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ABSTR-A,CT

The goal of this research is to use hydrogenotrophic denitrifying bacteria and hydrogen as

exogenous electlon donor to stimulate denitriflcation in nitrate contaminated streams.

The particular nitrate contaminated strearns utilized in this study include nitrate

contaminated groundwater and tertiary wastewatel.. The thesis is descr.ibed in five

chapters and covers both engineering and micr.obiological aspects of implementing

hydrogenotrophic denitrification. It explores microbial ecology and kinetics of

hydrogenotrophic denitrifiers, which led to the development ofa new methodology for

studying microbial cultures. The microbiological experiments wele initiated to explore if

the biological conversion ofnitrate to nitrogen gas is a single stage reaction and if is

carried out by only autotrophic bacteria. The possibility of pr.esence of acetogenic

bacteria in the hydrogenotrophic culture was studied. The kinetics of hydr.ogenotr.ophic

denitrification was experimentally studied at different pH and temperatures. The

hydrogenotrophic culture was further studied to detelmine the hydrogenotrophic biomass

constituents including active biontass, EPS and..,, O.Or,r. An experimental method was

developed for quantifying the active biomass concentration in steady state biomass.

From the engineering pelspective, the r.esearch is focused on developing anaerobic

submerged membrane bioreactors to reclaim water from nitrate contaminated streams

including groundwater and wastewater. Technical feasibility of removing nitrate fr.or¡

groundwater and \rvastewater to þroduce reusable water using different membrane

bio¡eactor configutations has been experimentally studied. The challenge ofeffective

hydrogen delivery has been addressed by developing a novel bubble-less hydrogen

delively system, which was coupled with the biological treatment unit. Finally, the

potentials application ofthe developed technology and the costs associated with

implementing the technology has been discussed and compared with different alternatives.
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CHAPTER I

1.1 lntroduct¡on

Nitrate is primary pollution in groundwater as it is highly mobile and thermodynamically

stable. Nitrate, not only can cause eutrophication in natural environments, but also is

harmful to humans and animals. ln this section, the mechanism of nitrate transport to

groundwater is introduced and adverse effects of nitrate on health are discussed.

1.1 ,1 Nitrate transport to groundwater

Nitrogen comprises 79% of earth's atmosphere. [n the natural environment, nitrogen is

recycled through a series of chemical and biological processes as shown in Figure 1.1.

Nitrogen in the atmosphere must be fìxed to nitrate and ammonia in order to enter the

living systems. A certain amount of atmospher¡c nitrogen is fixed by lightning and by

some cyanobacfera (blue-green algae). The great bulk of nitrogen fìxation is performed

by soil bacteria of two kinds. Those that live free in the soil and those that live enclosed

in nodules in the roots of certain plants. Bacter¡a that live in the roots of legumes are of

the genus Rhizobium. As free-living microorganisms, heterotrophs in the genera of

Azotobacter and Clostridium are the best known of nitrogen fìxers. The fìxed n¡trogen

(Ammonia) is oxidized aerobically to nitrite and eventually to nitrate by NrTrofsomas and

Nitrcbacter. ln the nitrogen cycle, denitrificat¡on represents the loss of nitrogen by which

the produced nitrate is reduced to nitrogen gas (Leea et al., 2002).

Human activity annually fixes vast amounts of nitrogen, which might upset the natural

nitrogen cycle in the biosphere. The main nitrogen sources include the waste produced

by humans and animals and fertilizers. Nitrate from human waste originates mostly from



individual septic systems or municipal wastewater treatment facilities. Typically, effluent

from such septic systems is in the order of 30 to 60 mg l-1 total nitrogen, with ammonia

making up the majority of the nitrogen (MacQuarrie and Sudicky, 2001). The nitrogen

content of this effluent varies widely depending upon the condition of the individual

system and the type of waste being treated. Another source of nitrogen comprises

fertilisers in the forms of inorganic fertilizers and animal waste. Extensive usage of

fertilizers is another shock to nitrogen cycle that causes leaching of nikate to the

groundwater.

Figure 1.1 Nitrogen cycle (Leea et al., 2002)

Loss to
Atmosphere

!,

NrO,."**Ì

NO"'
No2'-"'-

NH4+(Anaerobic arnmonification)

Q.**

I
Leached to groundwater



1.1.2 Nitrate: adverse effects on health and environment

1.1 ,2,1 Human health effects

ln human infants nitrate can be reduced to nitr¡te in the gastrointestinal tract, which may

be absorbed into the blood stream and react with haemoglobin to form methemoglobin

causing methemoglobinemia, which is also known as Blue Baby Syndrome. This

process blocks the oxygen carrying capacity of the blood. when the concenlration of

methemoglobin becomes too high, the ¡nfant becomes cyanotic and can die because of

asphyx¡ation. This condition especially occurs in infants below the age of six month,

when the water containing high concentration of nitrate (higher than 10 ml I -r NO3-N) is

mixed with infant's formula. Not only infants, but children and adults suffering from

maladies and low levels of stomach acid are also vulnerable to methemoglobinemia.

ln 1984, an infant in Laurel, Nebraska was treated for Blue Baby syndrome. The water

used to mix her formula was shown to contain 66 to 80 mg l-1 nitrate as nitrogen

(Mulvay, 1986). ln 1986, an infant in south Dakota died because of ingesting water from

a farm well containing approximately 150 mg l'1 nitrate as nitrogen (Meyer, I 994). ln

1992, a six-week-old wisconsin infant was diagnosed with methemoglobinemia on the

second hospital admission. The contamination was traced to a shallow water supply

well contaminated with 40 to 60 mg l'1 nitrate as nitrogen and up to 7.g mg l-1 copper. lt

was concluded that the symptoms were caused by a synergistic effect of the nitrate and

copper (centers for Disease control and prevention, 1gg3). At least two cases of

methemoglobinemia have been documented in New Mexico. one case occurred in an

area of widespread septic-tank contamination in 1g61 . The other case occurred in an

area contaminated by agr¡cultural fertilization in l9g0 (Mceuillan, 1997). Two cases of



methemoglobinemia from nitrate contaminated private wells have been documented in

South Dakota in 1981 and '1986 (Meyer,1994). A 1982 survey of doctors in the Big

Sioux River basin of South Dakota reported the occurrence of approximately 80 cases

during the previous 30 years (Meyer, 1994).

'l.1.2.2 Animal Health Effects

Poor water quality may cause health problems for Livestock. Nitrate-contaminated water

consumed by livestock has resulted in nitrate poisoning. At high enough nitrate

concentrations (> 300 mg l¡), nitrate poisoning may result in animal death. At lower

concentrations, nitrate poisoning can increase the incidence of stillborn calves,

abortions, retained placenta, cystic ovaries, lower milk production, reduced weight gains,

and vitamin A deficiency. Livestock may be harmed at nitrate-nitrogen concentrat¡ons

between 100 to 300 mg NO3-N l'1, and nitrate poisoning in cattle, sheep, and horses

may occur at concentrations > 300 mg NO3-N. Recommended limits of nitrate in

drinking water for livestock and poultry should not exceed 1 00 mg NO3-N l-1. The

accurate assessment of the source of nitrate poisoning is difficult because if the diet

includes crops prone to nitrate accumulation, nitrite accumulation in the animal may

occur (Kvasnicka and Krysl, 1990).

1.1.3 The Water Quality Guideline

The effects of nitrate on health has provided enough evidence for World Health

Organization to (WHO) to set the acceptable limit for nihate in drinking water at 10 mg

NO¡ -N l-1.



1.2. Nitrate removal methods

This section introduces different methods for nitrate removal from contaminated water.

Alternatives including, physical, chemical and biological methods are described.

1.2.1 Physical methods

1.2.1.1 lon exchange (lX)

The ion exchange process comprises the passage of nitrate contaminated water

through a resin bed containing strong base anion resin, on which nitrate is exchanged

with chloride or bicarbonate ions. The exhausted resin is regenerated using either

sodium carbonate or sodium chloride salt. Typically, the order of ion selectivity for lx

resin is bicarbonate, chlor¡de, sulphate and then nitrate. Treatment of high sulphate

water reduces the capacity of nitrate removal. For instance, an increase in sulphate

concentration from 42.5 to 3'10 mgl-1, decreased nitrate breakthrough time from 4OO to

180 bed volumes (BV) (Kapoor et al., 1998). The main timitations of lX include the high

cost for regeneration of exhausted resin, production of highly concentrated brines, and

organic fouling when dissolved organic matter in the water is relatively high.

1.2.1.2 Electrodialysis

ED involves the transformation of ions through an ion permeable membrane from less

concentrated to a concentrated solution by aid of direct electric charge. An

electrodialysis unit requires pressurized water (50-70 psi), a membrane stack and a DC

power supply. Nitrate removal is very fast but can only be used for treating soft waters

due to scaling problem. similar to ion exchange, electrodialysis produces waste brine,



which needs to be handled properly. Electrodialysis is an expensive process. The cost

of nitrate removal is similar to that by reverse osmosis.

1.2.1.3 Reverse osmosis (RO)

ln RO process nitrate is separated from water by forcing the water across a semi-

permeable membrane by applying a pressure higher than osmotic pressure. Pressure

ranging from 300 to 1500 Psi is applied to reverse normal osmotic flow of water. The

RO membranes do not show any preference to remove any specific ion but the degree

of rejection is dependent on the valance of ion. RO generally reduces the mineral

content of water and is subject to problem such as fouling, compaction and deter¡oration

over time.

1.2.2 Chemical denitrification

Chemical denitrification of drinking water can be achieved using the reaction of either

Fe2* or Aluminium powder with nitrate. Both reactions result in reduction of nitrate to

ammonia under basic conditions. The end product, which is ammonia, needs to be

str¡pped out by air. These chemical processes are very expensive and produce high

quant¡ty of sludge that needs to be properly handled (Kapoor et al., 1998).

Another recently developed method is catalyt¡c reduct¡on of nitrate ¡n the presence of

hydrogen, using palladium-alumina as the catalyst. The nitrate removal rate is 3.13 mg

NO3- min -1 g -1 catalyst (Horold et al., 1993). This process is limited to small water

treatment systems due to the low denitrification rate and requires further research to

assess long-term performance.



1.2.3 Biological Denitrification

Biological denitrifìcation comprises reduction of nitrate to nitrogen gas by different types

of bacteria.

1.2,3,1 Diversity of Denitrifiers

There are two biological pathways for nitrate in nature. A certain few obligate anaerobes

such as clostridium reduce nitrate to nitrite and eventually to ammonia. The second

pathway, which is called denikification, comprises dissilimatory reduct¡on of nitrate to

nitrogen gas by certain bacteria.

Figure 1.2 Species having denitrifying genera (Lee et al., 2002)

Achromobacter GmG) rods Moraxella Gml-l cocco¡.|
Ac¡ntobecfer GmÊ) rods j\re¡sserre Gm( cocct
Adtobactêr¡um GmG) rods Paracoccus cmG coccoid
Alcaliqenes Gml-) rods ProDionlbacter¡um
Arth robacter G(variable) oleomorDhic Pseudomonas GmG rods
AzosDr¡llium Rhizoblum Gm(-) rods
Bec¡llrts Gm(+) rods Rhodopseudomonas Gml- rods

GmG) rods SDìrillum GmC sÞirals
Corynebacter¡um Gml+l rods Thermotrlx
CvtoDhada GmC) rods Th¡obac¡llus cmG rods
Flavobacter¡um Gml-l rods Th¡omicrosD¡ra Gml
Hvbhom¡cr.th¡. Gml+) swarmer cells Vibiro Gml-l bent rods
Kindella GmÊ) coccoid

The denikification process involves the formation of a number of nitrogen intermediates

that eventuates to nitrogen gas.

NO3- -+ NO2- -+ NO + NrO -+ N2 
(1.1)

Most denitrifiers are heterotrophic gram-negative rods, but few are autotrophic

denihifiers. Autotrophic denitrifiers can use inorganic carbon as the carbon source and

either hydrogen or reduced sulphur compounds as the energy source. Thiobacíttus

denitrificans and Th¡omicrospìra denitrificans util¡ze elemental sulphur and thiosulfate as
7



electron donor for denitrification. Alcaligenes eutrophus, Paracoccus denitrificans and

several Pseudomonas species can grow autotrophically by oxidizing hydrogen.

