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Zeynep Kisoglu Erdal and Clifford W. Randall

Civil and Environmental Engineering Department, Virginia Tech, Blacksburg, VA

Abstract

Improved design strategies at BNR plants should include cost reductions so that the

consumers and water authorities will be more willing to build EBPR plants instead of

conventional activated sludge plants. Through efficient design, actual savings in

construction and operation costs can be realized.  For this reason, anaerobic stabilization

of COD needs to be seriously considered during design for direct energy savings at the

plants. The existence of anaerobic stabilization has been demonstrated through

experimental work (Randall et al., 1984; Randall et al., 1992; Wable and Randall, 1994).

Evaluation of operational data from existing plants (Barker and Dold, 1995 and 1996) has

also indicated the definite presence of anaerobic stabilization at plants that include

anaerobic zones as part of their operation.  By exploring the biochemical reactions taking

place in EBPR process, particularly the involvement of the storage mechanisms, namely

PHA, poly-P and glycogen storage, the potential mechanisms of the anaerobic

stabilization of COD in EBPR systems was explored.  The resultant balances pointed out

the importance of glycogen metabolism in terms of conserving carbon and providing a

sink for the reducing equivalents produced under aerobic conditions.  This mechanism is

different from those observed in anoxic-aerobic and conventional aerobic activated

sludge systems, and appear to be at least partially responsible for the observed anaerobic

stabilization of COD.
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INTRODUCTION

The concept of anaerobic stabilization (i.e. COD loss in system mass balances which

cannot be accounted for) was first reported by Lan et al. (1983) based on the observed

reduction in oxygen requirements in a laboratory scale biological phosphorus removal

(BPR) system consisting of anaerobic and aerobic zones.  The oxygen demand in the

aerobic zone was much smaller than that predicted by theoretical considerations.

Realizing that the behavior of activated sludge bacteria was the best indicator of what

was actually occurring in the system, Randall et al. (1984) further developed these

findings using mass balance equations, and introduced the term “anaerobic stabilization-

AnS.”  Although it was not well accepted based on the current belief that denies any

possibility of COD losses taking place in the anaerobic zones of BNR systems, a number

of researchers have achieved results that support the presence of AnS (McClintock, 1990;

Ramadori et al., 1985; Randall et al., 1987; Bordacs and Tracy, 1988; Randall et al.,

1992; Wable and Randall, 1994; Barker and Dold, 1995; Barker and Dold, 1996).

Anaerobic Stabilization

To study anaerobic stabilization as it relates to EBPR and intracellular storage products,

one needs to get accustomed to oxygen (or COD) balancing, including the sources and

sinks of electrons.  The electrons, which are eventually transferred to the electron

acceptor, O2, in the aerobic reactors as reflected in the measured oxygen uptake rates

(OUR), are introduced to an activated sludge system via the influent.  The influent
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contains organic matter that has a measurable COD, and the reduced organic matter is

gradually oxidized consuming oxygen.

A theoretical calculation of source/sink budget can be performed according to the

following equation:

outputCOD = MCOD,effluent + MCOD,WAS – MCOD,oxidized (1)

where:

MCOD, effluent :  mass of COD in the system effluent, mg COD/d

MCOD, WAS :  mass of COD in the waste sludge, mg COD/d

MCOD, oxidized :  mass of COD oxidized in the system, mg COD/d

Also;

MCOD, effluent = (Qeff)(C TCOD, effluent) (2)

MCOD, WAS    = (q)(Xv)(fCV) (3)

where:

C TCOD, effluent : concentration of total COD leaving in the system effluent, mg COD/L

Qeff :  effluent flow rate, L/d

q :  daily wastage volume, L/d

Xv :  MLVSS concentration of the waste sludge, mg VSS/L

fCV :  COD/VSS ratio for the waste sludge, mg COD/mg VSS

When it comes to the determination of the mass of COD oxidized in the system, one

needs to consider the quantity of total oxygen consumed in the aerobic reactors which

would encompass the amount of oxygen utilized for both carbonaceous and nitrogenous

oxygen demand.  The origin of the carbonaceous oxygen demand is the complete

oxidation of the organic matter to CO2 and H2O through transfer of electrons that are



157

present in the reduced organics in the plant influent to oxygen, the terminal electron

acceptor of aerobic reactors.  The nitrogenous demand is due to the nitrification reactions

(i.e. NH4
+ + 2O2 à NO3

- + 2H+ + H2O) taking place in the aerated zones of the system.

As the ammonia is also utilized for new cell growth, the best way to calculate the oxygen

consumption for the oxidation of ammonia is to make use of the nitrate production

measurements.  Based on the above reaction, for each mg of NO3
- produced 4.57 mg O is

necessary.  For a system that also includes non-oxic zones where denitrification of the

NOx can take place, oxygen equivalents of the amount of organic matter that would be

oxidized during the denitrification process using the NOx as the final electron acceptor

can be calculated by using the conversion factor 2.86 mg O per mg of NO3
- -N.  Thus, the

following formulae were used:

NO3-N produced = Mdenit + (Q)(Neff) (4)

MCOD,aer = (OURT)(Vaer) – (NO3-N produced)4.57 (5)

MCOD,denit = (Mdenit)2.86 (6)

where:

