 to Ih 

& 15 min was necessary for deaitrification of aii the NOx formeci in the fit  stage of 

aeration. Finally a second aeration penod of 1 h followiag the anoxic period could ni* 

the remaining ammonium to levels less than 1 m a .  Becaux a total period of 2 h of 

aeration seemed sufficient for total nitrification of ammonium, the anoxic period was 

extended to 1 h and 45 min to reduce aeration and to save as much energy as possible. 



Extension of the anoxk penod to 1 h & 45 min did not affect nitrogen, and phosphocus 

removal in the prelïmhary track studies, 

The curent stage of research began at Mar. 14, 1995 and continued until Jul. 6, 

1995. Reactor B2 (conventional-SBR) was fed with degritted raw wastewater during this 

penod, whiie B1 (BNR reactor in PAF-SBR system) was fed with the fermented 

wastewater (effluent tiom fermenter F1 up to Apr. 13th which was then replaced by the 

eauent fiom fermenter F2 due to the equipment failure in FI). 

Detailed data on conditions and performance of BNR reactors are presented in 

Tables BI and B2 in Appendix B, and the data related to the feed to these reactors (raw, 

and fermented wastewater) are shown in Appendix A, Tables Al, A2 and A3, 

respectively. Performance evaluation of BNR reactors in removing phosphorus and 

niuogen was based on the data coilected during the steady-state condition of the reactors 

(Mar. 29 to Jul. 6). 

5.4.3.a-Phosphorus Removal 

The change in aeration regime of BNR reactors did not impact phosphorus 

removai (Figure 5.44). The data points cover the total time period of previous and 

present stages of the research and show P-removal efficiencies under the two regimes of 

continuous, and step-aeration. 

It should be pointed out that the raw wastewater used during the current stage of 

the research was generaliy weaker than the previous stage, as is reflected by a change in 

concentration of ortho-P in Fig. 5.44. Snow thaw and sprïng rains were the major causes 

of dilution- Other constituents of raw wastewater such as SOC and different forms of 



nitrogen also showed a reduction in concentration during this period. 

Lower concentration of 0rtho-P in the effluents of  the BNR reactors as compareci 

to the concentration in the raw wastewater indicated that P-removai processes were 

occurring in both reactors B1 and B2. Phosphocus removal in the conventionai-SBR 

(B2), as indicated by variation in efauent ortho-P concentration, was not consistent. 

Concentration of ortho-P in the efauent of this system during step-aeration period ranged 

fiom 0.5 to 2.7 mg/L with an average of 1.2 mg/L. The mean removal efficiency of this 

system for soluble phosphorus was 57% which reduced soluble phosphorus concentration 

fiom 3.5 mg/L in the raw wastewater to 1.5 mg/L in the emuent. The mean 

concentrations of ortho-P and soluble-P in the efliuent of conventional-SBR system d u ~ g  

this stage of research (step-aeration) were lower than their concentrations during the 

previous stage (2 and 2.5 mg& respectively) when 3 h and 45 min of continuous aeration 

was applied. The lower concentration of phosphorus in the efnuent of conventional-SBR 

under step aeration, however, can not be totally attrïbuted to the change in aeration 

regime, as the féed to the reactor was also weaker during this stage of experiments. 

Contrary to the conventional-SBR system, phosphorus removal in BI  (BNR in 

PAF-SBR system) was very consistent and stable which resulted in a low degree of 

variation in effluent phosphorus concentration (Fig. 5.44). Phosphorus removal efficiency 

in the PAF-SBR system was signiscantly (P<0.01) higher than the paraliel conventional- 

SBR system. The average concentrations of ortho-P and soluble-P in the final effluent of 

PAF-SBR system dwing this stage of research were the same as the concentrations in 

previous stage of the research; being 0.2 and 0.3 mg/L respectively. A reduction of 90% 

in soluble phosphorus occurred in PAF-SBR system as the concentration diminished from 



Fig. 5.44 : Ortho-P concentration in the raw wastewater and d u e n t  flom the BNR 
reacton (stage 2). Stepaeration did not deteriorate Bio-P removal in the tested systems. 



3 -5 m a  in the raw wastewater to 0.3 mg& in the system effluent. In conclusion, step- 

aeration did not detenorate Bio-P removd in the SBR systems. Phosphorus removal in 

both parailel reactors under step-aeration conditions was as good as the removal under 

continuous aeration conditions. 

Frequency plots of orho-P and so1uble-P in the effluent of BNR reactors operating 

under continuous/step-aeration conditions (stages 2 &3 of the research) are shown in 

Figures 5.45 and 5-46 respectively, The superiority of the SBR system with 

prefermentation step (PAF-SBR) over the conventional-SBR in removhg phosphorus is 

clearly demonstrated in these figures. Figure 5.45 shows that about 50% of the effluent 

samples in the PAF-SBR had an ortho-P concentration < 0.2 mg&, while in the 

conventional-SBR the concentration correspondhg to 50% of the effluent samples was 

1.5 mg/L. It is also apparent that all the samples taken from the former system had an 

ortho-P concentration of 5 0.5 mg/L. 

As far as etnuent soluble phosphorus is concemed (Fig. 5-46), ali samples fiom the 

system with prefermentation showed concentrations of I 1 mg& with 80% of them 

having concentrations 5 0.5 mg/L. In contrast, 80% of the samples fkom the 

conventional-SBR had values I 3 mg&. 

A comparison between Figures 5.45 and 5.29, reveals the extent of improvement 

made in P-removal capacity of PAF-SBR system by shortenhg the cycle period of BNR 

reactor fiom 8 h (3 cyclelday) to 6 h (4 cycle/day). During experimental period with 8 h 

cycle period,only 70% of the samples showeâ orthoP concentration of s 0.5 mg/L (Fig. 

5.29). In cornparison, in 6 h operational cycles regardles of the aeration regime all 100% 

of the samples had ortho-P concentrations of 0.5 m&. 



Fig. 5.45 : Frequency plot of the emuent ortho-P concentration of the BNR reactors (6 h- 
cycles). Regardless of the d o n  regime, the reaccor fd with fermenteci wastewater 
perfionned remarkabiy better than the comreational-SBR in removing phosphonu. 
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Fig. 5.46 : Ef&ent soluble-P fhqyency plot of the BNR rcactors (6 h-cycles). About 
8oo/. of the samples taken fiom the nnal ducnt of PAF-SBR system showed soluble-P 
concentrations S 0.5 m g L  In contrast, 8W of the samples firom the wnventiod-SBR 
had vaiues s 3 mfi. 



5.4.3.b-Nitmgen Removal 

The addition of aa anoxic period in the operational cycle of BNR reactors did not 

a f E i  Bio-P removal, while improving nitrogen removal sign8cantlyy 

Nïtrogen removal efficiencies (soluble-N removal %) increased from 50% in PAF- 

SBR system and 42% in the conventional-SBR system to 69% and 65% respectively as 

the aeration regime changed fkom beiag conthuous to step-aeration mode (Fig. 5.47). 

The pardel systems behaved similarly in treating nitrogen constituents of the wastewater 

under the step-aeration condition. The mean concentration of total soluble nitrogen in the 

&al effluent of both systems was 9.5 mgL. Ortidized forms of nitrogen (N03+N&) 

contributed to 73% of the total soluble nitrogen found in the emuent of PAF-SBR system, 

and to 60% in the conventional-SBR system. Ntrification occurred very effectively in the 

BNR reactors during the aeration periods of the operational cycles. This process plus 

uptake of ammonium in the production of excess biomass reduced the ammonium 

concentration to levets less than 1 mg/L in the eauents of BNR reactors. 

5.4.3.cTrack Studies 

Detailed studies on the trends of change in SOC, NOx and ortho-P constituents 

were performed to understand the dynamics of system processes withh the BNR reacton. 

The results on SOC and NOx behavior are displayed in Figure 5.48, and for ortho- 

P, the results are shown in Figure 5.49. Each data point in these figures is the mean value 

of five observations. The original data related to these sets of track studies are 

sumrnarized in Tables C4(a) and C4(b) in Appendix C. The following sections cover the 

discussions on the results obtained during these track studies. 
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Fig. 5.47 : Ntrogen removai efficiencies in the BNR reacton (6 h-cycles). N~trogen 
removd in both p d e i  reacton improved s ign i6dy  as continuous aeration was 
replaceci by step-aeration procedure. 