1,2.3,2 Hete¡ol¡op h ic Denitrification

ln heterotrophic denitrification, the nitrate is the terminal electron acceptor and variety of

organic carbon sources (methanol, ethanol acetic acid etc.) can be used for cell and

energy synthesis. ln order to dr¡ve denitr¡fication in nitrate-contam inated groundwater,

an exogenous carbon source must be added, as groundwater often has low organic

carbon content.

There are several parameters affecting the choice of organic carbon including cost, low

biomass yield and half saturation coefficient (K"). The half saturation coefficient (Ks) of

chosen organic carbon should preferably be low. Half saturation constant is an

important factor in biological treatment processes, as the minimum substrate

concentration in the effluent at steady state ¡s directly proportional to the half saturation

coefficient. Therefore, the lower the Ks value the lower the concentration of substrate in

the effluent at steady state condition. For instance for methanol, Ks values of 0.1 mg

NO3-N I '1 to 67 mg NO3-N I -rand as high as 72 mg NO3-N l'1 have been reported (U.S

EPA, 1993). Although methanol is considered a cheap organic carbon source, the high

Ks of methanol results methanol carry-over to the effluent leading to bio-instability of the

lreated water and high post treatment costs.

Problems associated with high cost, organic carbon carry-over, high sludge production

may be minimized by autotrophic denitrification.



1.2.3,3 Autotrophic denitrification

Autotrophic denitrifìcation is a biological process thai uses inorganic carbon to derive

denitrification. Different electron donors can be used for autotrophic denitrification.

These donors include hydrogen, elemental sulphur, and thiosulfate. The stiochimetric

equations for different donors driving autotrophic denitrification are shown as follow

(Mateju et al., 1992).

0,t4tNOt + 0l25S2O 
32- 

+O.O643COZ+ O.lH2O ì 0.0r29C5H7NO2 + 0.064N2 + 0,25SO4- + 0.109¡f

10NO3-+llso+4.lHco3 + o.sco' + l.zlNHo+ + 2.54H2O -r 0.92C5H7 NO2 + l l so4 +5.4N2+g.62H+

0.5H2 + 0.1773NO3- + 0.0246CO2 + 0. t?'t'ßH+ è o.004g3c5H7No2 +0.0862N 2+0.5'.14H2O

The autotrophic denitrification of water using sulfur compounds carries several

disadvantages over hydrogenotrophic denihification, including:

o Sulfate production as by-product, which requires further treatment.

o Higher alkalinity consumption per unit of NO3-N,

o Higher biomass yield.

o Sensitive to pH.

Autotrophic denitrification using hydrogen is an attractive option for removing nitrate

from groundwater. The advantages are that (Gantzer, 1995):

o The residual hydrogen can easily be removed from the treated water.

o lt produces less biomass compared to heterotrophic denitrification.

o lt has lower cost of electron donor per unit of nitrate removed compared to

heterotrophic denitrifÌcation.

Hydrogen also carries the disadvantages of:

o Low solubility in water.

o Explosivity when it is mixed with air.
Õ



o Delivery efflciency

1.3. A critical review on hydrogen-dependent denitrification systems

This section cr¡tically reviews different designs and reactor configurations used for

hydrogenotrophic removal of nitrate from groundwater. Advantages and constrains of

each system are discussed. The discussions are followed with recommendations for

improving the systems.

1,3,1 Fixed film reactors

The early designs for removing nitrate by means of hydrogen as electron donor

comprised attached growth reactors. Using hydrogen-oxidizing bacteria for autotrophic

denitrification date back to 1987, when (Kurt et al., 1987) used a fluidized bed sand

bioreactor for denilrification of drinking water. An external bubble absorption tank was

used for saturating the feed. The adsorption tank was coupled with the fluidized bed

with an internal recycle loop. ln this study 25 mg NO3-N l-1 of nitrate was removed within

a 4.5 hour hydraulic residence time in a reactor with the volume of 5.1 I, where pH and

temperature were kept at 7.5 and 30o C. Volumetric and surface removal rates of 0.13

kg N m-3d{ and 0.3 g N m-2 d -1 were obtained, respectively. At hydraulic retention times

(HRT) less than 4.5 hours, nitrite accumulation was observed. ln batch experiments,

nit¡ite accumulation of was consistently observed. The nitr¡te accumulation in the batch

test could be the result of lower hydrogen mass transfer rates into the biofilm in

compare to continuous operation, ln the continuous operation higher mass transfer
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rates are expected as hydrogen was already dissolved in the feed and the feed was

circulating.

ln 1988, Gros and his coworkers developed a full-scale plant for denitrification of

100m3/h nitrate contaminated groundwater with nitrate concentration of 73 mg I '1. They

incorporated four fixed bed reactors in series, flocculent addition, a two layer sand filter,

and UV disinfection. Hydrogen, CO2 and groundwater were mixed and injected to the

first reactor. During five years operation, the plant was able to reduce nitrate

concentration from 75 mg l-1 to less that I mgl-1 nihate with the overall denitrification rate

of 0.15-0.5 kg N m-3.d-1. The actual consumption of hydrogen was 1 I gram for 1 00

gram of nitrate removed. The total organic carbon in the feed was between 0.4 to 0.7

mg I -1 . After denitrification the organic carbon increased to 1 -1 .1 mg I -1 TOC. TOC

was reduced to 0.7- 0.8 mg I -1after flocculation and sand filtration (Gros et al., l ggg).

Dries et al., (1988) used two column reactors filled with polyurethane, in which nitrate

was removed in the first reactor, and nitrite and excess hydrogen were oxidized in the

second reactor. ln this research, water containing 1s mg Nos-N l-1 was den¡tr¡fied with

the volumetric removal rate of 0.2 kg m'3.dr and surface removal rate of 0.2g g NOs-N

m-2.di. ln 1999, Cheng et al. immobilized Atcaligenes eutrophus in polyacrylamide and

alginate copolymer in a f¡uidized bed system. Maximum denitrif¡cat¡on of 0.6-0.7 kg N m'

3.d-1 was achieved. Reduct¡on of nitrite to nitrogen gas was inhibited at d¡ssolved

hydrogen concentrations of below 0.2 mg l-1, wh¡le reduction of nitrate was inhibited at

dissolved hydrogen concentration below 0.1 mg l-r As it will be discussed later, the half

saturation coeff¡cient for hydrogen is very small (less than 1% of saturation). Therefore,



the dramatic decrease in denitrification rate might be inferred from the diffusion

limitation of dissolved hydrogen from the bulk into the polymer.

Table l. I A comparison between different fixed film systems for hydrogenotrophic
denitrification of water

Reactor type Temp.oC Volumetric Removal Surface Removal Reference
(kg Nm-3 d'11 (g N m-2.d'1)

Fixed film 10.5 0.4 - cros et at.,(1988)
Fluidized bed 30 0.13
Fixed film
Fixed film

12-20 0.5
l5

0.3 Kurt et al.,(1987)
O.28 Dries et al.,(1988)

0.31-0.34 Ginocchio et al.,(1 984)
Fluidized bed 30 0.6-0.7 - Cheng et al.,(1998)

Fixed film reactors carry the disadvantage of poor hydrogen delivery and possible

tendency for clogging. Despite the fact that hydrogenotrophic denitrifiers has been

considered very slow growing (Gros et al., 1988), kinetics study by different researchers

show that the growth rate of hydrogenotrophic denitrifiers is in the range of

heterotrophic denitrification. Therefore clogging might be an issue.

ln hydrogenotrophic fixed fÌlm systems the operating pH should be relatively low,

although the optimum denitrification rates are obtained ¡n the pH range of B,S to 9.s

(Rezania et al., 2004). High pH increases the precipitation rate of calcium and

magnesium ions w¡th carbonate and phosphate (Lee & Rittmann,2003), which might

accumulate in the reactor.

1.3,2 Hydrogen-dependent denitrification using a biofilm electrode reactor

The limitation of fixed film reactors including, poor mass transfer and loss of hydrogen to

the effluent, and need for separate hydrogen production was minimized by usÌng a
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biofilm electrode reactor (BER). The BER is an electrochemical cell, which is composed

of a cathode, an anode, a cation permeable membrane and a DC power supply. The

hydrogen is produced on the surface of cathode and oxygen is produced on the surface

of anode. The hydrogen produced on the surface of cathode allows formation of

hydrogenotrophic denitrifiers. The produced oxygen on the anode can increase the

dissolved oxygen in the bulk, which can inhibit the denitrification. Therefore, a

permeable membrane separates the anode and cathode allowing the transfer of ions

while limiting the oxygen dissolution to the bulk,

By applying an electric current to the electrodes, the following reactions occur.

The cathodic react¡on:

10e+lÙHro -+ 5H 2 +IÙoH-

ïhe anodic reaction:

(1.2)

SH\O _+2.5Or+10H"10e 
(1.3)

ïhe biological denitrification using hydrogen (Kurt et a1., 1987)

2Nq+SH2+2H* _+ N2+6H2O 
(1.4)

Combining equations (1 .2) and (1.4):

10e +2NO.,- +l2H* _+ Nz + 6H zO (1 .S)

ln the case that there is no separation between anode and cathode the net react¡on is:

zNq- +2H* + N2+ H2O+2SO2 
(1.6)

Table 1.2 summarises the performance of BER systems used for denitrification of

nitrate contaminated water.
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Table 1. 2 Performance of BER systems used for denitrification of nitrate contaminated
waler.

ln some cases (Feleke et al., 1998 ; lslam et al., 1998) low nitrate removal efficiencies

per surface area of cathode was observed. These low surface removal rates can be due

to the fact that the cathode and anode were not separated and dissolved oxygen in the

bulk might have been high,

ln future studies, nitrate removal efficiency was improved by increasing the cathode

surface area and separating the cathode and anode. Materials such as granular

activated carbon (GAC) have been used as a cathode due their high porosity and large

surface area (Sakaribara and Nakayama, 200,l; Kiss et al., 2000). ln the case that GAC

is used, the efficiency of the systems can be further increased by using multi-electrode

systems. ln a multi-electrode system, a ser¡es of porous metal sheets are connected in

series, which are in contact with GACs (Prosnansky & Sakakibara, 2002). The metal

sheets reduce the resistance, which results in easier current passage.

Reactor
TvDê Cathode Anode Temp.

uuffenl NO¡N nttnltcalton. Kale
lko N.m-3.d-rì Reference

Batch graphite graph¡te 8,6 0.019

Sakaklbara &

Kuroda,'1993

Cârhôn Room 0-100 2D 0.o35 lslârn et âl l00a

Batch 26 0.0064 Sakakibara et

Batch
ÞIatntess
steel&

Stainless
steel & 7 20 0.0067 Cast & Flora,

1998

Contentious slarnless
Carbon 20-30 5 20 0.06 l-lel(e et al.,

Contentious Titan¡um Melal 25t3 f0 0.12 Sakak¡bara &
Nâkâvâmâ 2001

Contentious SS+GAC
PI

coated
w¡th Ti

Room 40-300 5.4 0.393
Prosnansky &
Sakak¡bara,

2002

Contentious graph¡te T¡
coated Dt

20-80 0.45 Kiss et al., 2000
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The main drawback of BER systems is the gradual scale formation on the cathode

surface. The precipitation rate in BER reactors is expected to be higher compared to the

other hydrogen dependent denitrification systems. Comparing equation (1.4) and

equation (1 .5) shows that in BER systems 6 moles of proton is consumed per 1 mole of

NO3-N reduced, which is 6 times higher than non-electr¡cally aided denihification

systems. Higher hydroxyl (OH') production rate on the cathode side shifts the pH faster,

causing precipitation of calcium and magnesium ions and scale format¡on.

Good performance of BER reactors relies on different factors such as:

1, High surface area of cathode and reduced current passage resistance by use of

multi-electrode systems

2. High oxidation resistance of the anode material, otherwise, the corrosion of the

anode leads to the contamination of the treated. However the corrosion

resistance materials such as Ti coated with platinum are expensive.

3. The anode and cathode should be separated by means of an ion permeable

membrane to limit the diffusion of dissolved oxygen to biofilm.

4. The current density should be controlled; high currents higher than 60 mA can

reduce the ORP to very low values causing methane production by methanogens

(lslam et al, 1998).

5. The optimum current density is 4-5 A m-2 (Prosnansky & Sakakibara, 2002).

6. Scale formation on the surface of electrodes might be controlled by reversing the

current every few minutes, which is a common method for scale controlling in
electrodialysis systems.