Mdenit :  total mass of nitrate denitrified in the system; mg NO3-N/d

Neff :  average effluent nitrate concentration; mg NO3-N/L

OURT  :  total oxygen uptake rate; mg O/L/d

Vaer :  total volume of the aerated reactors; L

MCOD,denit  :  mass of COD oxidized during the denitrification process; mg COD/L

Thus the total amount of COD oxidized is given by:

MCOD, oxid = (OURT)(Vaer) – (NO3-N produced)4.57 + (Mdenit)2.86 (7)
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To compare the amount of COD entering a treatment system to COD that can be

accounted for within the system, the following equation can be used:

(8)

where:

Qinf :  average influent flow rate; L/d

CTCOD,inf :  total influent COD concentration; mg COD/L

Based on Equations 1 through 8, any imbalance between the COD inputs and outputs to

and from a treatment system can be calculated.  One apparent downside of this way of

calculating the anaerobic stabilization taking place in a system is that the COD

measurements and the above presented equations are based on the assumption that all the

oxidizable matter will be oxidized with 100% efficiency.  In other words, once the

electrons carried on reduced organics enter a treatment system, they will eventually be

transferred to nitrate or oxygen that will serve as the final electron acceptor, and no other

means of loss are considered.  One study that has dealt with this issue was performed by

Wable and Randall (1992).  The results of this study pointed out a number of important

details pertinent to AnS (Wable and Randall, 1994) :

1. H2 and CH4 loss from the system was insignificant, or absent in some cases.  When it

was present, it was sufficient to explain less than 1% of AnS.

2. No significant ethanol or butanol production, which may lead to loss of electrons

through volatilization, was observed.

3. Possible COD test limitations were tested by increasing the digestion time and

digestion solution, potassium dichromate, but it did not show any significant

limitations of the test.
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Randall et al. (1987) presents one of the extensive investigations of the factors effecting

anaerobic stabilization.  They performed a three-stage laboratory study where different

sludge ages and feed COD sources were used to feed a UCT type BPR system with no

nitrate recycle from the aerobic reactors.  They compared system responses at 18 and 12

day SRTs with glucose feed, and with glucose and acetate feed when the SRT was 12

days.  They observed AnS values of 27 % with glucose feed at 12 days.  However, when

they switched to acetate feed at the same SRT, the AnS values decreased to 19%, and

continued to decrease progressively to 1% as acetate feed continued.  Based on pilot plant

data they also found a relationship between the influent COD values and AnS that

indicated no AnS was observed for influent COD values below 180 mg/L.  The AnS

values increased to 750 mg/d for influent COD values of 300 mg/L.  Their conclusion

was that the fermentation reactions taking place in the anaerobic reactors of the plant may

be one of the causes of the observed loss.  They measured the oxygen uptake rates using

the BOD bottle method, not in-situ, which also might have impacted the measured

oxygen uptake rates (Wentzel et al.; 1985).  AnS calculations were performed similar to

the logic followed in Equations 1 through 8.

Table 1 demonstrates the existence of anaerobic COD stabilization in a study that

performed a side-by-side comparison of a conventional activated sludge system and a

UCT-type EBPR system.  The same analytical and computational techniques were used

for the determination of the total oxygen requirement of the conventional and BPR

systems, yet the differences in oxygen consumption are striking.
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Table 1.  COD/oxygen utilization mass balance results (Randall et al., 1992)

Phase System
TORpredicted,

g/day
TORactual,

g/day
AnS/CODs,

%
IA Conventional

EBPR
23.9
20.2

25.0
16.5 18.3

IB Conventional
EBPR

31.9
19.9

27.4
18.2 8.4

IC Conventional
EBPR

43.3
36.2

42.4
32.6 10.0

IIA Conventional
EBPR

26.1
22.0

25.6
19.4 11.6

IIB Conventional
EBPR

34.9
28.7

34.1
21.7 24.6

IIC Conventional
EBPR

33.8
29.5

34.2
21.4 27.3

In another study, data from five different sources for four different types of activated

sludge systems were used in an evaluation (Barker and Dold, 1995): aerobic, anoxic only,

anoxic-aerobic (2 configurations), and anaerobic-anoxic-aerobic (5 configurations).  The

results of this theoretical evaluation strongly supported the presence of AnS as previously

suggested by Randall et al. (1984).  The aerobic systems investigated had COD and

nitrogen balances that could be explained 100%, at 12° and 20°C.  The anoxic only

system showed a decreasing trend in COD that could be balanced to within 95 to 86% for

sludge ages of 1.5 to 9.6 days.  The anoxic-aerobic examples included pre- and post-

denitrification systems, and COD balances below 80% were found for the periods when

the anoxic reactors were operated anaerobically, only.  Finally, data from anaerobic-

anoxic-aerobic systems operated as Phoredox, 3-stage Bardenpho, Johannesburg, UCT

and modified UCT configurations (Figures x through w) yielded an overall average COD

balance of 78%, with a minimum of 61% and a maximum of 89%, emphasizing the

importance of an anaerobic zone for AnS.  Their calculations of AnS were also based on

Equations 1 through 8.  Barker and Dold (1996) attempted to explain the COD loss by

using model simulations, but they were unable to provide any biochemical mechanisms
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for it.  They noted that the COD loss associated with the anaerobic zones of BNR systems

should be taken into account during model development in order not to over-estimate

both the oxygen consumption rates and the volatile suspended solids production.