5.4.3.d-Nitrogen Profde 

The NOx-N concentrations of BNR reactors, as depicted in Fig. 5.48, foliowed the 

same pattern of change as the environmental conditions changed sequentiaiiy within each 

reactor- 

During fill period (W 20 min of each cycle), the remaineci liquid volume of the 

solution in the reactors (fiom the previous cycle) was diluted by the feed, and its NOx 

content denitrifïed cornpletely as a result of presence of available carbon. The first step of 

aeration provided the conditions for nitrification of some of the ammonium content of 

reactors. The NOx-N concentration of both reactors was raised to an average of 10 mg/L 

as the result of the nitrification process. The mean specific rate of NOx-N build up was 

3 -2 mg& in the reactor related to PAF-SBR system-B 1, and 2.9 mg/L in the conventional- 

SBR (332). Most of the NOx contents of the reactors then were denitrifieci during the 

anoxic period that followed the aeration period. Denitrification proceeded with an 

average specific rate of 1-7 mg NOx-N/g VSS.h in both reactors which reduced the mean 

concentration of oxidiKd fonns of nitrogen to 1.3 mg/L and 2.3 m g L  in reactor B 1 and 

B2, respectively. The reported denitdication rates in the Literature Vary considerably as 

the process is affected by many factors such as temperature and carbon resources present 

in the environment. The effects of dinerent carbon sources on denitrification process have 

been investigated by di&rent authors (Wuter, 1989; Carley and Mavinic, 199 1; Tarn et 

ai., 1992). Henze a al. (1994) reported denitrification rates of 10-20 g-NKg VSS.h, 2-4 

g-NIKg VSS.h, and 0.2-0.5 g-N/Kg VSS.h at the presence of directly metabolized (e-g. 

acetic acid), easily degradable (e-g. lower amino acids) and slowly degradable (e-g. 

complex carbohydrates) components of raw wastewater, respectively. At 20 OC with 



methanol as the feed, denitdication rate was found to be in the range of 5-14.6 mg N03- 

N/g VSS.h @PA, 1993). In some of the aadr studies, the NOx concentration reached 

zero before the anoxie period was e n d d  In such cases phosphorus was released as 

anoxic condition turned to an anaerobic condition. 

The second and final step of aeration oxidized most of the remaining ammonium in 

both BNR reactors. of ammonium at this stage, reduced the ammonium 

concentration to less than 1 mg/L in the etnuents of reactors. A d quantity of oxidized 

forms of nitmgen was denitrifid during the settle period of operational cycles. 

5.4.3.e-Soluble Organic Carbon (SOC) Profüc 

Ahost aU of the biologicdy removable SOC present in the BNR reactor of PAF- 

SBR system (BI), as iilustrated in Fig. 5.48, was removed in periods prior to the anoxic 

portion of each cycle. Moreover, solubktion of particdate organic material was less 

likely to occur in this reactor because the process has already been perfonned in the 

fermentation reactor located ahead of the BNR reactor. One can speculate that the 

required source of carbon for the denitrification process in the anoxic period was probably 

not the mixed Iiquor. The denitrifiers in this system used most likely their own intemal 

reserves of carbon to accomplish reduction of oxidized forms of nitrogen. 

On the average about 60% of the total removal of SOC in reactor BI, occurred 

during the initial 45 min of each cycle (anoxic/anaerobic period). The rate of removal was 

slow in the e s t  20 min (fiii period), when mking was not provided. The rate however 

increased rapidly during the next 25 min as the action of mixer brought the substrate in 

close contact with the microorganisms Vig. 5.48). The redts indicate that about 90% of 
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Fig. 5.48 : Change in SOC and NOx-N C O ~ ~ O I I S  of the BNR reactors (6 h-cycles 
"th s t e p - d o n  regime). Denitrification procadeci successsuly during the anoxic 
period that foiiowed the fim sap of a d o n  Most of the removabïe SOC of the both 
reacton were wed up psior to this anoxic perioâ. 



total removal of carbon in initial anoxic/su1aerobic period occurred in the last 25 min 

of this interval. Removal of substrate during anoxidaaaerobic period of the operational 

cycles proceeded at a mean specific rate of 9.5 mg SOC/g VSS.h. Comeau et al. (1 987) 

reported a range of 12-25 mg soluble COD/g VSS.h for specinc rate of substrate removal 

(synthetic feed) during anaerobic stage of Bio-P removal process. The SOC removal 

efficiencies and the mean specinc SOC uptake rate in reactor B1 during thÏs stage were 

very close to the values obtained ttom track studies of this reactor in the previous stage 

(stage 2) of the research. 

Contrary to the PAF-SBR system, solubilization of organic partidates in the 

conventional-SBR occurred within the BNR reactor (B2). Thus the change in SOC 

concentration in B2 was actually the net reailt of both solubilization, and the uptake of 

SOC by the biomass. The observed rate of SOC removal (under initial anoxic/anaerobic) 

was relatively constant with the mean value of 1.7 mg/ g VSS.h. A cornparison of the 

rates shows that the rate of SOC removal in the conventional-SBR was much slower than 

the rate in BI; the parallel reactor belonging to PAF-SBR system. The observed low rate 

was partly due to the lower concentration of readily available compounds in the feed 

(degritted raw wastewater) and partly due to the concurrent production of SOC 

(solubilization) in the conventional-SBR which did not allow for the rneasurement of 

actual SOC uptake rate. Consequently, the actual rate of SOC removal in the 

conventional-SBR might be higher than the observeci value of 1.7 mg/ g VSS.h. 

The SOC content of this reactor, as presented in Fig. 5.48, increased d u ~ g  anoxic 

period of operational cycles. The increase originated mainly fiom solubilization of organic 

compounds and to a less extent fkom lysis of the rnicrobial celis. As a result the carbon 



requirement of deaitrification process in the conventional-SBR were supplieci by both the 

extemal carbon compounds in the environment anwnd the biomass, and the internai 

carbon reserves of microbial celis. 

5.4.3.f-Phospho~s Profde 

The profiles of ortho-P concentration in BNR reactors under the step-aeration 

condition are shown in Figure 5.49. Phosphorus was released in both reactors during the 

est portion of operationai cycle as the reactors became anaerobic. The specinc rate of P- 

release in the PAF-SBR and conventionalSBR were 12 mg/g VSS.h and 3 m& VSS.h, 

respectively. 

The quantity of release in the PAF-SBR system was considerably higher than the 

release in the conventional-SBR because of the presence of higher concentration of 

SCVFA in the feed to the former system. The concentration of SCVFA in the fermented 

wastewater (feed to the BNR of PAF-SBR) was 49 mg/L in perÏod of track studies, while 

the concentration in the raw wastewater (feed to the conventionaI-SBR) averaged 7 mg/L 

The rnean ratio of P-release to the amount of substrate utilized during the initial 

anoxidanaerobic period of the PAF-SBR system was 1.6 mg ortho-P/mg SOC. 

Biologicai phosphorus uptake occuned during the step-aeration penod when the 

systerns were subjected to the aerobic and anoxic conditions (Fig. 5.49). Uptake of 

phosphorus under anoxic condition indicates that at least some portion of the Bio-P 

removai bacteria were capable of carryhg on denitrification process. The observation is in 

agreement with the r d t s  reported by Kem-Jespersen anci Henze (1993). and Kuba et al. 

(1993) who recognized the denitrifLing abiüity of some of the BioP bacteria. 



Cornparison between Figures 5.49 and 5.42 showed the similarity ofBio-P uptake 

patterns in the current stage (stage 3; step-aeration condition), and previous stage (stage 

2; contirruous aeration condition) of the research. Phosphorus was removed with the 

highest specific rate during the first stage of aeratkm The rate then diminished 

remarkably in the following anoxic penod. The specific rate of phosphoms removal in the 

first hour of aeration was 5 mglg VSS.h in PAF-SBR system and 1.7 mglg VSS.h in the 

conventional-SBR The obtained rate in PAF-SBR system was close to the rate (5.7 mg/g 

VSS-h) achieved in this system under continuous aeration situation. Uptake rates of 

phosphoms during the anoxic penod were 1.1 and 0.3 mglg VSS.h in the PAF-SBR 

system and the conventional-SBR, respectively. 

The lower rate of P-uptake duriag anoxic penod is not solely due to the nitrate 

serving as electron acceptor. Other factors such as lower concentration of ortho-P in the 

solution and/or reduction of available carbon sources in the medium and within the 

biomass could have contributed to the decrease in the rate. Reduction in the rate of P- 

uptake as a fbnction of t h e  was also observed under continuous aeration regime where 

oxygen sexving as the main electron acceptor for biochemical reactions (see section 5.4.2, 

track studies). In general, the extent and efficiency of phosphorus removal varies 

considerably depending upon the type of oxidant present (Kendespersen and Henze, 

1993), type of the organic substrate (Ubukata and Takii, 1994), concentration of 

extraceilular polyphosphates as weil as the unsaturateci storage capacity for the 

invacellular phosphorus (Somiya et al., 1988). 

In some of the track studies performed, relesse of phosphorus was noticed towards 

the end of the anoxic penod as NOx-N concentration reached zero. The released 



Fi. 5.49 : Change in ortho-P concentration of the BNR reactors (6 h-cycles with s t e p  
aeration rcgixne). Pattern of change in mwtors were simiiar to those obsaved unda 
continuous aeration regime. Biological phosphorus uptake continueci as anoxic condition 
npîaced the aerobic condition. 



phosphorus, however was uptaken in the final aeration period. 