1.3.3 Hydrogenotrophic denitrification with a membrane biofilm reactor

With developing membrane technology, the bubble-less dissolution of hydrogen into

water was made possible by using microporous membrane diffusers. These
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membranes can be made of different hydrophobic materials including polypropylene,

poly tetrafluorethylene (PTFE), polypropylene, TeflonrM and Gortex rM, The pore

diameter of these membranes usually ranges from 0.02 to 0.05 ¡.rm. Different membrane

configurations have been used for bubble-less gas diffusion including, tubular (Hirasa et

al., 1991), plate and frame (Kniebusch et al., 1990) and hollow flbre ( Ergas & Ruess,

2001 ). The hollow fibre module is the most common configuration due to its higher

packing density. The internal diameter of the fibres ranges from 200 to 400 pm,

depending upon the application.

A membrane biof¡lm reactor is simply fabricated by immersing the membrane gas

diffuser in the reactor. The membrane acts as a support medium for the biofilm, while

introducing the gas to the developed biofilm. ln hyd rogenotrophic denitrification,

hydrogen (electron donor) is provided through the membrane t while nitrate diffuses

from the bulk liquid to the biofilm.

Mass transfer is facilitated by diffusion through gas filled pores, where the mass transfer

coefficient is directly proportional to the porosity of the membrane. The hydrogen flux to

the bulk liquid is directly proportional to hydrogen pressure on the lumen side of the

membrane and can be calculated from the following equation (Ahmed & Semmens,

1992).

(1.7)

N is the hydrogen flux (g m-'s-t¡, K is the overall mass transfer coefficient (m s-1), p¡12 is

the partial pressure of H2 (atm) H is Henry's law constant (atm.m'3 g-1), and C¡ is the

dissolved hydrogen concentration in the bulk liquid (g m-3¡. The hydrogen flux from the

membrane to the biofÌlm is a function of the distance from the membrane. The mass



lransfer inside the biofilm varies as a function of the concentration profile within the

biofilm.

Higher hydrogen flux to the biofilm will result in higher denitrification rates. (Gantzer,

1995) reported that increasing the pressure in the flbre from I to 2 atm improved the

denitrification rate from 1.4 lo 2 g NO3-N m-2.d-1 but resulted in an increase in dissolved

hydrogen concentration from 0.1 7 to 0.66 mg Hz l-1. A similar trend was observed by

Lee and Rittmann (2000), as increasing the hydrogen pressure from 0.31 to 0.42 atm

increased the denitrif¡cation rate from 1.5 lo 2.1 g NO¡N .m2.day, also raising the

effluent dissolved hydrogen from 0.009 to 0.07 mg I-1.

Table 1,3 The performance of membrane biofilm reactors

1,3.3.1 The operation mode

Hydrogen can be introduced to the membrane module in two ways. The membranes

can be operated in flow{hrough mode or dead-end mode. ln the flow-through mode the

introduced gas is vented after passing through the membrane module, while in the

dead-end mode all of introduced gas is forced to the biofilm. ln flow-through operation,

venting the gas results in hydrogen loss and potential explosion problems. The dead-

end mode of operation is advantageous due to the fact that higher hydrogen transfer

efficiencies can be obtained up to '100%. lt also carr¡es some disadvantages. At the

membrane-biofilm interface, the back diffusion of nitrogen gas to the membrane fibre

Reference HRT
(Hour)

ToKemOV
al

Surface Removal
(g No3-N m'2.d¡)

Volumetric
Removal(kg

N03-N m-3.dr)
Lee & Rittmann, 2002 o.7 76-92 0.8-l o.25-0.552
Erqas& Reuss.2001 30 90 2.5 0.77

Pierkiel.2002 75 93 0.32 0.312
Beneclict. 1996 b 42.7 2.63
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decreases the hydrogen pressure along the length of the fibres (Ahmed & Semmens,

1992). The decrease in hydrogen partial pressure reduces mass transfer rate and also

causes formation of an uneven biofilm along the fibre. The back diffusion of nitrogen

can be reduced by increasing the hydrogen pressure on the lumen side. Membrane gas

diffusers are also subject to condensation. Due to the high mass transfer coefficient of

water vapour, the water vapour will saturate the feed gas within the fibre length. During

the dissolution of the gas, its volume reduces and it will become supersaturated with

water, and water condensation might occur (Ma et al., 2003). Condensation may take

place at the liquid membrane interface, inside the fibre on the membrane surface, in the

bulk gas or within the pores. Water condensation inside the pores and at the phase

inside the membrane reduces mass transfer efficiency. ln the flow through mode the

condensed water in the gas phase or on the membrane surface inside the module might

be removed from the module. However water condensation can cause significant

problems in dead-end modules, The diffused water vapour can carry ions resulting in

inorganic membrane fouling. There are different challenges in the application of

membrane biofilm reactors in large scale including:

1. The membrane gas diffusers are delicate and any physical damage to the fibre

will cause bubble release and inefficient hydrogen delivery.

2, Biofilm thickness control. An internal recycle was used by some researchers to

remove the excess biomass, but it requires high energy (Ergas& Reuss, 2001).

3. The precipitation of calc¡um and magnesium ions with phosphate and carbonate

ions makes the biofilm hard to shear off.
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4. Porous membrane diffusers are subject to condensation of water vapour in the

pores,

Suggestions:

Non-porous membrane diffusers might minimize the problems associated

with condensation. However ìower mass transfer rate can be expected,

which could be compensated by providing large surface area.

Precipitation of ions in the biof¡lm might be reduced by introducing mixture

of carbon dioxide and hydrogen through the diffuser. Carbon dioxÌde,

which will be used as carbon source, decrease the pH inside the biofilm

leading to less precipitation.

1.3.4 Hydrogenotrophic denitrification in extractive membrane bioreactors

One of the limitations of using hydrogen for denitrification of water is the release of

soluble microbial products to the water, which appears in the effluent as soluble COD.

Solubie microbial products (SMP) can be classified as utilization-associated products

(UAP) and biomass associated products (BAP). UAP are associated with substrate

metabo¡ism and biomass growth and are produced at a rate proportional to the

denitrification rate. BAP are associated with biomass decay and are produced at a rate

proportional to biomass concentration (Barker and Stuckey, 1999). Soluble microbial

products are slowly biodegradable and their degradation kinetics has been studied in

aerobic membrane bioreactors (Lu et al., 2002).

One approach for preventing contamination of treated water with soluble microbial

products is separating the microbial culture from the feed. ln this case the suspended

denitrifying culture is separated from nitrate contaminated water by means of a
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membrane with average pore size of 0.02 Um (Mansell and Schroeder, I ggg; Mansell

and Schroeder, 2002). The mechanism of nitrate removal is based on diffusion of nitrate

through the membrane to the denitrifying culture, which requires addition of an electron

donor. Mansell and Schroeder (1999) used methanol as the energy source. A nitrate

removal efficiency of 90% with a flux of 4 g NOg-N m-2 d-1 was achieved with an influent

concentration of 20 mg l¡ NO3-N at an HRT of 66 min. The reverse diffusion of

methanol to the treated water was the main limitation.

The problem with methanol contamination was eliminated with the use of hydrogen as

electron donor (Mansell and Schroeder, 2002). By using a hydrogenotrophic culture,

removal efficiencies ranging from 96% to 92% with the rate ol 2.7-5.3 g NO3-N m-2 d-1

were achieved at influent concentrations ranging from 20 lo 40 NO3-N mg l-1.
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CHAPTER 2: HYDROGEN-DEPENDENT DENITRIFICAITON OF WATER tN AN
ALTERNATING ANOXIC-AEROBIC MEMBRANE BIOREACTOR

2.1 Objectives

A hydrogenotrophic denitrification system, which consisted of a sequencing batch

membrane bioreactor, was evaluated for simultaneous removal of nitrate and soluble

microbia¡ products (SMP) from a synthetic groundwater feed. The main goals of this

research were as follow:

Removal of nitrate from synthetic groundwater in a suspended culture membrane

bioreactor using hydrogen as electron donor.

Minimizing the concentration of soluble microbial products (SMp) in the effluent.

Studying the hydrogenotroph¡c denitrificat¡on rate at different hydrogen pressures

applied to the membrane diffuser,

2.2 Experimental set-up

The experimental system used for denitrification of highly nitrate contaminated

groundwater is illustrated in Figure 2. 1. The system consisted of a cylindrical plexiglas

reactor w¡th the total volume of 10.1 L and working volume of B.l L, a hollow fibre

membrane gas diffuser with the total surface area of 0.0056 m2, a hollow fibre

membrane water filter with the total surface area of 0,047 m2, and a pH controller. The

hollow fibre membrane diffuser (constructed from celgard@ gas contacting fibres X30-

240) was used for bubble-less diffusion of hydrogen gas into the reactor and the

membrane filter (Zeeweed@ zw-t¡with a nominal pore size of 0.04 micron was used

for separating biomass from treated water.
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Figure 2. 1 Schematic of the system used for hydrogenotrophic denitrification of
groundwater

2.2.1 Reactor start up

The reactor was initially seeded with acclimated hydrogenotrophic biomass and fed

highly nitrate contam¡nated synthetic groundwater. The synthetic feed was composed

of 750 mg 11 NaHcog, 20 mg I-1 K2Hpo4, b mg l-r CaCl2, 20 mg l-1 MgSo¿.7Hzo and 1

mg l-1 FeSOa. A concentrated nitrate stock solution was added to the feed so that the

concentration of NO3-N in the reactor (ultimately maintained at 330 mg l-r NO3-N¡ was

not dependent on the hydraulic retention time (HRT).

2.2.2 Operating conditions

The reactor was operated in a one fill and draw cycle per day. After fTling the reactor,

the hydrogen gas was introduced to the reactor for 22 hours anoxic per¡od. After

finishing the anoxic period, the hydrogen was stopped and air was injected for 1,7S

Simultâneous Decanting and Aerobic React¡on (1.7S h)
H2 Gâs Off
Air and Membrane Pump On

Filling (0.25 h) and Anoxic Reactioñ (22 h)
H, Gas On
Mixer On
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hours through the central manifold of the membrane for both membrane scouring and

aerobic biological degradation of sMP produced during anoxic period. The reactor was

operated with an sRT of 20 days and an HRT of 3 days. The operating temperature and

pH were maintained constant al 10-12 oC and 8+0.2, respectively.

2.2.3 Membrane maintenance and cleaning

ln order to provide sufficient hydrogen for autotrophic denitrification, hydrogen pressure

and flow-rate to the diffuser were maintained at 0.55 atm and 20-40 ml min-1

respectively. Every three weeks of operation, the membrane diffuser was f¡rst soaked in

20% solution of sodium hydroxide and rinsed with deionised water (for removing the

biological fouling), followed by a soak in a 5% phosphoric acid solution and rinse with

deionised water (for removing the precipitated inorganics). During the draw cycle, the

ZW-1 membrane was used for biomass separation at an average flow-rate of 20 ml min'

1. compressed air was pushed through the central manifold of the membrane module to

facilitate scouring and introduce dissolved oxygen during the aerobic draw cycle. The

membrane was cleaned every two weeks by soaking it in a 200 ppm sodium

hypochlorite solution for 5 hours.

2.2.4 Analyti cal meth ods

pH was controlled using a pH controller (oAKToN lnstruments, Alpha 100 series i/8

DIN). Effluent nitrate and nitr¡te were analyzed using an automated rechnicon nitrogen

analyzer following Standard Methods 4500-NO3-F (APHA, l99S). Mixed liquor

suspended solids (TSS and VSS) were analyzed using standard Methods 2s40D and

2540E (APHA, 1998), and the solubre chemical oxygen demand (scoD) was measured
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using the Hach D¡gestions Vials and Hach spectrophotometer (Hach, USA) after

filtration of the samples through the 0.45 pm membrane filter.

2.3 Results and Discussions

2,3.1 Nitrate removal

As shown in Figure 2.2, lhe SBR-membrane bioreactor system was effective in

complete nitrate removal from the synthetic feed, when the nitrate concentration in the

reactor was kept 330 mg l¡ NO3-N.

However, nitrite accumulation was observed a couple of times during the experiment.

Nitrite accumulation was found to be the result of unexpected membrane diffuser fouling.