As explained in Grady et al. (1999), oxidation reactions are the source of energy and

reducing power for microorganisms, where the electrons of the substrate are removed and

transferred to electron acceptors.  Thus, the oxidation state of the substrate determines its

“energy capacity”, with highly reduced compounds having a higher budget of electrons

for removal during the oxidation reactions.  As the organic compounds are oxidized, they

are converted to intermediary compounds that are at a higher oxidation state then the

starting reduced organics.  This difference in oxidation states arises from the electrons

removed from the original compound during the catabolic pathways, and the transfer of

those electrons to anabolic reactions.  NAD+ and NADP+ are used as carriers of the

electrons.  When they are loaded with electrons they are in their reduced forms, NADH

and NADPH, and they provide the reducing equivalents necessary for cell growth.  Under

the presence of electron acceptors, electrons on NADH are transferred to the membrane

bound electron transport chain for generation of electrochemical potential, which will

eventually drive ATP generation.  Microbial energetics also dictate that when a

compound is degraded, electrons removed from the compound must either be transferred

to newly grown cells or to the electron acceptor, or they would be excreted to solution

within the excreted soluble organic products. In fermentative reactions that take place

under strictly anaerobic conditions, oxidation-reduction reactions are coupled such that

the transfer of electrons to form a reduced organic product neither produces nor requires

any reducing equivalents for the net reaction to proceed.  In summary, the substrate itself

and the catabolic and anabolic reactions it goes through determine the amount of

reducing power and the amount of ATP that will be produced.

Efficiency of energy generation in microbial cells is reflected in biomass yield (Y).

Typical values of Y for aerobic heterotrophic biomass growing on carbohydrates vary

between 0.48 and 0.72 mg newly synthesized biomass COD per utilized substrate COD

(Grady et al., 1999).  In dealing with EBPR systems where consumed substrate (as
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mgCOD/L) is not completely converted to end products (new cells, CO2 and H2O), but

part of the substrate is stored as internal storage products (PHAs and glycogen), Goel et

al. (1998) introduce storage as a factor in yield calculations.  They proposed a yield

calculation that incorporates storage, YG,P as follows:

(9)

where:

OCT :  total oxygen consumed; mg O/L

SR  :  bulk substrate removed from solution; mg COD/L

SS  :  storage as glycogen or PHA; mg COD/L

The seed sludge they used was obtained from a Sequencing Batch Reactor (SBR)

operated in cycles of anaerobic-aerobic periods.  They performed aerobic batch tests to

determine the impact of storage on growth yield.  Using their proposed approach, they

found that for acetate, glucose and starch, the true growth yields were 0.24, 0.50 and

0.64, respectively.  Considering the storage profiles that take place in EBPR systems, i.e.

aerobic storage of carbon and reducing equivalents as glycogen using the anaerobically

stored PHA as a substrate, the Goel et al. (1998) study can be relevant when investigating

AnS.

Some of the factors that impact the distribution of electrons between growth and

maintenance, other than the type of substrate and the microbial group utilizing the

substrate are:

1. Energy needed for motility,

2. Energy required for osmotic regulation,
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3. Energy for molecular transport,

4. Maintenance energy for ionic gradients (e.g. proton motive force)

5. During the new synthesis of cellular components, energy required to counteract the

normal tendencies toward disorder (i.e. against entropy)

6. Synthesis of cellular structures such as cell wall, flagella, cell membrane, and

catabolic apparatus.

If any of these six factors (and depending on the type of the organism some other factors)

increases, the yield drops, as a majority of the available electrons is consumed in energy

generation.  Thus, the microbial energetics play a significant role in the consumption

patterns and pathways of the substrate COD.  Consequently, the biochemical reactions

leading to the production, consumption and maintenance of the EBPR storage products

have the potential to explain all or a major part of the stabilized COD.  The carbon source

(i.e. VFAs) entering the anaerobic zone of the EBPR plants passes through a series of

modifications before reaching a zone where an electron acceptor (nitrate or oxygen) is

available (Erdal et al., 2002c).  To attribute the losses to individual mechanisms, the

active biochemical pathways resulting in these anaerobic conversions and the subsequent

aerobic reactions need to be considered.

MATERIALS AND METHODS

To study the impacts of the system operating conditions and the biochemistry of EBPR

on anaerobic stabilization, two UCT type BNR plants consisting of two 2-L anaerobic,

two 2-L anoxic and three 3.5-L aerobic completely mixed reactors in series were

operated, one at 20±1°C and one at 5±1°C (Figure 1a). Also an A/O type pilot plant

(Figure 1b) consisting of three 1.8-L anaerobic, and three 2-L aerobic completely mixed

reactors in series was operated in the same constant temperature room kept at 20±1°C.

All three plants were maintained in the same manner.  Synthetic feed flow rates were set

at 35 and 30 L/day for the 20°C and the 5°C UCT plants, respectively. The influent flow
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rate of the A/O plant was set at 37 L/d, and all the flow rates were checked and recorded

frequently.  Flow rates were re-recorded and adjusted, especially on the days of sludge

sampling, for accuracy in mass balance calculations of parameters such as PO4-P, PHA

and glycogen, since the peristaltic pump rates would vary +/- 2 to 3 L/day in the long run.