Phosphorus removai efficiency of PAF-SBR system with respect to the utilized 

substrate was 6.3 mg SOChg P-removed. The ratio of utîlïzed substrate p a  unit of 

phosphorus removal is not constant and varies with the type of the substrate (Abu- 

ghararah and RanaaU, 1991). With a d c  acid as substrate, phosphorus removal efficiency 

was reported to be 18.8 mg COD-utilized/mg P-removed, however the rate was totally 

different when other SCVFA were used as substrate (Table 2.1, adapted £?om Abu- 

ghararah and Randall, 199 1). 

5a4a3.g-Osidati~n-Redu~ti~n Potentid (ORP) 

Profiles of ORP of BNR reactors under sequentially changing environmental 

conditions are displayed in Figure 5.50. Each data point in the figure is the average of 4 

observations, and reflects the relative redox condition of each reactor at different time 

periods of the operationai cycles. The data related to the ORP measurements are shown 

in Table C8 within Appendix C. 

Both reactors, as presented in Fig. 5.50, showed the same trend of variation in the 

ORP as the environmental condition changed. The initiai ORP of the reactors (after the 

fill period) being -200 mV for the PAF-SBR system, and -150 mV for the conventional 

SBR were low enough to induct phosphorus release during the anaerobic portion of 

operational cycle. According to results reported by Shapiro et al. (1967), rapid release of 

phosphorus was triggered off once the redox potential fell to and below -150 mV. 

The fÙst jump in the ORP of the reacton (de r  the fili period) was about 35 mV, 

and was brought about by the action of mixers. The second increase which occurred in 
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Fig. 5.50 : Change in oxidation-reduction potential of the BNR reactors (6 h-cycles 6 th  
step-aeration regime). The a i ~ s  show the relative change in d o x  potential of reactors 
as the envUo~unental condition changed ~eqllentially within each operational cycle- 



tirne penod of 45-105 min, was the result of the nnt step of aeration. Oxidation reduction 

potential increaseâ sharply during the first 5 min of aeration which then foliowed by a 

slower rate of increase during the remaining period of aeratioa 

A decline in ORP was observed as the aeration of reactors stopped and the anoxic 

condition prevailed within the systems. In the anoxic perïod, the redox potential of B1 

(BNR reactor of PAF-SBR system) decreased to -100 mV, while in the conventional-SBR 

it reached -75 mV. Both values indicated conditions suitable for the successfid occurrence 

of denitrification process. 

The f ia l  jump in the ORP resulted fkom the last step of aeration which raised the 

ORP of PAF-SBR and conventional-SBR to about +30 and +120, respectively. The 

increase during settle penod was probably due to the settling of the sludge that reduced 

the concentration of solids around the probe and changed the microenvironment to a more 

oxidized statu. 

5.4.3. h-Final Eftluent 

Performance of BNR reactors at steady-state operation was evaluated based upon 

their infiuent/effluent characteristics which are sununarized in Table 5.20. 

The major ciifferences obsewed in treatment efficiencies of the PAF-SBR system, 

and the conventional-SBR system (under step-aeration regime) were related to the 

following parameters : 

Effluent SS 

Effluent phosphorus 

Effluent total nitrogen 



Table 5.20 : Characteristics o f  the feed and the 6nai eflluent fiom the two pardel BNR 
systems (6 h-cycle with the step-aeration regime). 

(PAF-SBR) 
Effluent 

(Conventional-SBR) 
M d D  

Note : AU values are expressed in mg& except pH. 
SD : Standard Deviation of the data 
* : Non-similar letters in the superscript indicate a signifïcant Werence between the 
means (P<O.O 1). 



The mean concentration of suspended solids in the emuent fiom the conventional- 

SBR system was 11 1 m&, as compareci to the 12 mg S S L  in the nnal effluent of PAF- 

SBR systea High concentration of solids in the effluent of the conventional-SBR was 

due to the excess growth of nlamentous bacteria, which led to fiequent buiking and loss of 

solids in the effluent. As a result, although the system was efficient in removing most of 

the soluble components of wastewater (e.g. soluble forms of nitrogen), its peifonnance in 

removing the non-soluble components (e-g. non-soluble forms of nitmgen) was not 

impressive. 

Performance of conventional-SBR system in removal of phosphorus was not also 

comparable to the PAF-SBR system. The observed ciifferences in the mean concentration 

of difEerent forms of phosphorus in the effluent fiom both systems were substantial, and 

statisticaIly significant. Efficient removal of phosphorus in the PAF-SBR system, as 

discussed in earlier sections was a direct result of acid fermentation of raw wastewater. 

5.4.3.i-Conclusion 

Step-aeration did not impair Bio-P removal performance. Phosphorus removai 

dwing the discontinuous aeration regime of 1 h aeration, 1 h and 45 min anoxic, 1 h 

aeration was as effective as in continuous aeration regime of 3 h and 45 min. 

Nitrogen removai improved significany as the result of the step-aeration. Total 

soluble nitrogen removai was increaseâ by 20% in the PAF-SBR system and by 23% in 

the conventional-SBR 

Uptake of phosphorus during the anoxic period implied the denitrifying abüity of at 

least some portion of the Bi02 bacteria. 



Phosphorus release was obsenred during the anoxic period of 1 h and 45 min as 

NOx-N concentration reached zero. 

This stage of research led to the swings in aeration costs, and optimization of Bio- 

P rernoval and denitcification processes. 



5.4.4 STAGE 4 : IMPROVEMENT IN NlTROGEN REMOVAL THROUGH 

In the previous stage of research, the limitation of extemai source of carbon for the 

denitrifilcation process in reactor B1 was demonstrated. Lack of availability of carbon 

during the anoxic period reduced the denitrification potential. Furthemore, some release 

of phosphorus was noticed towards the end of the anoxic period. This release, though not 

aEecting nutrient removai efficiency, should be prevented as much as possible due to its . 
possible negative impacts on d u e n t  quality- 

The objectives in this stage (which was carried out only for the PAF-SBR system) 

were : 

1- Prevention of P-release during the anoxic period. 

2- Enhancement of nitrogen removal by step feeding. 

To achieve the first objective, the step-aeration schedule was changed to the 

sequence of 1 h aeration, 1 h anoxic, 30 min aerobic, 45 min anoxic, and 30 min final 

aeration periods. As it is observed the total aeratiodanoxic periods in each operational 

cycle remained the same as before (2 h totai aeration, and 1 h and 45 min total anoxic 

penods), however in this stage they were divideci into shorter time segments to limit each 

anoxic period length and to reduce the chance of P-release. 

The purpose of the second objective was to explore the possibility of reduction of 

effluent total Ntrogen to levels about 5 mgL. According to Caponetto and Oleszkiewicz 

(1994), one gram of SOC is utiiized in denitrification of one gram of nitrate nitrogen. The 

mean concentration of totai nitrogen in the effluent of PAF-SBR during previous stage 

was 10 m@; 68% being in the fom of NOx-N. To reduce this concentration to 5 mg/L, 



about 5 m g L  of SOC was required for denitrification of quivalent amount of NOx-N. 

The required carbon for denitrifjing bacteria, was supplieci by step-feediag such that a 

portion of total feed (enough quanti@ to produce 5 m a  of SOC) in each cycle was 

saved, and was later added to the reactor at the beginning of the last anoxic period. 

The new step-aerationlstep-feeding procedure was not applied on a continuous 

time base, rather it was employed in separate cycles in a batch-type mamer. 

5.4.4.a-Nutient Removal 

Bio-P removal was not affected significantly by the step-feeding procedure. 

Although some phosphoms (0.30-0.36 mgL of ortho-P) was added to the reactor as a 

resuit of the second feeding step, but it was removed effdvely in the following 

anoxidaerobic periods such that 88% removal was observed for soluble phosphorus. The 

mean concentration of soluble phosphorus in the effluent of PAF-SBR system was 0.4 

mg/L while total phosphorus concentration averaged 0.8 mg/L. 

Contrary to the theoreticai prediction, nitrogen removal was not irnproved 

remarkably as the result of step-feeding. Total nitrogen concentration of effluent ranged 

nom 8.6 to 9.2 mg/L which is not wnsiderably dinerent f?om the average 10 mg/L 

obtained without step-feeding. To shed some iight on the subject, track studies were 

performed on the NOx-N and SOC content of BNR reactor. The results of track studies 

are presented in Figure 5.5 1 with detaiied data in Table CS, Appendix C. 

The changes in SOC and NOx-N concentrations during the sequence of initial 

anoxic/anaerobic penod, first step of aeration, and first step of anoxic condition (identified 

by numbers 1,2, and 3 in Fig. 5.51, respectively) were simiiar to those experienced in 



Fig. 5.51 : Change in SOC and NOx-N concentrations (step-feeding opedon). Step- 
feeding did not enhance totai nitrogai removai in the system due to W a r  concentrations 
of SOC and TKN in the f d  



the former stage of this research @g. 5.48). Almost al1 of the avdable SOC was 

removed âom the solution by the end of the fkst step of aeration; before microorganirmis 

were subjected to the anoxic condition (period 3 in Fig. 5.51). occurred 

efficiently during the fh t  aeration period redting in NOx-N concentration of 8.5 mg/L. 