The fìbres used in the construction of the hydrogen membrane diffuser were made from

polypropylene, which is naturally hydrophobic, to avoid water from passing through the

membrane wall. Therefore, membrane fouling was expected to occur only because of

particle deposition on the surface of the membrane. However, the initial measure of

physical cleaning of the membrane surface was found to be insufficient for fully restore

hydrogen diffusion, resulting in incomplete denitrification. when chemical cleaning was

instituted every 3 weeks, nitrite accumulation was not observed.

ln the previous research studies on hydrogen dependent denitrification of ground water,

nitrogen removal rates in the range of 0.13 - 0.7 kg N m-3 dr lTable 1.i ) were achieved.

ln the conducted study the denitrification rate of 0.8 kg N m-3 d-1 was obtained, which is

comparable with the other studies (Table 1 . 1).



Fígure 2. 2 Nitrogen removal at steady-state condition at the load of 0.32g kg N ¡-s ¿'r.
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2.3.2 Biomass concentration

Figure 2.3 shows the concentration of voratile and suspended solids at steady state

condition, w¡th average values of 1162.6 mg l1 for vss and 2322.5 mg l-1 for TSS. The

inorganic fraction of rss can be attributed to the precipitation of ca2* with phosphate or

carbonate ions, creating calcium-phosphate or calcium-carbonate solids. precipitation

seems to be one of the major reasons for fouring of hydrogen diffusers, as was reported

by previous researchers (Ergas and Reuss, 2001). precipitation of mineral sorids was

found to have a negative impact on the performance of hydrogen diffuser membranes

as build-up inside microbial aggregates and on the surface of membranes was reported

(Lee and Rittman, 2002). cations in water, such as ca2* and Mg2*, can precipitate basic
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anions, such as hydroxide, carbonate, phosphate, mono-hydrogen phosphate and di-

hydrogen phosphate. Minerals with higher pKso, such as Ca5 (pOa)3OH, Ca3 (pOa)2 and

caco3 have lower solubility, and are therefore expected to be the major contributors to

the inorganic fraction of rss. lt should be noted that solubility of the precipitated

materials is pH dependent, as higher precipitation of inorganic compounds is expected

at higher pH.

Figure 2, 3 Total and volatile suspended solid concentration at steady state conditions.
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2.3,3 Effect of hydrogen partial pressure on denitrification rate

Biological denitrification involves the reduction of Noe- to Noz, No, Nzo and ultimately

to nitrogen (N2) gas, The stoichiometry of denitrification reactions can be summarized in

two main reactions as follows:

NO3- +H2 -+ NOr- +HrO (2.1)

NOr- +1.5H, +H* + 2HrO + 0.5Nr(s) (2.2)

Nikate and nitrite consumption along wilh overall denitrification rate were evaluated at

two different hydrogen pressures (0.2g and 0.55 atm). sampres were taken at t hour

A- a ^a
^^ i:^^ 

^ 
i ^ ^^= ;, ^^^^^ ^^l^ 

^ 

t^ii^t^



15

U)
U)

(')
z
o,
E
(¡)
(ú

c
.e
(tt
o
'Ë
c
(¡)
Þ
o
'õ
(¡)
o-
U)

intervals after feeding the reactor and analyzed for nitrate and nitrite concentrations.

Figure 2.4 shows the specific denitrification rate in the reactor for the two different

hydrogen pressures.

Figure 2' 4 Effect of hydrogen pressure on denitrification rate at steady state condit¡on.

. . -l--:t.=-¿-,-^.-^-
â:-'L'

I

ç,

^t.

  Hydrogen Pressure=o.28 atm '
- - a -Hydrogen pressure=0.ss atm

Time (hour)

At start-up, a lag phase was observed due to the residual dissolved oxygen present in

the reactor after the aerobic cycle. This was followed by steady denitrification rates.

Despite the 22 hour anoxic period, all of the nitrate was removed after g and 12 hours

for hydrogen pressures of 0.ss and 0.2g atm, respectively. This indicates that ihe

reactor was fairly resistant to shock loadings of nitrate. According to equations 1 and 2,

1 mole of hydrogen is consumed per 1 mole of nitrate, whereas i.5 mole of hydrogen is

consumed per 1 mole of nitrite. Therefore, the accumulalion of nitrite might occur if

there is not sufficient hydrogen available for the biomass. The effect of hydrogen on

accumulation of nitrite is shown in Figure 2.5.



Figure 2' 5 Nitrate and nitrite concentrations in the reactor at different hydrogen
pressures (a) 0.28 atm, (b) 0.5S atm
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while no nitr¡te was detected at a hydrogen pressure of 0.s5 atm, nitrite build-up and

gradual disappearance was observed at hydrogen pressure of 0.28 atm. when the

hydrogen pressure was lowered below 0.2 atm, reaclion 2 was much slower than

reaction 1 and nitrite accumulation was observed in the effluent.



This study showed that the kinetics of hydrogenotrophic denitrification is comparable

with heterotrophic denitrification as the denitrification rate of 17- 20 mg N gvss-r h-'

was obtained at pH of 8+0.2 and temperalure of l0 oC. Heterotrophic denitrification rate

varies based on the type of organic carbon used for denitr¡fication. Foglar and Briski,

(2003) used methanol as the carbon source for denitrification of water at 25 oc, and

denitrification rate of 17.88 mg N gVSS-1 h-1 at biomass concentration of 1.2 g l-r was

achieved. ln another study (Glass and silverstein, 1g9g) acetic acid was used as a

carbon source for denihification of highly contaminated water and a denitr¡fication rate

of 23 - 25 mg N gVSS-r h-r was obtained at pH range between 7.s to 8.s and operating

temperature of 25 oC.

2.3.4 Removal of soluble microbial products

soluble microbial products (sMp) can be classified as utilization-associated products

(uAP) and biomass associated products (BAp). uAp are associated w¡th substrate

metabolism and biomass growth and are produced at a rate proportionar to substrate

utilization, which is the denitrification rate in this study. BAp are associated with

biomass decay and are produced at a rate proportionar to biomass concentration

(Barker and stuckey, 1999). The production of sMp can affect the system in two ways.

Firstly, sMP will reave the system in the effruent as sorubre coD (scoD), which wiil

necessitate further downstream treatment. secondly, sMp can act as major bio_foulants

of membranes, requiring frequent chemical cleaning and reducing overall operational

efficiency (cicek ef ar., 2003). sMp are biodegradable, but their removar requires

heterotrophic activity. lt has been found that all of hydrogen-dependent denitrifies are

mixotrophic as they are able to use inorganic carbon under autotrophic and organic
29



carbon under heterotrophic conditions (Szekeres et al., 2002). Therefore, in this system,

autotrophic denitrification was alternated with heterotrophic sMp removal under aerobic

conditions. Soluble COD (measured by filtering through 0.4S mm) was used as an

indicator of sMP in the reactor and the effluent, Figure 6 shows the soluble coD in the

reactor and in the effluent before and after decant¡ng.

Figure 2. 6 Soluble COD removal during filtration at steady state condition.

160

l-t rt r ¡ rtr r !.- !r.1..¡. r rt. rr l! lr t

I sCOD in the ¡eactor after anoxic cyc

¡ sCOD in the reactor after aerobic

ilxli ;i-l içEr\err u 1lçlliltlorlrr8l s
Rt

60 80

Time (day)

As Figure 2.6 shows, after the completion of the anoxic period, a significant portion of

the soluble organic matter remains in the reactor (average of 122.2 mg l1). This is due

to the rejection of higher molecular weight sMp by the membrane, as the pore size of

the membrane is 0.04 um. smaller size sMp passed through the membrane resulting
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in an average of 24.19 mg l-r of soluble coD and 26.g mg l-r of total coD in ihe

effluent.

The mass balance of SMp at steady state condition is given as follows:

SMPc-*,.d = SMP,",n",.*., - SMP.", - SMpR"j.","d

SMP6.¡5¡¡¿6 = 122.2 (B) - 122.2 (0.4) -24.19(2) -gg. (2.3)
SM P¿o¡su¡¿¿ = 88.34 mg
According to this mass balance, the amount of sMp consumed during the aerobic

period can be calculated by subtracting the sMp rejected by the membrane and

removed through waste activated sludge (wAS) and filkate from total amount of sMp in

the reactor produced during the anoxic period. As a result, g1% of sMp was rejected by

the membrane,9% was removed,5% was passed through the membrane and s% was

wasted in WAS.

2.5 Membrane fouling

ln the conducted study for denitrification of nitrate-contaminated water, the chemical

cleaning was performed for removing the organic fouling and the inorganic fouling was

neglected, as the TMP (Transmembrane pressure) was not monitored.

Fouling of the membrane diffuser was evaluated based on nitrite accumulation, because

nitrite accumulates when the culture is hydrogen l¡mited. As the system was operated at

a long hydraulic retention time (HRT), lack of nitrite in the effluent can not be assumed

as evidence for the performance of the membrane diffuser. Furthermore, the fouling of

membrane gas diffusers was observed by other researchers (Ma et al., 2oo3) used

porous polyethylene membrane fibres with the pore size of 0.03 pm (Mitsubishi Rayon

EHF390) for hydrogen delivery to groundwater to stimulate pcE dechlorination. The

scale formation on the surface of the membrane failed the system. They found that the
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precjpitate was phosphate rich partic¡pate, containing high concentration of carcium and

lesser concentration of magnesium, manganese and iron. rn other apprications, gas

permeable membranes were subject to both inorganic and organic fouling. when

membranes were used for transferring oxygen, 30% decrease ¡n transfer efficiency was

reported due to biofirm growth on the membrane surface (Johnson et ar.,

1999a ;Johnson et ar., 1g99b). rn another study the oxygen transfer performance

dropped orf by 40o/o after 1700 hour of operation (weiss et ar., r99B), which was again

atkibuted to biofilm growth and possible chemical precipitation. As for inorganic fouling,

iron fouling caused by ferric hydroxide was the main foulant in aerobic systems (Kinnan

and Johnson, 2002; Schwarz at al., 199.1).

The main objective of this study was to study the mechanism of inorganic fouling as well

as quantification of the foulants.

2.5.1 Methodology

scanning electron microscopy (sEM), (EDAX) and x-ray diffraction anarysis (XRD)

were the main tools used for the fouling study.

Two different fibres were harvested from the membrane diffuser module and the

membrane filter module, respectively. The fouled membrane fibres were soaked in

sodium hypochlorite solution to remove organics from the pores. After cleaning with 200

ppm hypochlorite solution, lhe fibres were rinsed and dried at room temperature and

prepared for the scanning. The harvested membrane from the membrane fìlter was cut

into half along the fibre length, and the cross section was scanned. In addition, the fixed

portion of suspended sorids was anaryzed, using X+ay diffraction anarysis.



2.5.2 Results and Discussion

2,5.2.1 Fouling in membrane filter

The cross section scanning erectron microscopy of the crean and foured membrane is

shown in Figure 2.7a and b, respectivery. The membrane is composed of a support

layer and a microporous dense rayer on the top. The pores in the dense rayer are not

visible as the average pore size is in the dense rayer is onry o.o4 micrometer.

comparing the sEM of the clean and fouled membrane, the presence of foulants in the

support layer can be observed.

ln order to quantify the elements present in the foulant material, energy dispersive X-ray

spectroscopy (EDAX) was used for both crean and foured membranes. The EDAX

results of the crean membrane showed that it is composed of carbon, fruorine, and

oxygen' The EDAX machine used in this study was not abre to detect hydrogen,

however hydrogen must be present in the membrane materiar as the membrane was a

polymeric membrane. ln order to quantify the foulants elements, different locations in

the dense and support area were chosen and analyzed using (EDAX).
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Figure 2' 7 (a) scanning erectron microscopy of the crean and (b) foured membrane
filter

300 pm
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As shown in Table 2.1, several elements were detected in the fouled membrane.

Calcium and phosphate were the most abundant elements among those detected.

Knowing the elements present in the precipitation, an attempt was made to obtain the

composition of the foulants.