Air diffuser stones and aquarium pumps were used for both aeration and mixing purposes

in the aerobic zones of the system.  The non-aerated zones of the system were mixed with

propellers attached to motors installed at the top of each reactor.  Seed sludge was

obtained from the Roanoke, Virginia EBPR Wastewater Treatment Plant.  An MCRT of

10 days was maintained through solids wastage from the last aerobic reactor.  Feed water

prepared daily was deoxygenated by purging with N2 gas until the dissolved oxygen

concentration in the influent, which enters the system through the first anaerobic reactor,

fell well below 1 mg/L.  Synthetic feed was prepared to contain acetate as the sole COD

and VFA source, (NH4)2SO4 30 mg/L as N, K2HPO4, 125 mg/L CaCO3 alkalinity as

NaHCO3, 210 mg/L MgSO4, 44.4 mg/L CaCl2, 1.11 mg/L FeCl3, 0.66 mg/L MnCl2
.6H2O

0.44 mg/L ZnSO4
.7H2O, 0.14 mg/L CuSO4

.5H2O, 0.14 mg/L CoCl2
.6H2O, 0.05 mg/L KI,

0.12 mg/L H3BO4.  The influent PO4-P concentration was kept constant at 20 mg/L by

preparing the PO4-P feed separate from the COD feed to minimize consumption of both

acetate and PO4-P during the daily feed cycle.  The PO4-P pump rate was also maintained

constant to assure a constant combined feed P concentration.
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The systems were operated for three months at an SRT of 10 days after they were placed

into operation before steady state was assumed and data collection started. The plants

were monitored for 1.5 year, thereafter, through the measurement of soluble and total

COD, MLSS, MLVSS, NO3
--N, NO2

--N, NH4
+-N, PO4

-3-P, OUR, PHB, PHV, and

glycogen on samples taken from the influent, all seven reactors, the recycle lines, and the

system effluent.  In the anaerobic-aerobic batch tests performed for additional purposes,

aerobic sludge taken from the last aerobic reactor was supplemented with a small volume

of synthetic feed solution, which contained acetate, ammonia-N and PO4-P.  Anaerobic

conditions were initiated and maintained by continuous N2 sparging.  Sampling was

performed through a sampling tube by suction with a peristaltic pump.  At the end of the

anaerobic period, air was introduced instead of N2 to establish aerobic conditions.  Mixed

liquor samples collected for enzyme assays were taken from the anaerobic and aerobic

zones of the system, and they were instantly frozen in liquid N2 to protect the active

enzyme machinery from any alterations.

Later in the study, to investigate the impacts of phosphate and glycogen metabolisms on

anaerobic stabilization, the existing sludge was discarded, and new sludge from the 5ºC

UCT system successfully removing phosphorus was transferred to the A/O system.  The

VSS/SS ratio of the sludge was 0.55, and the TPmax was 46% as VSS.  As the results of

U. Erdal (2002) indicated, the EBPR sludge acclimated to cold temperature contained a

high poly-P population, much higher than what was attained at 20ºC under the same feed

and operating conditions.  Thus, by bringing that sludge back to 20ºC, the impact of poly-

P metabolism on AnS could be investigated, because the dominating activity would be

due to poly-P metabolism.  Sludge was transferred to the A/O system operating at 20ºC

and it was fed with synthetic wastewater prepared as described earlier.  The PO4-P

concentration in the combined influent was 20 mg/L.  A second experiment in parallel to

the first one was performed with 5ºC sludge that did not have significant poly-P reserves.

This was accomplished by forcing the sludge to release stored phosphate by exposing the

sludge to excessively high acetate concentrations (1200 mg/L) under anaerobic

conditions at 20ºC.  The resulting sludge with 75% VSS content was again transferred to
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the A/O system operating at 20ºC, and fed as before.  However, this time the PO4-P feed

was shut off.  The performances of both systems were monitored through cation, anion,

OUR, MLSS, MLVSS, PHA, glycogen, and COD analyses.

The cation and anion analyses of filtered samples were performed using a DIONEX DX-

120 ion chromatograph equipped with anion and cation columns according to APHA

(1995).  The system had an attached autosampler that could switch between separate

anion and cation runs.  SCOD, MLSS and MLVSS were also analyzed as outlined in

APHA (1995).

For analysis of the internal storage products glycogen, PHB and PHV, mixed liquor

samples were centrifuged for 5 minutes at 10 000g, the supernatant was removed, and the

remaining solids were instantly frozen in liquid N2 to prevent any further changes.

Frozen sludge samples were lyophilized under vacuum for further analysis.  Treatment of

the lyophilized solid samples for the quantification of PHAs was performed according to

Punrattanasin (2001), however a different GC column that was more sensitive to lipids,

and a preset oven temperature program were utilized.  Accordingly, dried solid samples

were weighed out into 5-mL high pressure Wheaton V-vials.  Eight to ten external PHA

standards were also prepared by weighing out different quantities (0 to 15 mg) of PHB-

HV copolymer standard (12%HV) obtained from Sigma Chemicals. Two mL of

methanol-sulfuric acid-benzoic acid solution was added to each vial. Benzoic acid served

as an internal standard, and the solution was prepared freshly by solubilizing 50 mg of

benzoic acid in 100 mL of 3% sulfuric acid in a methanol solution (v/v).  Before vials

were tightly sealed, 2 mL of chloroform was added to each vial.  The vials were then

incubated in a drying oven at 100oC for 3.5 hours.  Following digestion, the vials were

cooled down to room temperature and 1 mL of distilled water was added to each vial.