Concentration of Nûx-N then was decreased (by 35%) as the first anoxic condition 

overtook the system. The following aeration step (period 4) resulted in fiirther conversion 

of ammonia to o x i d i i  forms of nitrogen. The change in SOC concentration of system 

during periods 3 and 4 (Fig. 5-5 1) were not considerable. 

Addition of a fiaction of feed to the reactor at the beginning of the last anoxic 

period (period 5) increased SOC by 4.5 mglL and enhanced denitrification process. 

Concentration of NOx-N decreased f?om 7.5 mg& to 4.5 mg/L during the above anoxic 

period as the added SOC was used up in denitrincation readons. Further decrease in 

NOx-N was limited by the t h e  period of this stage and SOC content of reactor. 

The nnal 30 min of aeration (penod 6) were associated with the nitrification of 

remaining ammonium and increase in concentration of N0x-N to average 6.5 mg/L in the 

effluent. The change in SOC and NOx-N concentrations during the settle period (period 

7) was negligible. The average NH4-N concentration in the final effluent of the reactor 

was about 1 mg/L. 

Step-feeding policy was not successfùl in improving the total Ntrogen removal in 

the system because of the SOC/TK&,t ratio of the feed (fermenteci wastewater). Analysis 

of the data related to the characteristics of feed showed that the average value of this ratio 

was 1.1. This value indicates that for each unit addition of SOC to the reactor d u ~ g  step 

feeding, almost the same quantity of nitrogen was also added to the reactor. The positive 



a f F i  of addition of SOC was actuaiiy counterbafanced by the negative impact of addition 

of nitrogen and as a result no signincant enhancement in total nitrogen removal was 

observed. 

5.4.4.b-Conclusion 

Step-feeding did not improve total nitrogen removal due to the almost equal 

concentrations of SOC and TKNsol in the f d -  The impact of step-feeding on phosphorus 

removal was insignificant. 



5.5 EFFECTS OF FERMENTATION ON NCJTRIENT REMOVAL : AN 

OVERVIEW 

in previous sections of this reqort the e&as ofprefementation of degritted raw 

wastewater on nutrient removal efficiencies of SBRs have been discussed thorougldy. 

This section puts together the major results obtained at different stages of the research and 

highlights (mostly graphically) the performance improvements that have been achieved by 

the application of prefermentation step. The figures here cover the whole period of BNR 

studies. 

As mentioned earlier in this chapter, the fermentation reactor (PAF) reduced the 

suspended solids load to the BNR reactor and brought about significant changes in the 

quality and quantity of the soluble organic component of raw wastewater such that 

treatment pertormance of BNR reactor enhanced remarkably. The changes in SS, SOC, 

and VFA content of degritted raw wastewater causeci by the fermentation process are 

shown in Figures 5.52, 5.53 and 5.54. The fermentation unit has actually accomplished : 

1. Reduction of 38983% suspended solids fiom the raw wastewater @ig. 5.52). This 

reduced the solids load on the BNR reactor, diminished the organic load fluctuations and 

enhanced the performance and stability of the BNR system. 

2. Solubilization of partidate organic matter which was reflected by an increase in 

soluble organic carbon (SOC) concentration in the fennented wastewater (Fig. 5.53). 

3. Acid fermentation of soluble organic compounds into short chah volatile fatty acids 

(Fig. 5-54), which inaeased the bio-availabiIity of the carbon sources for denitrifiers and 

particularly for the Bio-P bactena. 

As a result of the above modifications in the wastewater characteristics, treatment 



Fig. 5-52 : Suspended solid runoval in the PAF r-or ( o v d  view). Fermentation 
reactor acting also as primary dMfia nduced the suspended di& present in the 
degritted raw wastewater by an average of 62%. 

Fig. 5.53 : Increase in SOC content of the fcntlented m e w a t e r  ( o v d  view). 
S o l u b ' i o n  of partiCulate 0-c compounds in the PAF -or resuited in an increase 
in SOC of wastewater. (Stage 1 = 8 h cycle, Stage 2 = 6 h cyde with continuous- 
aeration, and Stage 3 = 6 h cyde with s t c p d o n ) .  
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Fig. 5.54 : VFA concentration in raw and fermenteci wastewater (oved view). 
Considerable quantity of SCWA was produced during fermentation process of raw 
wastewater. 



performance of BNR-SBR improved signScantlyY The impacts of the fermentation 

process on treatment pedormance of BNR-SBR are sumrnarized by bnef presentation of 

the foliowing parameters : 

EHuent phosphocus 

Effluent nitrogen and SOC 

Effluent suspended solids 

Sludge characteristics 

Reactions' dynamics 

5.5.1 EFFLUENT PHOSPHORUS 

Concentrations of ortho and soluble phosphorus in the raw wastewater and in the 

effluents of the two parallel BNR reactors; one receivhg fermented wastewater (PAF- 

SBR) and the other receiving raw wastewater (conventional-SBR), are shown in Figures 

5 -55 and 5.56 respectiveiy. 

It cm be clearly seen that, regardless of the operational conditions, the PAF-SBR 

system was always signifïcantly more efficient in removing phosphorus than the 

conventional-SBR Moreover, fluctuations in the eauent phosphorus concentration of 

PAF-SBR were remarkably l e s  than the fluctuations observed in the conventional-SBR 

system, which indicated the greater stability of the PAF-SBR treatment system 

5.5.2 EFFLUENT NITROGEN AND SOC 

Figure 5.57 presents the SOC concentration in the final effluents of paralle1 BNR 

reactors. Both systerns were very efficient in removing the soluble carbon of the 
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EXPERIMENTAL PERIOD (d) 

Fig. 5.55 : Onho-P coacestfatiou in the e89uent &om the BNR reactors (ovedi view). 
The difference observed between the paformance of PAF-SBR, and conventionai-SBR 
with regard to Bio-P removai was always si@cant. 

EXPERIMENTAL PERIOD (d) 

Fig. 5.56 : Soluble-P wnCCIlSrafion in the d3u- h m  the BNR reactors ( o v d  view). 
Totai soluble phosphorus concentration in the ducnt  of PAF-SBR was always leu than 1 
m@L wMe in the conventionai-SBR, the concemation vasied over a wide range of les  
than1 rn~togreatctthrm4mgL.  
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Fig. 5-57 : SOC concentration in the &luent fiom the BNR reactors ( o v d  view). 
Removai of biodegradable organic compomdo was very efkient in both paralle1 reactors. 

stage 3 

r PAF-SBR 

Fig. 5.58 : Total soluble riitrogen concentraîion in the effluent from the B M  reactors 
(overd view). The PAF-SBR and the co1weational-SBR systanr pdiormed similariy in 
removing the sohible nitrogai content of the wastcwata. 



wastewater. A m y  the conventional system was as efficient as the PAF-SBR system in 

removai of biodegradable organic wmpowids under different operational conditions- 

The ef%luent total soluble nitrogen concentrations are shown in Fig. 5 -58. In each 

set of the tested operational condition, removd of total soluble nitrogen in both parallel 

reactors foiiowed the same pattern The differeuces observed in total soluble nitrogen 

removal of PAF-SBR and the conventional-SBR under Merent conditions were not 

significant. In both reactors, the final Limiting fiictor for more efficient removal of nitrogen 

was lack of availability of carbon sources. 

5.5.3 EFFLUENT SUSPENDED SOLIDS 

Figure 5.59 shows the effluent suspended solids concentration of BNR reactors 

over the total time period of research- As the data indicate, the PAF-SBR reactor was 

very consistent in removal of suspended solids and except for the initial penod of start up 

of the system, the effluent SS of this reactor was less than 20 m& durhg the remaining 

period of the research 

The efnuent suspend solids £tom the conventional-SBR on the other hand 

fluctuated, especially dunng stages 2 and 3 of the research when 6 h cycles (4 cycldday) 

were beïng practiced. Loss of solids in the effluent of conventional-SBR, as will be 

discussed in the following section, was caused by bulking of the sludge in this reactor. 

Location of effluent port down at the 113 of the height of the reactor fiom the bottom, 

also accelerated the loss of the bulking sludge through the effluent. 



5.5.4 SLUDGE CHRARACTERISTICS 

One of the main goals of activated sludge treatment plants is to produce a weli 

senling sludge which is an enriched mixeci consortium of micro- and macro-organisms. 

Treatment efficiency and the cost of sludge processing are greatly affected by sludge 

settiïng behaviors. 

In activated sludge systerns, the treatment process relies on the development of 

floc-forming bacteria which will settle under gravity, leaving a clarifiecl supernatant as finai 

efnuent. However, not ali the bacteria that develop in activated sludge are floc-formers. 