Table 2.1 Quantification of elements ¡n the fouled membrane

Spectrum I
Spectrum 2
Spectrum 3
Spectrum 4
Spectrum 5
Spectrum 6
Spectrum 7

KCa
3.06 73.06
2.02 1'1.60

67.43
77.03
70.99
66.30
64.60

6.79
14.51
0.97

AI Si

4.18 6.78
1.46 1.64

FNa
0.00 4.13
46.47 19.84
15.08
1.00

Mg

0.76

0.37
0.41
1.80
2.78
3.06

L¿O
2.46
16.15
21.57
27.22
30.92
.52.55

Total

100.00
100.00
100.00
100.00
100,00
100.00
100.00

Figure 2. I X+ay diffraction of inorganic fraction of suspended solids in the reactor
. "'i " ¡ "' ¡ " t '"t""'{ , '1 , ¡", ¡."..¡



ln order to define the composition of the chemical found in the foulant mater¡al, it was

assumed that precipitated materials in the membrane are the same as inorganic faction

of rss. The composition of the inorganic portion of rss was analyzed using X-ray

diffraction. Almost g0 percent of the inorganic fraction of the TSS was found to be beta

three calcium phosphate (BCa3 (pOa)2) as shown in the Figure 2. B.

2.5.2.2 Fouling in the membrane gas diffusers

The fibres used in the construction of the hydrogen membrane diffuser were made from

polypropylene, which is naturally hydrophobic. The pores are filled with gas and water is

not supposed to pass through the membrane wa . During the operat¡on, the diffuser

failed on two occasions. The hypochlorite wash did not fully recover the membrane.

After acid cleaning, no nitrite was accumulated in the reactor, suggest¡ng that the

inorganic precipitation on the surface of the membrane was causing failure. A more

detailed study showed that the foulants materials not only were present on the surface

but also inside the fibres. As ¡t is shown in Figure 2.9(a) and (b) different locations on

the clean and fouled membrane were analyzed. As expected, carbon, oxygen and

hydrogen were the only elements present on lhe clean fibre, which represent only the

membrane material. several other elements were found both on the surface and inside

of the fouled fibre. As shown by Table 2. 2



Figure 2. 9 (a) scanning erectron microscopy of the crean and (b) foured membrane
filter
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Table 2. 2 Quantification of elements in the fouled membrane

AI Si Fe Total

13,11 100.00
16.92 100.00
34.92 100.00

Spectrum 1

Spectrum 2
Spectrum 3

2.82 2.67 25.41 55.99
2.58 3.35 16.74 60.40

17.25 47.83
16,84 50.66

calcium, phosphate and ¡ron were dominant elemenls in the composit¡on of the foulant.

The composition of the foulant material in the membrane gas diffuser was different from

the membrane filter, as high concentration of iron was found in the foulant. This

suggests that the material used in fabrication of the membrane gas diffuser had higher

sorption coefficient for iron as the pore size of the membrane filter and membrane gas

diffuser are in the same range (0.03-0.04 pM).

surprisingly, the foulant elements were detected on both surfaces of the membrane and

inside the fibres. As the membrane gas diffuser was made of hydrophobic mater¡al and

the pores were filled with gas no water penetration to the pores was expected. The

foulant material found inside the fibre suggests that water has been passed through the

pores. The presence of foulants inside the fibre can be explained by water condensation

(Fang et al., 2004). Due to large mass transfer coefficient of water vapour, it will

saturate the feed gas within the fibre length. Dur¡ng the dissolution of the gas, its

volume reduces and ii will become supersaturated with water, resulting in water

condensation. The condensation may take place at the liquid membrane interface,

inside the fibre on the membrane surface, in the bulk gas or within the pores. Finding

inorganic chemicals inside the fibre proves that in the present study the condensation

occurred inside the fibre and in the pores, condensation not only makes the membrane



gas diffuser vulnerable to inorganic fouling but also to organic fouling due to reduction in

hydrophobicity of the membranes.

2,5.3 Mechanism of Fouling

Precipitation of inorganic minerals due to pH increase in the denitrification reactor can

be considered as the main cause for inorganic fouling. As it is shown by the equation,l,

during the denitrification process each mole of reduced No3- coÍìSumes one acid

equivalent (H*), which converts to alkalinity generation of 3.57 g as CaCOg per g NO3-_

N reduced. lncreasing the alkalinity can increase the pH in the system, which can affect

denitrif¡cation rate or cause precipitation of mineral deposits.

ln the present study, the synthetic feed was composed of 750 mg li NaHCO3, 20 mg 1.1

K2HPO4, 5 mg l-1 CaClz, 20 mg l-1 MgSO¿.7H2O and 1 mg l-1 FeSO4. Cations in feed,

such as ca2* and Mg2*, can precipitate basic anions, such as hydroxide, carbonate,

phosphate, mono-hydrogen phosphate and di-hydrogen phosphate. Minerals with

higher pKs6, such as Cas (PO¿)gOH, BCa3 (pO4)2 and CaCOg have lower solubility, and

are therefore expected to be the major contributors to the inorganic fraction of rss.

The precipitation kinetics is not only effected by the pH but also the concentrat¡on of

cations and anions participating in precipitation. lt this study, calcium and phosphate

were the major contributors to precipitation, as potassium phosphate was used as a

buffer. However, groundwater usually contains low concentration of phosphate, which

would suggest that calcium carbonate is most likely to precipitate.



2,5.4 How to control precipitation?

As it was mentioned before, the precipitation rate is directly proportional to pH.

Therefore, higher precipitation is expected at higher pH. One strategy to reduce pH is to

introduce a mixture of carbon dioxide and hydrogen to the membrane gas diffuser. The

optimum ratio of carbon dioxide to hydrogen varies upon different factors. These include

the alkalinity of the feed, the hydraulic retention time of the system, nitrate concentration

in the feed and mass transfer rate of carbon dioxide through the membrane.

It is possible to calculate a carbon dioxide-hydrogen ratio to achieve a specific pH under

steady state operation. This can be done through alkalinity mass balance and

correlating the alkalinity to CO2 concentration to obtain the desirable operating pH.

However, in practice the concentration of CO2 to reduce the pH to the desirable

operation value can be measured by changing the COz concentratìon and measuring

the pH in the effluent.

2.6 Conclusions

, 100% nitrate removal efficiency was achieved at nitrate loading of 0.328 kg N m-3

d-1 with the SMBR system.

' Denitrification rates varied at different hydrogen pressure to the diffuser, ranging

from 17 to 20 mg-N VSS-1 h-r at hydrogen pressure between 0.28-0.55 atm.

Compared to other reactor configurations in past research studies, higher

denitrification rates were obtained with this system at the low operating

temperature of 10-12 oC.
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conversion rates of nitrate to nitrite and n¡trite to nitrogen gas varied at different

hydrogen pressures. At hydrogen pressures above 0.55 atm, nitrate was

removed within I hours and no nitrite was observed in the reactor during the

operation. At hydrogen pressure of 0.28 atm, all of the nitrate was removed at i0

hours, while nitrite accumulated and gradually disappeared within 12 hours. At

hydrogen pressure below 0.2 atm, residual nitrite was observed in the effluent.

Precipitation of inorganics was observed, and at the sRT of 20 days, ihe average

TSS and VSS concentrations were 2322.5 mg r-1and 1162.6 mg l-i, respectively.

During the aerobic period, Bl% of SMp produced within the anoxic phase, was

rejected by the membrane, 9% was biodegraded, and 5% was passed through

the membrane.

The precipitation of inorganics affected both the membrane diffuser and the

membrane filter. lnorganic fouling was found to be due to the precipitation of

calcium and phosphate ions. The chemical composition of foulant is found to be

ßCas(PO4)z



CHAPTER 3: MICROBIAL KINETtCS AND ECOLOGY OF HyDROGENOTROpHTC
DENITRIFIERS

3.1 lntroduction

The interactions of various types of hydrogenotrophic culture, is not well understood.

Microbial population in hydrogen-dependent denitrification was studied by a limited

number of researchers. selenka, and Dressler, (,l9g0) isolated the culture from a fixed

film reactor treating nitrate contaminated groundwater. They used three types of media

for isolating the microorganisms involved in hydrogenotrophic denitrification. Nutrient-

reduced peptone- mineral salt agar (p agar) was used for isolation of otigocarbophilic

organisms under aerobic and anaerobic incubation conditions. carbonate-nitrate-

mineral-salt agar (Aut agar) was used for isolation of autotrophic nitrate reducing

bacteria under hydrogen atmosphere. Finally, lactate-nitrate-mineral-salt agar (N agar)

was used as a selective medium for heterotrophic nitrate reducing bacteria. Distribution

of isolates from the biomass on different media showed that, in the case of aerobic

cultivation, about 50% of the isolates were classified as pseudomonas spp, and the

remaining portion was classified as Alcaligenes and Achromobacter spp. similar results

were obtained were the same media was used under anaerobic condition and hydrogen

atmosphere. Pseudomonas was the dominant species in both cases of cultivation on

Aut agar and N agar under hydrogen atmosphere. All microorganisms isolated from

bioreactors and cultivated under hydrogen atmosphere proved to be non-fermentive,

gram-negative mobile rods.

In another study on a fluidized bed pilot-plant treating nitrate contaminated groundwater,

bacteria that colonize the denitrification under mesophilic and psychotropic conditions
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were isolated and ident¡fied (Vanbrabant et al., 1993; Liessens et al., 1992). The nitrate

and nitrite reducing capacity of the isolates under autohydrogenotrophic and

heterotrophic was also studied. Different groups of microorganisms seem to be

involved in hydrogenotrophic nitrate reduction. several isolated strains had no direct

use of hydrogen or nitrate (Group A). They had to grow aerobically on organic matter

entering with the water or on soluble metabolic products, produced by dominant

denitrifiers. The next group of isolated microorganisms (Group B) could use organic

matter or hydrogen for nitrate reduction, but they did not go beyond nitrite. These

microorgan¡sms were probably responsible for an important part of nitrate to nitrite

conversion. Microorganisms (group c) reduced nitrate completely to nitrogen gas when

a large supply of organic carbon was provided, but under hydrogenotrophic conditions,

incomplete denitr¡fication of nitrate to nitrite was observed, Group D microorganisms are

interesting because they behave differen y under autotrophic or heterotrophic

conditions. This group converted nitrate to nitr¡te under autohydrogenotrophic conditions,

while the presence of organic carbon switched the reaction toward ammonia production.

Normally, the concentration of less than 0.1 mg l'1 of ammonia was observed, in

hydrogenotrophic denitrification systems, suggesting that the group D is not a dominant

group.

Table 3. 1 shows the mesophilic isolates from hydrogenotrophic fluidized bed reactor

after one year of operation, showing that the approach of pure culture hyd rogenotrophic

nitrate removal is far from evideni under natural process conditions. The presence of

Acinetobacter sp, which is not capable of reducing nitrate remained might be involved in

creating an anoxic environment by consuming the dissolved oxygen in the feed.



Table 3. I strain numbers, isolation condition, Gram staining and nitrate reducing
capacity of mesophilic isolates from hydrogenotrophic fluidized bed reactor after õne
year of operation (Adapted from (Vanbrabant et at., 1993))

nr.(LMG) method medium sta¡ning trophic nihate Nitrate reduct¡on

9753
9754

10154
10155
977'l
9772

9773

977 4

9776

9779

9780

9781

10156

97 51

9752

9764

9765

9767

9770

4218

1196

9757

9758

9759

9760

AR
AR
R
R
R
R

AR

R

R

R

AR

AR

R

R

AR

r{

K

R

AR

R

R

AR

AR

AR

AR

I

I

I

t

NR
NR
NR
NR
NR
NR

NOr- -+ NO2-

NO3- -+ NO2-

NOr- -+ NOr-

NO3- -+ NO2-

NOr- -+ NOz-

NR
NR
NR
NR
NR

NO3- -+ NOz-

NOr- -r NO2-

NO3- -) NO2-

NO3- + NO2-

NO3- -J NOz-

Ac i n e tob a cter jo h n so n i i
Ac i n eto b acte r jo h nso n ¡¡

Aureobacter¡um sap.
Aureobacter¡um sap.

Bac¡llus pum¡lus
Aeromonas hydrophil,

Comamanos ac¡dovoran

S h e w e ne I I a p utrefa c ie n

Aeromonas hydroph¡la

Çomamanos

acidovorans

r

I

I

t

I

I

I

I

I

NOr- -+ NO2- NO3- -J NO2- Aeromonas hydrophila

NO3- -+ NOz- NO3- -+ NO2- Pse¿.¿domonas sp.

Kutlhia zopfi¡

Pseudomonas sp.

Pseudomonâs sp.

Pseudomonas sp.

Pseudomonas sp.

Pseudomonas sp.

Pseudomonas sp.