The vials were shaken for 10 minutes to separate methanol and chloroform layers. A

sufficient volume of the chloroform phase (~1 mL) was transferred into GC autosampler

vials using Pasteur pipettes. The samples were injected automatically to a HP gas

chromotograph equipped with an autosampler, a Carbosieve column and a FID detector.

The injector and detector temperatures were set to 160 and 200°C, respectively. The
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temperature program used for the oven was as follows: the starting temperature was 90°C

(4min), the temperature was ramped up to 130°C (6°C per min), and kept there (6 min).

Glycogen measurements were performed according to a modification of the method

outlined by Gerhardt et al. (1995).  As presented there and in the ASM Manual (1981),

glycogen is resistant to hydrolysis in alkali, but it is readily soluble in water and acid, and

insoluble in ethanol.  Lyophilized solid samples were weighed into screw-capped

centrifuge tubes and 1 to 2 mL of 30% wt/vol KOH was added depending on the quantity

of the solids.  The samples were digested in a 100ºC drying oven for 3 hours to break

down the cells and to solubilize the glycogen homopolymer.  At the end of a 3-hr period,

the samples were taken out and left to cool down to room temperature.  Then, to each

tube 3mL water and 8 mL ice-cold ethanol was added to precipitate the glycogen.  The

opaque solution formed after addition of ethanol was centrifuged for 15 min at 10 000g.

The pellet was washed with 60% (vol/vol) ice-cold ethanol.  The remaining precipitate

was dried at 60ºC.  To breakdown and solubilize glycogen, dried solids were further

digested at 100ºC in 3 mL of 6N HCl for 1 hour.  Measurement of soluble glucose was

performed using the Phenol method (Gerhardt et al., 1995).  The suggested enzymatic

method was not used due to impracticality reasons.  Measured glycogen was then

reported as mg glucose per mg of dry solids.

To determine the extent of gas production during an anaerobic-aerobic cycle, EBPR

sludge obtained from the A/O system was used in a batch test.  Acetate (400 mg/L) was

available at the beginning of the batch test.  Samples from the gas phase were drawn

through a sealable septa on one of the outlets of the sealed reactor, using gas-tight

syringes. Gas production (CO2, H2, CH4, H2S) was measured using an HP gas

chromatograph equipped with Bondapak column, and using a Scotty II type combined

gas standard.  If the results yielded measurable quantities of gas release, those values

would have been a part of the mass balance equations, since gas release was thought to be

a potential means of electron loss from the system (Wable and Randall, 1994).  However,

gas release was non-existent during two batch tests performed on different days.  So, gas

measurements were not repeated after that point.
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RESULTS AND DISCUSSION

In an attempt to investigate the impact of system operating conditions on anaerobic

stabilization, oxygen uptake rate measurements and mass balance calculations were

performed for three lab-scale systems, one operated in A/O and two in UCT

configurations.  One of the UCT systems was maintained at 5°C and the other was at

20°C.  The A/O system was also maintained at 20°C.  EBPR sludges were cultivated

under similar feed conditions.  Figure 2 illustrates the major difference observed between

the 20°C and 5°C systems.  At 20°C, the anaerobic stabilization in both systems varied

about 10%, the UCT system showing a higher variability (between 3 and 15 %).  These

values are lower than the values reported by Barker and Dold (1995) from their

evaluation of the presence of AnS at existing wastewater treatment plants.  According to

their evaluation, all the treatment plants with anaerobic zones exhibited AnS values

varying between 11 and 35 %.  On the other hand, when lab-scale systems with acetate as

influent were considered, the AnS values decreased to vary between 8 and 11 %.  Thus,

aside from the possible contribution of the fermentation reactions (McClintock et al.,

1990) there must be other mechanisms responsible from anaerobic stabilization.

The system maintained at cold temperature did not display any anaerobic stabilization of

COD (Figure 2).  The possible reasons for this will be examined later in the text.

However, to make use of this phenomenon and to investigate the connection between the

sludge culture and anaerobic stabilization, cold sludge was brought to 20°C and after

allowing a week of adaptation, system performance and OUR measurements were taken

for ten days (Figure 3 – between 11/5 and 11/15).  When a long acclimation period was

not allowed, the system did not exhibit any AnS.  Possibly, if a longer acclimation was

allowed, due to culture and metabolism changes, AnS would have started to occur.

After 11/15, the sludge taken out of the system was exposed to a high acetate

concentration under anaerobic conditions to deplete the poly-P reserves and isolate

glycogen metabolism.  Figures 3 and 4 illustrate the results of this study.
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Figure 2.  The impact of temperature and system configuration on anaerobic stabilization
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Figure 3.  PHA and glycogen profiles, and anaerobic stabilization values observed during the depletion of stored poly-P in the run

with the 5°C sludge brought to 20°C.
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Figure 4. The observed change in PHA and glycogen profiles following the depletion of stored poly-P during the run with the 5°C

sludge brought to 20°C.
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When the sludge with the depleted P-reserves was put back in the system and it was

allowed to wash-out the remaining PO4-P, it was expected that the anaerobic glycogen

consumption would significantly increase to make up for the energy for acetate uptake

and activation, which previously had been supplied from the poly-P reserves.  However,

as illustrated in Figure 4, starting from 11/15 and on, the glycogen profile remained the

same while more PHA was accumulated anaerobically and consumed aerobically.  The

AnS was unchanged and approximately non-existent (Figure 3) in spite of this major

change.  The PHA content of the sludge increased to 20% dry weight of the sludge solids.