Many types of filamentous organisms may develop, which can lead to operational 

probiems such as bulking- 

A bulking sludge is de- as a sludge that settles and compacts slowly. Many 

types of füamentous bacteria and h g i  can produce a bulking condition in activated sludge 

(Richard, 1989). A certain limited number of filamentous organisms can be beneficial to 

the activated sludge process. In fact, lack of filamentous organisms can lead to small, 

easily sheared flocs @in-floc) that settie weli but leave behind a turbid effluent. 

Conditions leading to excessive growth of filamentous organisms include; b w  dissolved 

oxygen, low F M  ratio, nutrient deficiency, low pH, and septic wastes/sulfides (Richard, 

1989). 

Sludge volume index (SVI) is used as an indicator of the degree of bulking. A 

sludge with SV1 > 150 W g  is generaüy considered as a bulking sludge. However 

according to Richard (1989), each plant will have a specific SM value where sludge is lost 

to the final emuent, which can Vary fiom a SVI , 100 mUg to >300 W g  depending on 

the size and performance of final clarifiecs and hydraulic considerations. 



Abundance of filamentous organisms can be determined by the microscopie 

observation @CO.) of the floc structure- A subjective scorhg system (EPA 1987) is tiseâ 

in which filamentous organisms are rated for overali abundance on a sale nom O to 6; 

where O indicates no filamentous organisms in the floc, and 6 represents excessive growth 

(abundance of more filaments than fiocs). 

A cornparison between the SVIs of the conventionai-SBR and the PAF-SBR is 

made in Fig. 5.60 (data are presented in Tables BI and B2, Appenda B). The figure 

shows the variations in SVIs over the total t h e  interval of the experiments. High SV1 

values were observed at the start up phase of the conventionai-SBR unit. However the 

SVIs dropped as the reactor aabüued itselfat an 8 h cycle penod (stage 1). Chmghg the 

operational cycle Eom 8 h to 6 h had an adverse impact on sludge senleability of the 

conventional-SBR, as is rwealed in Fig. 5.60 by an increase in the SVI values during 

stages 2 and 3 of the researcb The SVI varieci over the range of 26 to 150 mL/g with the 

mean value of 64 W g .  Bulking occurred in this reactor, although the SVI was mostly 

below 150 W g -  The problem was occasional at the 8 h cycle, but becarne more ofien 

and more severe in stages 2 and 3, when 6 h cycles were practiced. Severe bulking 

detenorated the efnuent quality as the concentration of SS in the effluent increased to 

unacceptable levels. Cornparison of the Fig. 5.59 and 5.60 cleary shows the impact of 

sludge bulking on the effluent quality of the conventional-SBR 

Bulking was crated by extensive proliferation of flarnentous bacteria M.O. 

values of about 5 (>20 nlaments per floc) were often observed in the b u h g  sludge. Low 

F/M ratio was considered to be the cause of the growth of filamentous organisms in the 

conventional-SBR The F/M ratio of tbis reactor in terms of mg of COD removed per mg 



Stage 3 

EXPERIMENTAL PElUOD (d) 

Fige 5-59 : Efauent suspendeci soli& of the BNR reactors (ovedi view). Whüe the PAF- 
SBR produad consistent high quaiity eauen& sludge buiking deteriorateci the 
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1 v PAFSBR X CaavcntioailSBRI 

Fig. 5-60 : SVI in the BNR rcactors (ovarll vicw). Sludge volume inda in the 
conventionnl-SBR was mostiy higher than the values oôtahed for the PAF-SBR system. 
Proliferation of nlamentous bacteria during stages 2 and 3 of the research created bulking 
conditions in the former reactor. 



of MLVSS per day was ùi the range of 0.06-0.08. 

A representative photograph of the biomass in the conventional-SBR is shown 

Figure 5 -6 1. Fiamentous bacteria, rotifers7 flagellates, stalked ciliates, fiee swimming 

ciliates and amoeboids were ail obsewed during the course of study. Sludge wonns were 

also present- A species of sludge worm which had a pink coloration in the integument and 

was characterked by hall--like brides was developed in the above reactor towards the end 

of stage 1 of the experiments; between day 170 to day 210, but it disappeared as the 

system run through the 6 h cycles condition These worms imparted a pink coloration to 

the surface of the settied sludge. 

The phosphorus content of biomass in the conventional-SBR averaged 3.3%; 

calculated on the basis of total phosphorus mass balance. The actual biomass phosphorus 

content was measwed on the basis of total phosphorus, soluble phosphorus and dry VSS 

contents of samples and ranged fiom 3.4 to 4.5%. Sludge production in this reactor, 

caldateci on the bais of daiiy production of suspendeci solids, was 1.4 g dry soliddd 

which is equivalent to 170 ~gll0~ m3 of treated wastewater. The sludge production by 

primary sedirnentation tank and waste activated sludge of activated treatrnent systems 

3 3 have been estimated to be in the range of 180 Kg/lO m to 265 IQ/103 m3.(Metcalfand 

Eddy, 1991). The reawn for lower production of sludge in this research was the F/M 

ratio of the system which was lower than the usual F M  ratios (0.2-0.4 6') appüed to moa 

conventional activated sludge systems. From the view point of F M  ratio, the biomass of 

the conventional-SBR system received an average organic load similar to values comrnon 

in extended aeration systems (F/M=û.OS-O. 15 6'). 

Total sludge production in the PAF-SBR system was 1.2 glday or 150 ECg/lo3 m3 



Fig. 5.61. : Photographic representation of the sludge in the conventionai-SBR Excess 
growth of filamentous bacteria is indicated in this picture. Stalked ciliate and rotifer is 
aiso observed. 



of treated wastewater, about 12% less than the production in the conventional-SBR The 

sludge in the PAF-SBR also had excellent settling characteristics under ali the operational 

conditions tested. 

The average caldateci phosphorus content of the sludge in reactor B1 (the BNR 

reactor in the PAF-SBR system) was 8% (on the basis of total phosphorus mas  balance) 

which is quite in agreement with the a d  measured values of 7.7 to 8.4%. This is about 

2.4 times more phosphorus content than the value achieved for the sludge in the 

conventionai-SBR Hgher phosphorus content could be one of the rasons for observing 

better settleability of the sludge in this reactor. 

The difference between settleab'ity characteristics of the sludge in the pardel 

BNR reactors (B1 &B2) is reflected in Figure 5.62 which is based on the data in Table Cg, 

Appendiix C. The Figure represents the settling velocity of the sludge in the Mxed Liquor 

samples during a time intervai of 30 min The sludge volume index in B1 belonging to the 

PAF-SBR system ranged fkom 24 to 87 d g  with the mean value of 48 mUg. 

Regular microscopie examination of the MLSS samples from reactor B 1 revealed a 

stable consistent microbiai community in this reactor. Colonial stallced ciliates, fkee 

swimrning ciliates, rotifers, amoeboids and fiiamentous bacteria were always present. The 

M.O. values rarely exceeded 3 (1-5 fiiaments per floc) in this reactor. Higher F/M ratio 

(0.12-0.17 d-l) and more availabii of substrate in the PAF-SBR probably played an 

important role in controüing the growth of filamentous bacteria and prevention of bulking 

condition. 

To summing up, the information on sludge production and sludge characteristics of 

the two paralle1 systems are given in Table 5-21. 



Fig. 5-62. : Sludge settleabiity in the BNR teactors (ovanll view). Regarcüess of the 
operationai conditions, the shidge fkom the PAF-SBR satled much fàster than the shdge 
fkom the conventional-SBR 



Table 5.21 : Sludge production and sludge characteristics in the PAF-SBR and 
conventionai-SBR systems. 

5.5.5 REACTOR DYNAMICS 

Knowledge of biochemical reaction rates is valuable as they impact the HRT and 

sizing of reacton. With faster rates, lower HRT is required for accomplishment of 

reactions. Thus a reduction in total volume of reactoa and a decrease in total capital cost 

of treatment plants wiii be resulted-, 

Application of prefennentation of raw wastewater in this research improved 

reaction rates of BNR processes. Signiscant differences were obsened between the 

conventional-SBR and the PAF-SBR with respect to some of the reaction rates; as shown 

in Table 5.22. The values in this table are the summary of the information which have 

been given, and discussed in details in sections 5.4. Ito 5.4.4. As it can be seen the rates of 

phosphorus r e h e ,  phosphorus uptake, nitrification, and SOC uptake were remarkably 

higher in the PAF-SBR than in the conventionai-SBR The qstems, however were 

perConning similarly in rates of denitrification processes. Conversion of cornplex-organic 

compounds of the raw wastewaterwater to simpler favorable compounds (e.g. VFA) 

during the prefementation step, was the main cause of improvement of reaaion rates in 

the foliowing BNR reactor. 

System 

I 

PAF-SBR 

Conventional-SBR 

* : System sludge production in ~ g / l d  m3 of treated wastewater 
t : P content of the biomass in BNR reactors; on the basis of dry weight. 