P a ra c occu s d ¡ n ¡tùf i c a n s

Alcaligenes eutrophus

NO3- -+ NO2-

NOr- -J NO2-

NO3- -+ NO2-

NOr- + NOr-

NO3- -r NOz-

NO3- -+ NO2-

NO3- -r NO2-

NO3- -+ NO2-

NO3- -à NO2-

NO3- -) NO2-

NO3- -+ NO2-

NR

NR

NO3- -J NO2-

NO3- -+ N2

NO3- -à N2

NO3- -+ Nz

NOr- -+ N,

NO3- + N2

NO3- ì N2

NO3- -+ N2

NO3- -ì N2

NOr- -+ NHo+

NO3- --r NHa*

NOr- -+ NHo+

NO,- -+ NHo+

D

R; isolated by d¡rect plal¡ng, AR: isolated after enr¡chmentfor n¡trate reduc¡ng bacte¿a.l: Taylor and Hoare
med¡um w¡th acetate; ll: Taylor and Hoare medium w¡th b¡ocarbonate; lll: Tãytor and Hoare me¿¡um iin
glucose; Todd Hew¡tt broth. NR: no reduct¡on of n¡trcte.
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Due to the fact that, under strict hydrogenotrophic conditions, most of hydrogen-

oxidizing bacteria could only reduce nitrate to nihite, nilrite was found to be a key

intermediate in hydrogenotrophic nitrate reduction. The nitrate is converted to n¡tr¡te

using hydrogen (Group B). Further reduction of nitr¡te to nitrogen gas required organic

carbon and was suggested to be carried out by mixotrophic microorganisms (Group c).

The organic carbon necessary for nitrite reduction can be parfly provided by decaying

cells or soluble microbial products released from the conversion of nitrate to nitrite.

However the soluble microbial products are not easily biodegradable and might not be

completely responsible for reduction of nitrite to n¡trogen gas. Another possibility is the

production of acetate by acetogenic bacteria.

3.2 Hypothesis l: Possible role of acetogenic bacteria in hydrogenotrophic
culture

Previous researchers suggested that the conversion of nitrate to nitrogen gas is carr¡ed

out by two different groups of microorganisms. The fìrst group converts nitrate to nitrite

by first group under the autotrophic growth condition, while the second group converts

nitrite to nitrogen gas under heterotrophic growth condition. when treating water in

hydrogenotrophic reactors, complete conversion of nitrate to nitrogen gas (full

denitrification) is observed, despite the lack of organic carbon in the fee. To explain, the

source of organic carbon required for conversion of nitrate to nitrogen gas, past

researchers suggested that the source organic may be the soluble microbial by

products. However, sMP are not readily biodegradable and might not be the answer to

complete denihification.
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Besides hydrogenotrophic denitrifiers, hydrogen can be used as electron donor by a

number of different types of bacteria. Under anaerobic conditions, e.g. at oxidation

reduction potential (ORP) below (-) 250 mV, hydrogen can be consumed by

methanogen¡c, sulfate-reducing, and homoacetogenic bacteria. Under anoxic conditions,

at higher ORP e.g. above (-) 50 mV, the presence of nitrate limits the activ¡ty of

methanogens and sulfate-reducing bacteria. The homoacetogenic bacter¡a are found in

anoxic environments such as sewage sludge (Greening and Leedle, 1989) and it is

possible that hydrogen dependent denitrification can be selective for the growth of both

acetogens and autotrophic denitrifiers. Mixotrophic behaviour of hydrogenotrophic

denitrifies and possible growth of acetogens in the culture can affect the kinetics of

hydrogen dependent denitrification. The presence of acetogens in the culture

performing autotrophic denitrification would significantly influence observed

denitrification rates, as heterotrophic denitrification will ovenruhelm microbial kinetics due

to its thermodynamic advantage.

It is hypothesized that autotrophic nitrate reducers convert nitrate to nitr¡te, and the

produced nitrite is further reduced to nitrogen gas by heterotrophic or mixotrophic nitr¡te

reducers. ln the case of heterotrophic nitrite reduction, nitrite is the electron acceptor

and acetate is both the electron donor and carbon source. As for mixotrophic nitrite

reduction nitrite is the electron acceptor, organic carbon is the carbon source and

hydrogen is the electron donor (Equations 3.1 to 3.4).

Autotrophic:

NO3-+H2+ + NOr'+HrO

Acetogens:
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COr+ HCO3- + 4H 2 ---/::!ce---) CH 3COO- +3H20 AG = -12.47 Kj /e-eq

(3 2)

Heterotrophic:

SNO'- +8H'+3CH3COO- ------)7HzO+4N2+3HCq+3CO2 LG = -119.96Kj / e- eq

(3.3)

Mixotrophic:

NOr- + Aceticacid+ H2 + H* -+ H2O +0.5N2(s)

(3.4)

3.2.1 Experimental investigations related to hypothesis 1

ln order to evaluated the activity of acetogenic bacter¡a ¡n the hydrogenotrophic culture,

the steady state biomass from the reactor described in section s was taken and diluted

by the factors of lo-1, to 10-e using the selective medium for acetogenic bacteria. The

medium was composed of 300 mg lr NaHCO3, 1 100 mg lr KH2PO4, 900 mg l-1 K2HPO4,

5 mg l-1 CaCl2, 25 mg l-MgSo¿.7Hzo, 0.4 mg l'1 FeSoa and 1000 mg l¡ NH¿ct. The

prepared tubes were anaerobically cult¡vated under 20% carbon dioxide and go%

hydrogen at room temperature between 15 to 20 oc. The initial optical densities of the

samples were measured using a spectrophotometer and monitored for the following 4

weeks. lf the acetogenic bacteria were present in the culture, their growth would result

in a change in optical density should chang over time.
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ln addition to cultivating the biomass for measuring biomass activity, the effluent from

the hydrogenotrophic reactor described in section 5 was tested for any trace of acetic

acid.

3.2.2 Results of hypothesis 1

No acetìc acid was detected in the effluent of the hydrogenotrophic reactor treating

nitrate contaminated water. The lack of acet¡c acid by itself does not prove that

acetogens are not present in the culture, There is a possibility that acetogens are

present in the culture and acetic acid produced by the acetogens is consumed very

quickly by heterotrophic nitrate reducers.

Further investigations proved that acetogens were not present in the culture. No activity

of acetogenic bacteria was observed in the hydrogenotrophic denitrifying culture, as the

initial optical density of the samples did not change during 4 weeks of cult¡vation. Also in

the main reactors, after nitrate depletion no acetate was detected. Despite existing

evidence for presence of acetogenic bacteria in heterotrophic anoxic environments, it

seems that acetogens do not grow under autotrophic anoxic condit¡ons. There might be

two possible reasons for the inhibition of acetogenic activity in hydrogenotrophic culture.

First, is the initial dissolved oxygen concentration in the feed, and second, is the

possible inhibitory effect of nitrate toward acetogenic activity.

Homoacetogenic bacteria are generally considered to be strict anaerobes. However

prevjous stud¡es on homoacetogenic bacteria showed that they can establish conditions

favourable for growth by actively removing oxygen from their environments (Karnholz et

al.,2002). This would seem to alleviate concerns about the inhibitory effect of dissolved

oxygen on acetogenic bacteria. It is therefore suggested that nitrate has an inhibitory
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effect on growth of homoacetogenic bacter¡a under autotrophic conditions as the

eljmination of nitrate from the feed could provide a selective medium for growth of all

homoacetogenic bacteria. As acetogens were noi detected in the hydrogenotrophic

culture, further analysis was performed.

Hypothesis 2: The complete denitrificat¡on is carried out under autotrophic
conditions without heterotrophic activity

Previous researchers (Vanbrabant, et al., 1993) proposed that the conversion of nitrate

to nitrogen gas is carried out by two different groups of bacteria. The reduction of nitrate

to nitrite was proposed to be autotrophic despite heterotrophic conversion of nitrite to

nitrogen. This is unexpected, as there are some known bacteria with the ability to drive

complete denikification under autohydrogenotrophic conditions. These bacteria include

Paracoccus denitificans, Hydrogenophaga pseudoftava, and Alcaligenes eutrophus

(vanbrabant, et al., 1993). The possibility of complete denitrif¡cation under autotrophic

conditions was investigated. The possibility of one group of bacteria carrying out the

conversion of nitrate to nitrogen gas was also evaluated,

3,3.1 Experimental investigations related to hypothesis 2

The following tests were initiated to observe if two separate groups of bacter¡a were

responsible for denitrification. Two sequencing batch reactors (sBRs) with working

volumes 3.5L were set up using the acclimated hydrogenotrophic seed from a steady

state denitrification reactor. They were fed synthetic groundwater with the composition

of 300 mg l¡ NaHco3, 1100 mg t-1 KHzpo¿,900 mg t-1 KzHpo¿,5 mg t¡ cacl2,25 mg t-

MgSOa'7H2O, and 0.4 mg l¡ FeSOo. The only difference between the feed used in the

two reactors was the electron acceptor. The feed of the first reactor contained nikate at
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loading of 0.94 g NO3-N l-r d -1, while nitrite was used as the electron acceptor of at a

loading of 0.94 g Noz-N l¡ d ¡ . Both reactors were operated under anoxic conditions

as H2 was delivered using fine bubble diffusers. They were operated at a solids

retention time (sRT) of 60 days, The temperature of the reactors was maintained at

12!1 oc. the volatile suspended soils concentration in both rectors were measured and

monitored at steady state condition(Figure 3,1 ).

Figure 3. I Volatile suspended solids concentrat¡on at steady-state condit¡on
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According to the hypothesis proposed by (Liessens et al., 1992), the conversion of

nitrite to nitrogen gas is carried out by nitrite reducers under heterotrophic mode.

However, in the conducted study the nitrite reducers were grown under autotrophic

condition as it is shown in Figure 3.1 .
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ln the next step the nitrite reducers were spiked with n¡trate. They could reduce nitrate

to n¡trogen gas, which suggests nitrate and nitrite reducers are the same.

To confirm that, the nitrate reducers were spiked with nitr¡te and maximum nitrite

reduction was measured. The maximum specific nitrite reduction of both reactors was in

the same range of 0.25 to 0.3 d'1 at constant pH and temperature conditions.

3,4 Kinetics of hydrogenotrophic denitrifiers

A comprehensive understanding of kinetics involved in hydrogenotrophic denitrification

is required to establish optimum reactor design and operating conditions. As it was

mentioned before, besides hydrogenotrophic denihifiers, hydrogen can be used as

electron donor by a number of different types of bacteria. ln this section kinetics of the

main reactions involved in hydrogenotrophic denitr¡fication (NOs à NO2 )N2) are

experimentally evaluated under varying pH and temperature. Addit¡onally, the possible

presence of acetogenic bacteria, which would substantially affect denitrification rates,

was evaluated.

3.4.1 Model Development

The denitrification process involves the formation of a number of nitrogen intermediates

, NO,- -) NO,- -) NO --> N -O ...^ u(""r "'r) that eventuates to nitrogen gas. ln the case that

hydrogen is used as electron donor for denitrification, the sequencing denitrification

reactions can be simplifìed into two steps (Kurt et al; 1987).

kNol
NO3'+Hz -+ NOr-+HrO
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NOr- +1.5¡1, + H+ -+ 0.5N2+ZH20

The overall reaction is:
tt

NO3- + 2.5H2 + F/+ -+ 0.5N2 + 3H20

(3.6)

(3.7)

The first comprehensive kinetic model of denitrification considering the accumulation of

nitrogen oxides was presented by Bleach et al., (19g1). According to th¡s model, which

follows Monod's kinet¡cs, the individual reduction rates of nitrogen oxides are

independent from each other except that the product of one step is the electron

acceptor for the next step. combining this model and activated sludge models (ASM),

the following model can be obtained for hydrogenotrophic denitrification:

dS¡tox _ _( k ro* XS *o, ll S' Idt ( Kror. + S'r. Jl S", + K ,, )
Where:

(3.8)

5¡6¡ Concentration of NO3-N or NO2-N (mg l'1)

K¡e* Half-saturation coefficient on NO*-N(mg NO"-N I 
.r)

k¡¡o, Specific NOx reduction rate of hydrogenotrophic biomass (day -1)

X Active biomass concentration (mg l-1)

Snz Dissolved hydrogen concentration (mg l-1)

Knz Half-saturation coefficient of hydrogenotrophic biomass on hydrogen (mg l-r)

According to this model, kinetics of nitrate and nitrate reduclion is dependent on their

concenlrat¡ons as well as the concentration of dissolved hydrogen.
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ln previous studies on hydrogenotrophic denitrification saturation coefficients of 0.lg mg

N l-1 and 0.16 mg N l-1 were reporied for nitrate and nitrite respectively (Kuri et al.