This may be a consequence of the P-limitation imposed on the system (Punrattanasin,

2001). The AnS and glycogen relationship deserves further investigation, since the

presence of differences between the AnS values observed in 20°C and 5°C systems

coincided with the fact that considerably less glycogen was consumed and regenerated at

cold temperatures.  It was also shown that AnS cannot be an artifact of erroneous oxygen

measurements and OUR calculations, since during this study the specific OUR rates,

especially in the first aerobic reactor, decreased significantly from 0.04 mg/mg/hr to

0.028 mg/mg/hr, almost eliminating the gap between the OUR values in the three

consecutive aerobic reactors. Yet the AnS values were unchanged.

To further assess the impact of the biochemistry of the EBPR mechanisms as proposed in

Erdal and Randall (2002), mass balance calculations were performed.  For this purpose,

the pathways presented in Figures 5 through 9 were taken as the basis of the calculations.

Although, the following calculations can merely be estimations of the actual conditions,

the results are instructive.  Especially at 20°C, to assume that all the feed acetate will be

stored in PHA units is an underestimation of the non-PHA-storing fermentative

organisms.  However, for the purpose of the study fermentative organisms are assumed to

be negligible in carbon balance.
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Figure 5.  The EMP pathway that was shown to be operative in the anaerobic zones for

glycogen degradation at 20°C and 5°C (Erdal et al., 2002).
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Figure 6.  Branched TCA cycle of EBPR sludge operating at 20°C (Erdal et al., 2002c).
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Figure 7.  Aerobic metabolism of EBPR sludge that involves glyoxylate cycle at 20°C.

Faint colored reactions belong to TCA cycle and they are believed to be inoperative

(Erdal et al., 2002c).
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Figure 8.  Anaerobic metabolism of EBPR sludge operating at 5°C (Erdal et al., 2002c).
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Figure 9.  TCA cycle proposed to be used for PHA oxidation at 5°C (Erdal et al., 2002c).
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20°°C UCT System; Anaerobic Stage

EMP :

+3 ATP, +2 NADH per mole of glucose released from glycogen producing 2 moles of

pyruvate

Branched TCA :

-1 ATP, -2 NADH, +3 NADH per pyruvate converting either to acetate

PHA synthesis :

-1 NADH per each unit of PHA formed either from 2 acetyl-CoAs, or 1 propionyl-CoA

and 1 acetyl-CoA

Known: 259 mmol acetate utilized

103 mmol HB synthesized

18 mmol HV synthesized

35 mmol glycogen-glucose utilized

18 mmol HV à 18 mmol succinyl-CoA à at least 18 mmol acetyl-CoA needed for

succinyl-CoA production from branched TCA cycle

35 mmol glucose à +70 mmol pyruvate, +105 mmol ATP, +70 mmol NADH (EMP),

+70 mmol NADH (pyruvate à acetyl-CoA)

When 18 mmol acetyl-CoA is diverted to branched TCA, +52 mmol of it will be left for

acetyl-CoA pool.  With the +259 mmol acetyl-CoA from the feed acetate, the pool size is

311 mmol.  If 18 mmol of it goes to HV combining with 18 mmol of propionyl-CoA (-18

mmol NADH), the remaining 293 mmol of it will generate 146 mmol HB units,

consuming 146 mmol NADH.

To balance the reducing equivalents need, either branch of the TCA will be used more.
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NADH needed = 103 mmol (146 mmol) + 18 mmol = 121 mmol (164 mmol)

NADH produced = 70 mmol + 70 mmol = 140 mmol

Due to the excess of NADH, the left branch of the TCA cycle can be used to consume 19

mmol excess NADH.

20°°C UCT System; Aerobic Stage

Glyoxylate :

+1 ATP, +1 NADH, +1 FADH2 per turn of the cycle, consuming 2 acetyl-CoAs

Gluconeogenesis :

-2 NADH, -3 (reverse EMP) + -4 (oxaloacetate to PEP) = -7 ATPs per mole of glucose

produced from 2 pyruvate à 2 oxaloacetate à 2 PEP

PHA breakdown :

+1 NADH per each unit of PHA broken down to form either 2 acetyl-CoAs, or 1

propionyl-CoA and 1 acetyl-CoA

Known: 98 mmol HB released

17 mmol HV released

38 mmol glycogen-glucose re-synthesized

98 mmol HB à 196 mmol acetyl-CoA and 98 mmol NADH released;

17 mmol HV à 17 mmol propionyl-CoA, 176 mmol acetyl-CoA, and 17 mmol NADH

released.