Sludge * 
( K ~ l d  m3) 

150 

170 

P-Content 
(% D-W.) 

7.7-8-4 

3 -4-4- 5 

SW 
(mL/g) 
24-87 

26-150 

Buiking 

NO 

Yes 



Table 5.22 : Reaction dynamics in the parelle1 BNR reactors. 

Reaction Rates 

VFA-uptake (mg acetic acidlg VSS.h) 

P-Release (mg ortho-Plg VSS.h) 

SOC-uptake during anaerobic penod 

(mdg VSS.h) 

P-uptake in presence of @ 

(mg ortho-P/g VS S. h) 

P-Uptake in presence of NOx-N 

(mg ortho-P/g VSS.h) 

VFA-Uptake/P-Release * (Molar ratio) 

SOC-Utiiized/P-Removed (mg/mg) 

Nitrification (mg NOx-N/g VS S.h) 

Deniaification (mg NOx-Nlg VSS. h) I 

PAF-SBR 1 Conventionai-SBR 

1st h of aeration 
5-5.7 

2nd h of aeration 
2.4 

3rd h of aeration 
0.9 

-. - 

1st h of aeration 
0.8-1.7 

2nd h of aeration 
0.3 

3rd h of aeration 
0-0 

1 st h of aeration 
3 -0-3 -20 

1 st h of aeration 
2.7-2.9 

I 

* VFA as acetic acid 
** Ali P-measurements in Table 5.23 have been in the form of ortho-P 



5.6 POTENTIAL APPLICABILITY OF THE FINDINGS 

This research has led to the development of a new two-stage anaerobic-aerobic 

SBR system (PAF-SBR) which is remarkably efficient in biological nutrient removal. The 

system has many advantages over the conventional SBR systems. The practical 

advantages of the PAF-SBR and applications associated with the results obtained in this 

research are presented bellow. 

Reliable biological removal of soluble phosphorus to the concentrations consistently 

less than 1 m g L  was achieved in the PAF-SR system-without chemical use. As a 

result the operational complexity, and the costs associated with the usage of chernicals 

in the conventional SBR systems could be reduced or eliminated. 

Prefermentation of raw wastewater improved sludge setthg characteristics in the 

foliowing BNR reactor. The process, thus could shorten the sludge settling time, and 

reduce the HRT and capacity of the tank devoted to settling. 

Acid fermentation of raw wastewater was proved to be remarkably efficient in 

production of acetic acid. Some 78% to 96% of total VFA as compared to 4345% 

HAc in total VFA reported in acid fermentation of primary sludge. This aspect of 

research has especial sisnificance in enhancement of Bio-P removal process. 

Presence of organic substrates in the aerobic phase severely suppresses the uptake of 

phosphate (Ubukata and TaCgi, 1994). It also has detrimental impact on nitrification 

process. Consequently, as it has been recommended (Ubukata and Takü, 1994; Shin 

and Jun, 1992), organic compounds should be removed during the anaerobic phase in 

a phosphate-removing activateci sludge system. Shin and Jun (1992) proved that by 

reducing the substrate concentration before the start of aerobic stage, development of 



excess phosphorus re& bacteria was encourageci and their establishment was 

eniianced, Prefennentation of wastewater prior to BNR systems converts complex 

organics to the simple compounds which then can be easily removed in the anaerobic 

zone of BNR reacton. Therefore, in this system the amount of SOC that reaches the 

aerobic zone is much less than the amounts in the systems without prefermentation 

step. Results of this research indicated that about 60.62% of biodegradable SOC was 

removed during the initial anaerobic stage (45 min) of each cycle. This led to savings 

in oxygen use, better nitrification environment, and a better selection pressure for the 

Bio-P bacteria as there is less carbon present in the aerobic zone to encourage other 

heterotrophic populations. 

Efficiency of Bio-P removal process depends on the activities of the fermentation, and 

Bio-P bacteria The rates of the activities of these two groups of bactena were 

demonstrateci in this research to be very different. Thus, reliability of treatment 

systems in which the two groups of microorganisrns co-exist in the same reactor, as is 

common in the conventional treatment systems, is not sound especiaiiy when the 

anaerobic zone is the sole means of production of VFA. Due to this dichotomy, 

optirnization of the design and operational conditions are dif]Jcult. However, if 

selective separation of the fermentation step is practiced, such as in this research, 

control of environmental and operational conditions favorable for each group of 

bacteria would become easier and more practicable. Moreover, separation of 

fermentation bacteria fiom the rest of the microbial community would increase the 

relative abundance of Bio-P bacteria in the BNR reacton which may result in a more 

efficient and stable process. 



Some parameters such as long sludge retention t h e  (SRT), longer cycle time of 

anaerobic and aerobic conditions, change in the influent concentration of organic 

materials and the existence of saccharides could be d v o r a b l e  for Bio-P removal and 

couid encourage the domhance of non-poly P bacteria and failure of the system 

(Satoh et-al.. 1994). Brodisch and Joyner (1983) found that the length of anaerobic 

retention time affects the population dynamics especially with respect to the number of 

gram-positive organisms. They reported that Acinetobacter (usually the dominant 

Bio-P bacteria) as a strictly aerobic, non-spore f o h g  bacteria would not be able to 

withstand extended anaerobic conditions. In the PAF-SBR system, the fermentation 

reactor acts as an equaiization tank in the sense that it equalizes solids and organic 

loads to the BNR reactor. Conversion of organic compounds (icluding saccharides if 

they are present in the wastewater) to VFA also occurs in this unit. Therefore, there is 

no need for long HRT in the anaerobic zone of BNR systems. As a result all the 

conditions unfavorable for the proliferation of Bio-P bactena and their activities in the 

conventional Bi04 removal systems, could be prevented or diminished in the PAF- 

SBR system due to application of the fermentation step. 

Considerable increase in the readon rates of the BNR processes were observed in the 

PAF-SBR system. This indicates that the HRT, and the volume of the BNR reactors 

could be reduced if the fermentation step is practiced. 



Chapter 6.  

CONCLUSION 

Feasibiiity of acid fermentation of raw wastewater and the effects of SRT, pH of 

feed, HRT and mixing period on this process were investigated in this study. Furthermore 

the role of acid fermentation of raw wastewater on enhancement of biological nutrient 

removal in SBR systems under difFierent operational conditions were explored. Based on 

the results of the research, the foliowing conclusions could be made. 

1. Acid fermentation of degritted raw wastewater in a sequencing batch (SBR) mode was 

found to be feasible. The process was flexible, stable and reliable under al1 the 

conditions tested, except the condition of low pH (pH of feed = 6.1-6.4) low SRT (4 

days). 

2. Increase in SRT (using the wastewater with its natwaI pH; 7.0-7.6), euhanced both 

solubilization and VFA production. Both processes improved remarkably as the SRT 

increased corn 4 d to 8 d and m e r  to 13 d. VFA production as HAc was 38 mg/L 

at SRT of 4 d which increased to 43 mg& at SRT of 8 d, and to 47 m& at SRT of 

13 d. 

3. At the feed pH range of 6.1-6.4. total solubilization, total VFA production, acetic acid 

concentration, and the specific rates of solubiliition and VFA production as a 

Nnction of SRT al1 foliowed the same pattern of change showing a sharp decrease at 

SRT of 4 days, and increasiag with an hcrease in SRT. The mean VFA production as 

mg HAdL of the effluent was 32, 29 and 4 at SRTs of 134 8d and 4 dy respectively. 



The merence between the mean values were statistidy signiscant. 

4. Total VFA production at each Ievel of SRT was lower at the pH range of 6.14.4 than 

at the pH range of 7.0-7.6. Lower pH range improved solubilization of organic 

partidates but suppressed the activities of the acidogenic bacteria such that the 

overall efficiency of VFA production was reduced. 

5, Percent distriiution of VFA was affecteci by variation in the pH of the feed. Acetic 

acid percentage of the total VFA was reduced by about 8% (excluding the low pH 

condition at 4 d SRT) as the pH of the feed was decreased fiom the range of 7.0-7.6 

to the range of 6-1-6.4. Reduction in acetic acid was accompanied with production of 

higher molecular weight acids such as butyric, valeric and propionic acids. 

6. Under short mkkg period of 0-25 hkycle, solubilization of particdate organic matter 

and production of VFA carrieci out as efficiently as with the muring period of 6 

hkycle- However, the specific rates of solubilization and VFA production were lower 

at the mixing condition of 0.25 h/cycIe- Reduction of mixing period also affecteci the 

VFA composition; resulting in a decrease in acetic acid production and an increase in 

propionic and butyric acids. 

7. The impact of HRT on acid fermentation of degritted raw wastewater was less 

pronounced than the effects of SRT, pH and mixing periods. A decrease in HRT fiom 

12 h to 9 h led to a non-signincant increase in total solubiiization, and solubiiization 

specific rate. VFA production and its specinc rate yielded similar values at both 

HRTs. A fûrther decrease in HRT ftom 9 h to 6 tr caused a signifiant decrease in 

total net solubiüzation and W A  production, although the changes in their specific 

rates were not significant. The variation observed in VFA speciation at different 



HRTs was statistically insigdicant. In general, the overall pdormance of acid 

fermentation was best at HRT of 9 h with SRT of 12 d. 