1987). (smith et al., 1981) isolated hydrogenotrophic denitrifiers and evaluated

hydrogen saturation coefficient for each isolate, reporting values ranging from o.oo0g

mg H2 l-1 to 0.0066 mg H2 l-r. such low saturation coefficients make the kinetics of

nitrate and nitrite reduction independenl of nitrate, nitrite and hydrogen concentrations.

Therefore, the kinetic model can be simplified as follows:

ds -,^

dt

dS *o,
| 

_ I\ 
^lo.,lz\AI

(3.8)

(3.e)

(3.1 0)

Equations (5) and (6) show the rates of nitrate and nitrate consumption when

independent from each other, while equation (7) shows the rate of nihite accumulation

when nitrate is an electron acceptor.

ds.,^^*=(kno.. - kro).X

According to these equations, the rate of nitrate and nitrite consumption is only

dependent on biomass concentralion and maximum specific rates of nitrale and nitrite

reduction.

3.4.2 Methodology

Two sequencing batch reactors (sBRs) with working volumes 20L (Figure 3.2) were set

up using activated sludge seed from a local non-nitrifying wastewater treatment plant.

They were fed synthetic groundwater with the composition of 300 mg rr NaHco3, .f 100

mg l'1 KH2POa, 900 mg l-1 K2HPO4,5 mg l-1 CaCl2, 25 mg l- MgSO¿.7HzO, and 0.4 mg l-r
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Feso4. The feed contained 82.3 mg l'1 No¡-N. Both reactors were operated under

anoxic conditions as H2 was delivered using fine bubble diffusers. They were operated

at a solids retention time (SRT) of 20 days and constant loading of 1.65 g NOg_N d-r.

The temperature of the first reactor was maintained at i2t1 oc while the second reactor

was operated at room temperature (25+1 oc). The cold temperature was chosen based

on the average temperature of groundwater to slimulate the growth of psychrotrophs.

And higher temperature was used to allow the growth of mesotrophs.

Figure 3' 2 schematics of sBR reactors used for denitrification kinetics study,

After the sBR reactors achieved steady state conditions (operating consistenfly for 5

sRT periods), the waste activated sludge (wAS) was used both for kinetic studies and

cultivation of acetogenic bacteria. For the kinetics studies, the wAS was transferred to

3.5L rate-measurement reactors for evaluation of nitrate and nitr¡te reduction rates al

12oc and 25oc. Due to fluctuations in the biomass (VSS) concentration in the sBRs

(650- 750 mg l-'), VSS concentrations were adjusted to 500rlo mg l-1 in the rate

measurement reactors to provide reproducibility between tests. Two series of rate

measurement reactors were set up. The first series were fed synthetic ground water
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containing necessary nutrients (described before), spiked with concentrated nitrite stock

solution to obtain an initial nitrite concentration of 25 mg NO2-N l¡. The second series

of reactors were spiked with concentrated nitrate stock solution to obtain an initial nitrate

concentration of 20 mg NOrN l'1. The experiment was started by bubbling hydrogen

through the reactors. Each series of reactors was maintained at different pH and

temperature. The operating iemperature and pH were maintained constant at 12tj oC

and 25!1 oC, respectively, by using a temperature-controlled environmental chamber

and a pH controller. After 5 minutes operation for removing any trace dissolved oxygen,

a 5 ml sample was taken from the rate reactors every 10-lb minules and analyzed for

nitrate and nitrite concentrat¡on. The kinetic coeffic¡ents regarding nitrate and nitrite

consumpt¡on were calculated by dividing the slope of the graphs plotting nitrate and

nitrite concentration over time by biomass concentration. The procedure for kinetics

coefficients were repeated five times to demonstrate reproducibility,

Nitrate and nitrite were analyzed using an automated rechnicon nitrogen analyzet

follow¡ng Standard Methods 4500-NO3--F (APHA, 1998). Mixed tiquor suspended

solids (TSS and VSS) were analyzed using Standard Methods 2540D and 25408

(APHA, 1998). Digital ChemOadet pH meter/Controller Modet 5652-00 was used for pH

control and monitoring. Optical density was measured by Biochom Nova spec .

3.4.3 Results and Discussions

3.4.3.1 Kinetics al 25!1o9i

ln Both case when nitrate and nitrite were used separately as electron acceptor, the

denitrification was inhibited at pH values below 7 at both temperatures. This inhibition

can be due to decomposition of carbonate ions and carbon dioxide stripping, which
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leads to carbon limitation. Hydrogenotrophic denitrification at pH as low as 5.4 has been

shown feasible, where carbon dioxide was injected to a fixed film reactor (Gros et al,

1988), however high denitrification rates were not observed. Figure 3. 3 (a) and ( b)

show the nitrate and nitrite concentration variation at different pHs at constant

temperature of 25+l oC at steady state operation.

Figure 3. 3 (a) Nitrate and (b) Nitrite concentralion variation over time at different pHs
and constant biomass and temperature of 500t10 mg l'1 and 25t1oC, respectively

25

20

I
ã 15
g
z

I

8roz

(a)
--+-- pH=7.5
o pH=8

--+-- pH=8.5
>r pH=9

56



(b)

'5

t

I

.. l:

x

'-- pH=7.5

q pH=8

--+-- pH=8.5

x pH=g

-- -x pH=9.5

30

25

120j
o)
E

215
I

No210

50 100

Time(min)

1501
I

when nitrate was used as electron acceptor (Figure 3, 3(a)), no nitrite accumulation

was observed during the denitrification at any pH values ranging from 7.5 to 9.5. The

reason for the complete denitrification is explained by Figure 3. 3(b), which shows faster

nitrite reduction rate than nitrate reduclion as pH was increased, however theoretically

faster nitrite reduction rates at higher pHs was not expected. The experimenlal results

show that, with increasing the pH, nitrite reduction rate increased. This can be athibuted

to possible increased hydrolysis of extra-cellular polymeric substances (Eps) at higher

pH, where the resulting biodegradable coD is utilized by the mixokophic bacteria

leading to increased rates.



The denitrification kinetics at the pH higher than 9.5 was not studied as the buffer used

in the experiment did not allow it. The buffering capacity of the rate measurements

reactors increased with increasing pH. The reactor operating at the pH of 7.5 had the

most shift in pH and required the highest volume of acid to keep the pH constant. ln

contrast the reactor operating at pH 9.5 required very small acid addition to keep the pH

constant. Higher denitrification rates at higher pHs is advantageous as biological

denitrification produces alkalinity and pH control might not be necessary over wide

range of pH.

3.4.3.2 Kínetics al 12l1oC.

At 12+1oC, the same trend was observed when nih¡te was used as electron acceptor

(Figure 3. 4b). The rate of nitr¡te reduction was always faster than nitrate reduction and

nitrite accumulation was not expected. However, varying levels of nitr¡te accumulation

were observed at different pHs during nitrate reduction (Figure 3. 4c). This might be the

result of slower nitrite reduction rate when nitrate is present. The slower nitrite reduction

rates were reported in heterotrophic denitrification using methanol, when nitrate was

present (Glass and Silverstein, 1998).

As Figure 3.4c shows at all pHs the amount of accumulated nitrite was constant over

time up to the point that all of nitrate was rapidly consumed. According to the suggested

kinetics model for nitrite accumulation (Equation 3.10), the concentration of

accumulated nitrite can be constant over time when kr.¡oz and kNog are equal. This

suggests that nitrite reduction rate in the case that nitrate is used âs electron donor is

equal or very close to nitrate reduction rate. ln heterotrophic denitr¡fication, nitrite

accumulation can inhibit bacteria growth (Almeida et al,, 1998). lnhibitory effect of nitrite
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also was reported in autotrophic denitrification by thiosulfate (Oh et al., 1989). ln

hydrogenotrophic denitrification, nitrite inhibition was not observed; in contrast, nih¡te

appears to be the more favourable electron acceptor.

Figure 3.4 (a) Nitrate and (b) Nitrite concentration (c) Nitrite accumulation variation
over time at different pHs and constant biomass and temperature of 500110 mg l-r and
12!1oC
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Almost the same trend of pH effect was observed in a membrane biofilm reactor utilizing

hydrogenotrophic denitrification. (Lee and Rittmann, 2003) reported the optimum pH for

hydrogenotrophic denitrification was in the range of 7.7-8.6. lncreasing pH above 8.6

caused nitrite accumulation and a significant decrease in nitrate removal.

3.4.3.3 Kinetic Coefficients

The zero order kinetics model, suggested for hydrogenotrophic denitrification showed a

good correlation with the experimental results, as the square roots (R2) throughout the

experiments were 0.98-0.99. The kinetic coefficients were calculated using the slopes of
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the graphs plotting nitrate and nitr¡te consumption over time divided by biomass

concentration. The kinetic coeffic¡ents regarding nitrate and nitrite consumption are

illustrated in Figure 3. 5.

Figure 3. 5 The specific nitrate and nitr¡te reduction rate at different pHs and
temperature
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Linear consumption of nitrate and nitrite in this study agrees with the assumption of low

Ks values assumed in this study. Half saturation coefficient is an important factor in

biological treatment processes, as the minimum substrate concentration at steady state

is directly proportional to half saturation coefficient. Therefore, the lower the Ks value

the lower substrate in the effluent at steady state condition.

ln case of heterotrophic denitrification the half saturation coefficients is dependent on

the type of organic substrate. For instance for methanol the Ks values of 0.1 mg NO3-N I

i to 67 mg NO3-N I -land as high as 72 mg NO3-N l-1 have been reported (U.S EpA,

1993). ln autotrophic denitrification depending on the substrate used, the Ks values are

different. ln denitrification, using elemental sulphur the Ks value was reported as 0.03

mg NOs-N l¡ lBatchelor et al., 1989). ln the case that thiosulfate was used for

denihification, Ks was reported ¡n the range of 3-10 mg NOs-N I "1 (Oh et al., 19g9), The
oó



verification of zero order kinet¡cs in this study demonstrates that Monod kinetics is not

applicable for hydrogenotrophic denitrification and half saturation constant are

sufficiently low to be assumed negligible. Attempts to fit the experimental results using

Monod kinetics for determining Ks values were unsuccessful and constitute further

evidence that the zero-order model is valid.

The obtained hydrogenotrophic denitrification rates were comparable with rates of both

heterotrophic and autotrophic denikification in previous studies except for thiosulfate.

Although much higher rates were achieved using thiosulfate, it was found that the

denitrification was very sensitive to nitrite even at low concentrations. In addition, the

responsible bacteria were also sensitive to pH with optimum pH between 6.s-7.5 with

significant inhibition at pH of 6 and g, A comparison between these studies is

summarized in Table 3. 2.

Table 3. 2 Comparison between denitrification rates using different substrates

Electron
donor

Biomass
Con.
(slr)

Temp,
oc pH

Nitrate
reduction rate

(g No3-N g
vss -l d -1)

Nltflte
reduction

rate
(g NO2-N g
vss-1 d-

,l\

Reference

l\4ethanol 1 .2-3.',| 25!2 6.8 0.43-0.61 Foglar & Briski, (2003)

Thiosulfate 33-25 6.5-7.5 7 .2-9.6 Oh et al., (1989)

Su lfu r 'l .19-6.61 25 7-8 0.14-0.19 Koenig & Liu, (2004)

Hydrogen 0.5 25t1 7.5-9_5 0.38-0.74 0.57-1.70 Current study

Hydrogen 0.5 12!1 7.5-9.5 0.21-0.28 0.25-0.51 Current study



3.4.4 Conclusions

. The proposed zero-order kinetic model for hydrogenotrophic reduction of nitrate

and nitrite was highly correlated with the experimental results and kinetic

coefficients were calculated at different pH and temperature. Nitrate and nitrite

reduction was inhibited at pH 7 al 12t1oc and 25t1oC. The inhibition of

denitrification was suggested to be due to carbon dioxide stripping.

At 25È1oC no nitrite accumulation was observed, as nitrate and nitrite reduction

rate increased with pH. At this temperature, nitrate and nitrite reduction rates

from 0.38 to 0.74(9 NO3-N g VSS '1 d -1) and 0.57 to 1.70(g NOz-N g VSS r d -r),

were obtained at pH ranging from 7.5 to 9.5.