For 38 mmol glucose synthesis, 76 mmol pyruvate, 76 mmol NADH and 266 mmol ATP

are needed.
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196 + 17 = 213 mmol acetyl-CoA à If 2 acetyl-CoA are used per turn of the cycle, 106

per turn of glyoxylate cycle à 106 mmol NADH; 106 mmol FADH2; 106 mmol ATP

Total NADH available = 98 + 17 + 106 = 221 mmol NADH

Reducing power needed for gluconeogenesis = 76 mmol à 221 – 76 = 145 mmol NADH

à 145 mmol NADH + 106 mmol FADH2 will be sent to the electron transport

chain

From Voet and Voet (1995), knowing that

4 cyt c2+ + 4 H+ + O2  à 4 cyt c3+ + H2O   à 4 e- to 1 O2

145 mmol NADH x 2 e- + 106 mmol FADH2 x 2 e- = 502 e- à 126 mmol O2

145 mmol NADH x 3 + 106 mmol FADH2 x 2  = 647 mmol ATP

Total ATP generation = 647 + 106 = 753 mmol ATP
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5°°C UCT System; Anaerobic Stage

EMP :

+3 ATP, +2 NADH per mole of glucose released from glycogen producing 2 moles of

pyruvate

Glyoxylate :

+1 ATP, +1 NADH per two acetyl-CoA entering the cycle assuming low succinate

dehydrogenase activity compared to succinyl-CoA synthatase, +1 NADH per pyruvate

converted to acetate.

PHA synthesis :

-1 NADH per each unit of PHA formed either from 2 acetyl-CoAs, or 1 propionyl-CoA

and 1 acetyl-CoA

Known: 231 mmol acetate utilized

141 mmol HB synthesized

9 mmol HV synthesized

23 mmol glycogen-glucose utilized

9 mmol HV à 97 mmol succinyl-CoA à at least 18 mmol acetyl-CoA needed for

succinyl-CoA production from glyoxylate cycle

23 mmol glucose à +46 mmol pyruvate, +69 mmol ATP, +46 mmol NADH (EMP),

+46 mmol NADH (pyruvate à acetyl-CoA)

When 18 mmol acetyl-CoA is diverted to glyoxylate cycle, +28 mmol of it is left for

acetyl-CoA pool.  With the +231 mmol acetyl-CoA from the feed acetate, the pool size is

259 mmol.  If 9 mmol of it goes to HV with 9 mmol of propionyl-CoA (-9 mmol

NADH), the remaining 250 mmol of it will generate 125 mmol HB units, consuming 125

mmol NADH.
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NADH needed = 125 (141) mmol + 9 mmol = 134 (150) mmol

NADH produced = 46 mmol + 46 mmol + 9 mmol = 101 mmol

Although the known values used contain experimental errors to some extent, considering

the gap between the need and the supply of NADH (∆>33 mmol) and the results of the

enzyme activity tests, it may be concluded that there must be a supplemental mechanism

to balance the need and production.  Thus, either the glyoxylate shunt is used more, or the

remainder of the TCA cycle enzymes is contributing when the reducing power is not

supplied sufficiently.  If the glyoxylate shunt was used more, it would have resulted in

higher hydroxyvalerate production.  Also, since no other peaks that would correspond to

methylated forms of the PHA units were detected, it can be safely assumed that the

anaerobic storage products only consist of HB and HV.  Therefore, involvement of TCA

cycle enzymes is a reasonable explanation.

5°°C UCT System; Aerobic Stage

TCA :

+1 ATP, +3 NADH, +1 FADH2 per turn of the cycle, consuming 1 acetyl-CoA

Gluconeogenesis :

-2 NADH, -3 (reverse EMP) + -4 (oxaloacetate to PEP) = -7 ATPs per mole of glucose

produced from 2 pyruvate à 2 oxaloacetate à 2 PEP

PHA breakdown :

+1 NADH per each unit of PHA broken down to form either 2 acetyl-CoAs, or 1

propionyl-CoA and 1 acetyl-CoA
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Known: 128 mmol HB released

8 mmol HV released

23 mmol glycogen-glucose re-synthesized

128 mmol HB à 256 mmol acetyl-CoA and 128 mmol NADH released;

8 mmol HV à 8 mmol propionyl-CoA, 8 mmol acetyl-CoA, and 8 mmol NADH

released.

For 23 mmol glucose synthesis, 46 mmol pyruvate, 46 mmol NADH and 161 mmol ATP

are needed.

256 + 8 = 264 mmol acetyl-CoA à If 1 acetyl-CoA is used per turn of the cycle, 264

turns of TCA cycle à 792 mmol NADH; 264 mmol FADH2; 264 mmol ATP

Total NADH available = 128 + 8 + 792 = 928 mmol NADH

Reducing power needed for gluconeogenesis = 46 mmol à 928 – 46 = 882 mmol NADH

à 882 mmol NADH + 264 mmol FADH2 will be sent to the electron transport

chain

Knowing that

4 cyt c2+ + 4 H+ + O2  à 4 cyt c3+ + H2O   à 4 e- to 1 O2

882 mmol NADH x 2 e- + 264 mmol FADH2 x 2 e- = 2292 e- à 573 mmol O2

882 mmol NADH x 3 + 264 mmol FADH2 x 2  = 3174 mmol ATP

Total ATP generation = 3174 + 264 = 3438 mmol ATP
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If glyoxylate cycle instead of TCA is being utilized under cold temperature aerobic

conditions;

Glyoxylate :

+1 ATP, +1 NADH, +1 FADH2 per turn of the cycle, consuming 2 acetyl-CoAs

Gluconeogenesis :

-2 NADH, -3 (reverse EMP) + -4 (oxaloacetate to PEP) = -7 ATPs per mole of glucose

produced

PHA breakdown :

+1 NADH per each unit of PHA broken down to form either 2 acetyl-CoAs, or 1

propionyl-CoA and 1 acetyl-CoA

Known: 128 mmol HB released

8 mmol HV released

23 mmol glycogen-glucose re-synthesized

128 mmol HB à 256 mmol acetyl-CoA and 128 mmol NADH released;

8 mmol HV à 8 mmol propionyl-CoA, 8 mmol acetyl-CoA, and 8 mmol NADH

released.