8. Regardless of the operational and environmental conditions, the parameters of 

wastewater which are important in BNR process (e.g VFA/P, COD/'  COD/N, SOC, 

alkalinity) improved remarkably as the r d t  of the acid fermentation process. The 

average ratio of VFA/P~~I in the ferment& wastewater ranged 6.3-1 1 (depending on 

the conditions) as cornpared to the range of 0.1-1 -4 observed in the raw wastewater. 

9. Acetic acid was the major component of VFA regardless of the appiied conditions. Its 

percentage in the VFA composition ranged fkom 78% to 96% (except with the 

condition of low pH-low SRT). The values were much higher than the range of 43- 

55% reported in Literature for the acid fermentation of primary sludge. 

10. Acid fermentation of degntted raw wastewater, in terms of VFA production expressed 

as mg HACL of the influent flow, was more effective than the conventional static, or 

complete-mix primary sludge fermenters (see Tables 5.17 & 5-18). 

11. Signincant Merences were obsecnred between the performance panuneters of PAF- 

SBR and the conventional-SBR systems. Phosphorus removai, SS removai, and 

sludge settleabiity were enhanceci substantiaüy in the former system as the resuIt of 

the application of fermentation step. 

12. The operational cycle period of 8 h (with 2 to 3 h allocated to initial anoxic/anaerobic 

condition) comrnody used for sequencing batch reactors designed for BNR, was 

shown to impair the effluent quaIity if the feed bas h d y  been e ~ c h e d  with the VFA 

(e.g. femented wastewater). In such cases, the initial anoxidanaerobic period should 

be reduced to 40-50 min to prevent any secondary release of phosphorus. 



13. Reduction of total cycle perïod of BNR reactors h m  8 h to 6 h (HRT of 9 h), with 

allocation of only 45 min to initial anoxidanaerobic period, improved phosphorus 

removai in the PAF-SBR system Phosphocus removal efficiency acûieved 90094% in 

this system which lead to an average effluent soluble phosphorus concentration of 0.3 

m a .  Operational cyde period of 6 h did not Unpair aitrogen and carbon removai in 

both BNR reactors- 

14. Ntrogen removal improved as the continuous aeration of 3 h and 45 min in each 6 h 

cycle was replaced by step-aeration procedure of 1 h aeration, 1 h and 45 min anoxic 

period followed by 1 h of fmal aeration. Step-aeration did not impair P-removal 

efficïencies in BNR reactors. Nitrogen removal efficiencies increased fiom 50% to 

69% in the PAF-SBR, and fiom 42% to 65% in the conventional-SBR as the result of 

the step aeration regime. Total soluble nitrogen in the final effluents of the above 

systems was reduced to an average of 9.5 mg/L consisting of 73% and 60% NOx-N, 

in the PAF-SBR and in the conventional-SBR respectively. Reactors' effluent m - N  

concentration was less than 1 mg/L. 

15. The impact of step-feeding on enhancement of biological nitrogen removal was 

insignifiant as the result of almoa equal concentrations of SOC and filtered TKN in 

the feed. In both BNR reactors, the finai limiting factor in removal of nitrogen was 

lack of availability of carbon sources. 

16. Regardless of the operational condition both BNR reactors behaved efficiently with 

respect to the SOC removal. About 6062% of total biodegradable SOC in BNR 

reactor of PAF-SBR system was removed during the initial 45 min ofeach cyde. 

17. Total soluble-P concentration in the efnuent of PAF-SBR was always less than 1 



mgL. Al the samples taken duxing the 6 h operationai cycle periods had an ortho-P 

concentration of & 0.5 mg/L with 80.h of them showhg also soluble-P concentration 

of SOS mg/L. In the conventional-SBR, however, the efauent P-content was very 

high; fluctuating over a wide range of less than 1 m& to greater than 4 mg/L soluble- 

P wiîh an average range of 1 -5 to 2.6 mg&. 

18. Acid fermentation of raw wastewater had a profound influence on the enhancement of 

sludge characteristics. Regardless of the operational conditions, the sludge in BNR 

reactor of PAF-SBR system settled much h e r  than the sludge in the conventional- 

SBR The average phosphorus content of the sludge in the former reactor was in the 

range of 7.7 to 8.4% in contrast to the range of 3 - 4 4 5 %  obtained for the sludge in 

the conventional-SBR Excellent settling characteristics of sludge in the PAF-SBR 

resuited in consistent low effluent SS concentration of less than 20 mg/L Severe 

sludge bulking occurred in the conventional-SBR system (especially during the 6 h 

cycle periods of the research) which led to solids escape and deterioration of the 

effluent quaiity. Sludge production on the basis of total dry solids/1000 m3 of treated 

wastewater was about 12% less in the PAF-SBR system than the conventional-SBR 

system. 

19. A significant Merence was observed between the rate of production of VFA by the 

fermentation bacteria, and the rate of uptake of VFA by the Bio-P bacteria. The 

uptake rate by Bio-P bacteria was 28.5 mg VFMg VSS.h in contrast to production 

rates of 1.2-2.9 mg VFNg VSS.h. obtained in PAF fermenten under various 

investigated conditions. 

20, The amount of P-release in BNR reactors was a hc t i on  of the VFA content of their 



feed Primary release of phosphoms ranged 12-19 mg ortho-P/g VSS.h in BNR 

reactor of PAF-SBR system The rate of secondary release of phosphoms in this 

reactor was 1.8 mg ortho-P/g VSS.h On the average about 1 mg of ortho-P was 

reIeased for the uptake of 1.4-1.5 mg of VFk This is equivalent to the molar ratio of 

0.7-0.75: 1 in tenns of VFA uptake (as HAc)/ortho-P release. The mean ratio of P- 

release to the amount of substrate utiiized was 1.6 mg ortho-P/mg SOC. The ratio of 

SOC-utilized/ortho-P removal was 6.3 mgmg. 

21. Phosphorus uptake rate followed a fht-order reaction curve during aeration period. 

Phosphorus uptake oc~lll~ed also during anoxic penods indicating the denitrification 

ability of Bi02 removal population 

22. Volatile fatty acids (WA) play a vital role in release and uptake of phosphorus. 

Prediction of the performance of BNR systems just on the basis of the COD/P and/or 

COD/N of the wastewater without consideration of the quality of the COD could be 

completely misleading. The ratio of CO&,JPT~ of the raw wastewater over total tirne 

period of this research was aiways higher (average value 67:l) than 40:l 

(recommended value for an efficient removal of phosphorus). However the 

conventional-SBR system did not remove phosphorus efficiently unless on the days 

that the wastewater was rich in VFA The average soluble-P removal efficiency of this 

system ranged fiom 35% to 57% depending upon the wastewater characteristics and 

the operational conditions. 



Chapter 7. 

FUTURE RESEARCH RECOMBIENDATIONS 

This research, has thrown some new light on fermentation of raw wastewater and 

its impacts on BNR of SBR systems. Many questions however, sti l i  remain which 

require research attention The areas that wuid be reammended for fbture studies 

are as follows : 

The results of this study should be confkmed in a fidl sale system, subjected to hourly 

infiow variability- 

Cost anaiysis is required to compare the developed two-stage SBR system of this 

research (PAF-SBR) witb a conventional-SBR ushg chernicals in Bio-P removal 

process. 

The impacts of temperature range on Bio-P removal process is stül vague in the 

literature in the sense that its distinct influence on the fermentation, and Bio-P bactena 

have not been studied. The up to now work on temperature effects have been done on 

the conventional systems where the fermentation bacteria and the Bio-P bacteria CO- 

exist in one sludge. In such systems the assessrnent of the extent of temperature 

influence on the activity of each group separately, and determination of final limiting 

step in total Bio-P removal process is not possible. Experimental work at temperature 

range of (5 to 30) using a two-stage system (where the fermentation bacteria have 

been separated fiom the Bio-P bacteria) could provide the information necessary for 

many practical applications. 



Research on identification of soluble metabolic intermediates and nnal products of acid 

fermentation could be usefid in understanding of the mechanisrns and pathways 

involved in acid fermentation, and Bio-P removal processes. 

Although efficient acid fermentation was achieved with miràag period of 0.25 Wcycle, 

the research did not cover optimization of mUOng period in the fermentation reactors. 

Optirmzation of the mixing period may lead to a more efficient fermentation process 

with regard to the solubilization of pariiculate organic matter and VFA production. 

Hydraulic retention times of less than 6 hours should be investigated in acid 

fermentation reactors (PAF) to estabüsh the Lower break-through range of HRT for 

such systerns. 

Research on acid fermentation of raw wastewater in a continuous flow-through 

reactor (under controlled conditions of SRT and HRT) is requird to expand the 

application of this process for the conventional continious-flow through treatment 

systerns. 

EEects of rnixing during fill period of BNR reactors were not investigated in this 

study. The use of mixing operation during 6ll period could enhance VFA uptake and 

P-release, and reduce the initial anoxidanaerobic period of each cycle to even shorter 

than 45 min developed in this research. 

Determination of the W o n  of Bio-P bacteria capable of denitrification, and 

investigation of the parameters that affect the- cau elucidate the conditions required 

for enhancement of both phosphorus and nitrogen removal. 

It is necessary to study the efficiency of P-uptake versus the stored PHA under 



aerobic, and anoxic conditions where other operationai and environmental conditions 

are kept constant. This should m e r  wntnhte  to the better understanding of Bio-P 

uptake mechanism. 

Investigation on the effiuent Coüform bacteria of PAF-SBR, and conventionai-SBR 

systerns are required to reveal the impact of acid fermentation of raw wastewater on 

destruction of pathogenic bacteria This will determine whether or not there is a ne& 

for W e r  disinféction of the effluent. Various SRTs should be tested in this 

investigation. 
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1910 

2990 

2m 

27% 
2540 
2 3 1  

2373 

2430 

224 

nw 

na 
1610 
2750 

u w  

2420 

nio 

2930 

2410 

3110 

3lW 

MM 

l1lO 

3130 - 

- 
soc 
lir14L 

13.1 

14.8 
14.0 
14.9 

18.5 

14.9 

15.3 

14.8 

17.8 

14.4 

14.9 

12.8 
19.3 

I U 

16.4 

19.6 

15.1 

16.8 

16.0 

14.6 

13.2 - 
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TABLE B2 - Continued ...., 
- 
MW 

LrZ; 
7510 

6750 

696û 

6410 

6510 

6520 

6620 

6940 

6UO 

bm 

7120 

net, 

7710 

7 m  

76rn 

7700 

7 0 0  

55)o 

su0 

- * 
h!& 
l,73 

2.63 

2.71 

0.74 

1.16 

1.11 

1.74 

1.19 

o. W 

0.55 

o. w 

0 . 1  

1.69 

0.64 

0.U 

D.48 

R l o  

b.77 

- 
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TABLE C2 - PROFILES OF ORTHO-P & SOC IN BNR-SBRS DURING 8 h OPERATIONAL CYCLE ( LOW VFA CONDITIONS ') 

Time 

(min) 

O 

20 
80 

140 

200 

260 
320 

380 

440 

460 
480 

Ortbo-P (mg&) 

Run I Run 2 Mean 

3,57 3,62 3.60 

19.86 22.85 21.36 

22.23 24.48 23.36 

1 1,38 9.38 10.38 

6,20 0.42 3.31 

3.33 0.31 1.82 

1.12 0.00 OS6 

0.64 0.00 0.32 

0.61 O 0.3 1 

soc 
Run 1 Run 2 Mean 

Ortho-P (mg&) 

Ru 1 Run 2 Mean 

M a n  SOC (Riw mitawnkr) 40 mfi, M a n  VFA (RAW wrsluwrta) = 2.90 mg& 

M m  SOC (Fcmanbd wutawter) - 59.2 mg& Man VFA (Famenkd wrstawatn) - 48,2 ni@ 



TABLE C3 (a) - PROFILES OF ORTHO-P, SOC & NOx-N iN REACTOR BI DURING 6 h OPERATiONAL CYCLE (STAGE % CONTINUOUS AERATION) 

Time 

(mi?) 
O 

20 
45 
105 
165 
225 
265 
340 
360 - 

- 

Ortbo-P (mg&) 
Run 1 Run 2 Run 3 Mean 

4.39 4.39 5.17 4.65 
1734 18.15 17.99 17.99 
6.03 7,45 6,78 6.75 
2.52 3.04 0.49 2 ,O2 
0.24 0.18 0.00 0.14 
0.10 0,Oo 0.00 0,03 
0.07 0,OO 0.00 0,02 

SOC (men) 
Runl Run 2 Run 3 Mean 

39.9 36,6 4 1,6 39.4 
28,I 23,6 31 ,O 27.6 
21.8 19,O 24,2 21,7 
19.5 19,3 19.2 19,3 
18.7 18.4 18.4 18.5 
18,2 18.7 18,3 18,4 
17.9 19,9 17.9 18.6 

~~- -- 

NO#-N (mdL) 
Runl R u  2 Run 3 Mean 

0.00 1.67 0.4 1 0.69 
0,Oo 0.00 0.00 0.00 
8.32 3.21 5.15 5.56 
14.32 9.55 1 1.69 1 1 ,85 
15.86 12.55 12.80 13.74 
16S5 l2,83 1 3,08 14.15 
16.25 12.90 12.80 13.98 

i3 TABLE C3 (b) - PROFILES OF ORTHO-P, SOC & NOx-N Dl REACTOR l32 D W G  6 h OPERATIONAL CYCLE (STAGE 2; CONTENUOUS AERATION) 

Timc 
(min) 

O 
20 
45 
105 
165 
225 
265 
340 
360 

Ortho-P (mg&) 
Runl Run 2 Run 3 Mean 

soc ( i g i )  
Runl Run 2 Run 3 Mean 

24.9 22.3 27.3 24,8 
21,l 21.1 26.5 22,9 
17.7 20,6 24.9 21.0 
17.7 20.2 20.2 19,4 
17.5 21.4 20.1 19,6 
17.5 19.9 19,2 18.8 
17.4 18.7 21,3 19.1 

Nor-N (w) 
Runl Run 2 Run 3 Mean 

1.33 3,00 2.59 2,31 
0,OO 0.31 1.49 0.60 
8 4  8,16 7,05 7,88 
1582 13S3 13.50 14,28 
16,25 14.36 16,12 15S8 
17.01 14,85 16.34 16,07 
16.50 14,36 14.29 15.05 





TABLE C4 (b) - PROFILES OF ORTHO-P, SOC & NOK-N CN REACTOR 82 DURING 6 h OPERATIONAL CYCLE (STAGE 3; lNTERMl'l7'ENT AERATION) 

Timc 
(min) 

O 
20 
45 
60 
75 
90 
IO5 
120 
135 
150 
165 
180 
195 
210 
225 
240 
255 
270 
285 
300 
31 5 
330 
340 
360 

ALVSS(mg/t 

Ortho-P (IndL) 
Run I Run2 Run3 Run4 M a n  

soc (mdL) 
Run 1 Run 2 Run 3 Run4 Mcan 

NOX-N (rifi) 
Run 1 Run2 Run3 Run4 Mern 



TABLE CS - PROFILES OF SOC & NOX-N IN REACTOR B1 DURZNG 6 h OPERATIONAL 
CYCLE (STAGE 4; STEP FEEDING) 



TABLE C6 - PROFILES OF P-RELEASE IN BNR-SBRS DURING INITIAL ANOXIC/ANAEROBIC PORTION OF 8 h OPERATIONAL CYCLE 

Time 
(min) 

O 
20 
3 5 
50 
65 
80 
95 
110 
125 
140 - 

Reactor B1 (PAF-SBR) 
Run 1 Run 2 Run 3 Run 4 Run 5 

Reactor B2 (Convtntionai-SBR) 
Run 1 Run 2 Run 3 Run 4 Run 5 

TABLE C7 - VFA & ACETIC AClD UPTAKE IN UI DURING INITIAI, ANOXIC/ANAEROBIC PORTION OF 8 h OPERATIONAL CYCLE 

Ti 
(min) 

O 
20 
25 
30 
35 
40 
45 
50 

vFA mm Aceîic Acid (mg&) 
Run 1 Run 2 Run 3 Run 4 Run 5 Run 1 Run 2 Run 3 Run 4 Run S 



TABLE CS - CHANGE IN ORP OF THE BNR REACTORS DURING 6 h OPERATIONAL CYCLE 
(STAGE 3; NTERMITTENT AERATION) 

-121 
-101 
-100 
-99 
-98 
-107 
-54 
-25 
14 
n 
38 
48 
60 
69 
n 
75 
78 
s3 
86 
64 
n 
17 
5 
4 
-13 
-20 
-24 
-28 
-33 
-38 
-41 
4 3  
47 
48 
-50 
-52 
-57 
64 
-73 
-78 
5 
43 
Sei 
66 
76 
82 
86 
#) 
94 
102 
los 
109 
Il2 
115 
120 
127 
136 
lu 
150 
155 

-143 
-114 
-109 
-110 
-111 
-115 
-9 
-6 
33 
49 
58 
66 
n 
80 
84 
88 
93 
96 
100 
88 
58 
43 
33 
26 
18 
12 
7 
2 
-1 
4 
-9 
-12 
-16 
-18 
-55 
-57 
41 
-65 
-71 
-75 
12 
47 
67 
76 
86 
92 
% 
100 
los 
110 
114 
117 
120 
127 
131 
136 
142 
148 
152 
155 