For 23 mmol glucose synthesis, 46 mmol pyruvate, 46 mmol NADH and 161 mmol ATP

are needed.

256 + 8 = 264 mmol acetyl-CoA à If 2 acetyl-CoA are used per turn of the cycle, 132

turns of glyoxylate cycle à 132 mmol NADH; 132 mmol FADH2; 132 mmol ATP

Total NADH available = 128 + 8 + 132 = 268 mmol NADH
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Reducing power needed for gluconeogenesis = 46 mmol à 268 – 46 = 222 mmol NADH

à 222 mmol NADH + 132 mmol FADH2 will be sent to the electron transport

chain

Knowing that

4 cyt c2+ + 4 H+ + O2  à 4 cyt c3+ + H2O   à 4 e- to 1 O2

222 mmol NADH x 2 e- + 132 mmol FADH2 x 2 e- = 708 e- à 177 mmol O2

222 mmol NADH x 3 + 132 mmol FADH2 x 2  = 930 mmol ATP

Total ATP generation = 930 + 132 = 1062 mmol ATP

In either case, ATP production under aerobic conditions in the 5°C system is bound to be

significantly greater than that in the 20°C system, and this translates into greater

phosphate uptake under cold temperatures.  In other words, both the availability of

acetate for PAO uptake due to decreased competition for substrate, and the metabolism

differences between the 5°C and 20°C systems result in improved phosphate removal at

5°C.
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CONCLUSIONS

Anaerobic stabilization of COD, which has long been debated and not very widely

accepted among environmental engineering researchers, has been shown to be impacted

by changes in microbial metabolism of EBPR sludge subjected to different temperatures.

When three systems were observed under two different temperatures, the cold (5oC)

operated UCT system did not exhibit any anaerobic stabilization of COD, the A/O and

UCT systems operated at 20oC did.  Gas measurements from the anaerobic and aerobic

stages of an anaerobic-aerobic batch test did not reveal the presence of any gaseous

products such as H2 or CH4, which might have been the cause of the loss of electrons

from the EBPR systems.

When the daily mass balances of the intercellular storage products PHA and glycogen

were examined it was seen that the systems under warm and cold temperatures showed

different patterns of storage and consumption.  This implies that the biochemical

metabolisms and bacterial populations of the biomasses were different.  The population

was shown to be much less diverse at 5°C (U. Erdal, 2002).  Thus, it can be deduced that

anaerobic stabilization was strongly affected by the dominating biochemical metabolism.

Although the systems were fed with acetate only, which is not a fermentable substrate

such as glucose or municipal wastewater organics, 10% anaerobic stabilization observed

at 20°C.

Mechanisms leading to AnS were investigated through balancing reducing equivalents

production and consumption under anaerobic and aerobic conditions at 20°C and at 5°C.

Certainly there are other sinks and sources of reducing equivalents in a cell, such as

amino acid production and degradation from and to TCA cycle intermediates. Thus, these

calculations were mere approximations of the prevailing mechanisms.  Nonetheless, a

comparison of the reducing equivalents that are needed for consumption during

gluconeogenesis (i.e. transferred to glucose units of glycogen) showed hints to what

might have led to the observed “loss” of COD.  76 mmol of NADH was required at 20°C,

whereas only 46 mmol of NADH was needed at 5°C during the aerobic re-synthesis of
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glycogen. This translates into 480 mg/d lesser oxygen consumption, which would

decrease the gap between the COD of the influent substrate and the total consumed

oxygen. These approximations show the strong interconnection between the EBPR

storage mechanisms and the long observed AnS in systems that include an anaerobic

zone.  Glycogen is also a store of carbons, which would otherwise result in larger yield

values.  For the UCT systems, the glycogen storage observed under low temperature

operating conditions was 23 mmol (139 C-mmol/d) whereas it was 38 mmol (230 C-

mmol/d) at 20°C.  Thus, decreased solids production must be expected under these

circumstances.

In the light of these findings, in order to translate anaerobic stabilization into savings

from operational costs of an EBPR plant, it must be realized that a delicate balance

between maximizing aerobic glycogen storage and efficient phosphorus removal must be

attained.  It has been shown that when glycogen metabolism dominates, it can result in

poor EBPR performance (Cech and Hartman, 1993; Liu et al., 1996 and 1997; Filipe et

al., 2001).  Carucci et al. (1997) have also shown that under different feed and ORP

conditions, EBPR can be achieved even with a sludge that has a dominating glycogen

storing population. Consequently, further study is necessary to determine the exact

correlation between the operational factors, feed composition and anaerobic stabilization.

Hence, synthetic feeds consisting of a variety of volatile fatty acids, and municipal

wastewater, must be considered to more realistically assess the interactions.
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