At 12t1oC different levels of nitrite (ranging between 2.5-3.5 mg I 
-1) accumulated

over time under varying pH conditions. Nitrite accumulation increased with pH

only afier exceeding pH of 8.5. The rate of nitrate and nitrite reduction increased

with pH, peaking at 8.5, followed by a decreasing trend at higher pH values - at

12t1oc. Nitrate and nitrite reduction rates ranging from 0.21 to 0.28(9 NO¡-N g

VSS ¡ d -1) and 0.25 to 0.51(9 NO¡N g VSS-r d-1¡, were obtained at12!1oC.

The optimum pH for nitrate and nitrite reduction was 9.5 at 25t1oc and 8.5 at

12t1oC.

3.5 Developing a new approach for the measurement of decay, active fraction of
b¡omass and extracellular polymer¡c substances in hydrogenotroph ic
denitrification



3.5.1 lntroduction and objectives

Microbial kinetics is an essential part of environmental bioiechnology. The relationship

between the active biomass and substrate concentration is an important factor used for

design, operation and modeling of biological treatment processes. ln practice, volatile

suspended solids concentration ¡s generally assumed to be representative of active

bacteria concentration. However, volatile suspended solids represent the summation of

active biomass (catalyst), cell debris, extracellular polymeric substances (EPS) and

possible trapped organics in the microbial aggregates (flocs). Quantify¡ng the biomass

constituents provides essential information for design and modelling of biological

treatment processes. ln order to develop a model, which can lead to quantifying the

inert and v¡able faction of steady-state biomass, detailed information on energy transfer

during substrate utilization and endogenous respiration is required. Endogenous

respiration is particularly important as it leads to production of inert cell debris.

Early researchers suggested that endogenous respiration occurs due to decay of the

cells and subsequent consumption of decayed biomass to form new cells (Kountz and

Forney, 1959; McKinney, 1960; Washington and Symons, 1962; crady and Roper,

1974). Although only the biodegradable fraction of the cell is consumed during decay, it

was not considered in the calculation of the endogenous respiration rate. The

biodegradable fraction was also neglected in the incorporation of endogenous

respiration into popular activated sludge models such as ASM1, ASM2. According to

these models the rate of endogenous respiration of autographs and heterotrophs is

dependent on their concentration and decay coefficient. Dold et al. (Dold et al., 1980)

observed that after substrate depletion still considerable amount of oxygen was

consumed by the bacteria. This suggested that the consumption of the electron
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acceptor is involved in the decay process. During the development of the ASM3

activated sludge model, this consumption of electron acceptor was considered as a

factor effecting endogenous respiration rates. Accord¡ng to the ASM3 model, the rate of

endogenous respiration of both autographs and heterotrophs is dependent on their

concentrat¡on, the concentration of electron acceptor and cell decay rate. Recen y,

Laspidou and Rittmann, (2002) proposed a unified theory, where the active biomass is

separated from the extracellular polymeric substance (EPS) surrounding the cell. They

proposed that the consumption of the electron acceptor is as a result of both

endogenous respiration and degradat¡on of hydrolyzed EPS. The non-biodegradable

fraction of cells produces inert biomass, and hydrolyzed EPS is used as an energy

source by bacteria.

Hydrogenotrophic denitrifiers have been considered autotrophic bacteria that use

hydrogen as electron donor, carbon dioxide as carbon source, and nitrate as electron

acceptor. lt has been shown that they are mixotrophs - i.e. they possess the ability to

reduce nitrate under both autotrophic and heterotrophic conditions (Selenka and

Dressler, 1990; Liessens et al., 1992; Vanbrabant et al., 1993; Szekeres et al., 2002).

Since no external carbon source is present, hydrogenotrophic denihifìes serve as an

ideal culture to examine measurement approaches for decay rate and endogenous

respiratíon, ln this study, a method for measuring decay, active biomass and

extracellular polymeric substances (EPS) is proposed by combining the unified theory

(as proposed by Laspidou and Rittmann) and ASM3. Using the developed method the

decay coefficient, active fraction of biomass, concentration of EPS, and the true yield of

hydrogenotrophic denitrifiers were obta¡ned.
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3.5.2 Model development

According to the model proposed by Laspidou and Rittmann, the potential energy from

substrate utilization goes to three pathways (Figure 3. 6). Some portion is wasted as

soluble microbial products associated with substrate utilization (UAP), the rest goes to

synthesìs of extracellular polymeric substances and active cell. Some portion of bond

EPS, hydrolyses and produces soluble EPS, which is referred to as biomass-associated

products (BAP). The active cell (excluding the EPS) by itself is composed of

biodegradable part (fd) and non-biodegradable part. The energy required for

maintenance is obtained from oxidation of biodegradable part of active cell during

endogenous respiration. The particulate inert biomass is produced during endogenous

respiration from non-biodegradable part of active cell.

Figure 3. 6 The model proposed by Lapsidou and Rittmann, 2002

A methodology for simullaneous measurement of decay coefficient and active biomass

concentration as well as calculating extracellular polymeric substances in steady -state

biomass was proposed. ln this method, the unified theory by Lapsidou and Rittmann is

combined with the ASM3 activated sludge model to describe the consumption of the

electron acceptor in a reactor under starvation conditions. This yields the following

equation:
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dt IKro,+No,J(Ko,+so,) lxun,+n,ae)lKNü+No3)lxor+so,)
(3.1 1 )

The consumption of nitrate during starvation is due to endogenous respiration (Term A)

and consumption of hydrolyzed EPS by the heterotroph¡c fraction of biomass (Term B).

ln this particular study the mixotrophic behaviour of hydrogenotrophic denitrifiers allows

the whole culture to use the hydrolyzed EpS.

Wjth the following assumptions, equation I can be simplified.

. There is no dissolved oxygen in the starved reactor.

' The concentrai¡on of erectron acceptor is high and the harf saturat¡on

coefficient can be neglected.

. The hydrolyzed EPS can be used only by the heterotrophic fraction of the

biomass.

' Nitrate consumption rate due to endogenous respiration is consiant onry

after biodegradable EPS (BAp) are fully consumed. This assumption is direcfly

related to the biodegradability of Eps and is supported by the work of Zhang and

Bishop (2003).

This yields the following relationship:

dNo"
-7' =-bo'fd'xn

(3.1 2)

The concentration of active biomass in the decay reactor is decreasing due to biomass

decay. The concentration of active biomass as a function of time is described by

equation 3.13, which follows a first-order decay mechanism (Avcioglu et al., 199g).
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X,=Xno¿-b'tt
(3.13)

considering the change in biomass concentration, and subst¡tuting equation 3.i3 into

equation 3.12, lhe following expressions can be obtained:

dY' 
=-çuu.¡axno¡iu"

,,ffi = - r, ({b n .fa x u ) "- 
u 

"' )

-t (øø) = t, (b,i.fd x A ) - b A.t

(3.14)

(3.15)

(3.1 6)

By plotting nitrogen uptake rate for the starvation period, both the decay rate and the

active fraction of biomass can be calculated. The active fraction of biomass (XA) is

def¡ned as the concentration of viable bacteria excluding Eps. The slope gives the

decay coefficient whereas the active fraction of biomass can be obtained from the

intercept. The biodegradable fraction of biomass (fd) is needed, however, in order to

calculate the active biomass concentration.

The biodegradable fract¡on of active biomass can be calculated using the following

equation.

4=-b..fd.x
dt (3.17)

ln equation (3.17), x can be substituted by total coD. The total coD in the starved

reactors is decreasing due to endogenous respiration and consumpt¡on of

biodegradable fraction of b¡omass. Therefore, keeping track of total coD decline in the

starved reactor yields fd.



3.5.3 Methodology

A sBR reactor with the working volume of 20 I was set up using act¡vated sludge seed

from a local non-nitr¡fying wastewater treatment plant. lt was fed artificial groundwater

with the composition of 300 mg l¡ NaHCO3, 1,l00 mg l-1 KHzpO¿, 900 mg l-1 K2HPO4, s

mg l'1 CaCl2, 25 mg l-1 MgSO¿.7HzO, and 0.4 mg l-1 FeSO¿. The feed contained 82.3 mg

l'r No3-N. The reactor was operated under anoxic conditions as H2 was delivered using

fine bubble diffusers. The reactor was operated at a solids retention time (sRT) of 20

days and constant loading rate of 0.08 g NO3-N d-1 l{. After achieving steady-state, the

reactor was operated for 5 sRTs (100 days), before kinetic testing was conducted. This

was done to ensure no pure heterotrophic organisms were present. The temperature of

the reactor was maintained aÍ. 12!1 oc. The suspended solid concentration at steady

state condition as well as reactor performance regarding nitrate removal was monitored

to obtain the observed yield, As for the decay measurements the following procedures

were used in order to measure the decay coeff¡cient, biodegradable fraction of biomass

and EPS.

3,5.3,1 Decay coefficient

A decay reactor with the volume of 3.5 I was set-up using hydrogenotrophic biomass

from the main reactor, nitrate as electron acceptor and the synthetic groundwater

contained micronutrients. The initial biomass concentration in the reactor was 1000 mg

l-1, ln order to eliminate the diffusion of oxygen, nitrogen gas was bubbled into the

reactors in a closed system. Temperature and pH were maintained constant al 12co

and 7.5, respectively. Temperature and pH were maintained constant at 12Co and 7.5,
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respect¡vely. Nitrate samples were taken every day and analyzed for nitrate a nitr¡te,

and soluble COD. The nitrogen uptake rate in the reactor was calculated and was

plotted versus starvation period to yield the decay coefficient.

3.5.3.2 Biodegradable fraction of biomass (fd)

The same reactor was described for measuring decay coefficient, was used for

measuring the biodegradable fraction of active biomass. COD samples were taken

every day and analyzed for total COD. The total COD decline in the reactor was plotted

versus starvation period to yield the biodegradable fraction of biomass. The

biodegradable fraction of biomass was calculated from the slope of the graph plotting

COD decline versus starvation time divided by decay coefficient.

3,5.3.3 Extracellular polymeric substances (EPS)

EPS was measured based on the steaming extraction method (Zhang et al., lggg).

Total COD measurements were used in place of protein and carbohydrate

measurements. lt should be noted that this method is only accurate when there is no

organic carbon in the flocs. ln the present study, the feed did not contain any organic

carbon and therefore no trapped organics in the flocs were expected.

100 ml of steady state biomass was rinsed with deionised water and total COD was

measured under completely mixed condition. The sample was steamed in an autoclave

at BO.C and 1 bar for 10 m¡nutes. Then the sample was centrifuged at BOOO g for 10

minutes. The supernatant was filtered and the soluble coD was measured. The soluble

COD divided by total COD represented fraction of EPS in the biomass.

72



3.5,4 Results and Discussion

3.5.4,1Justification of the assumptions used for method development

One of the assumptions in the simplification of equation (3.1 I ) was that nitrate

consumption due to endogenous respiration is dominant only when there is no other

source of energy in the reactor. The validity of the assumption can be explored as

shown in Figure 3. 7 and Figure 3. 8 At the beginning of the starvation condition the

soluble COD in the reactor increased rapidly from 7 to 45 mg Ir. The soluble COD is

suggested to come from the hydrolysis of EPS, as the biomass used in the starved

reactor was fed only inorganics. lt appears that the bacteria use the hydrolyzed EPS for

maintenance and survival as the rapid reduction in electron acceptor concentration was

observed in the first 3 days of starvation. When the EPS is depleted, the rate of nitrate

consumption is almost linear and caused solely by endogenous respiration of the active

biomass. The linear portion of Figure 3. I, which is showing nitrate consumption over

time, will be used for calculating decay coefficient. Another interesting observation from

Figure 3. 8 is the mixotrophic behaviour of hydrogen-dependent denitrifiers. Hydrolyzed

EPS is a source of organic carbon and can be utilized only under heterotrophic

condition, The rapid nitrate reduction in first three days is in correlation with the second

term of equation (3.11). EPS and soluble microbial products released through metabolic

processes in the bacteria are biodegradable and kinetics of the¡r degradation is well

understood under aerobic condition (Lu et al,, 2002; Henze et al., 1987; Rittmann and

McCarty, 2001). lt appears that they can be a source of organic carbon for the

heterotrophic fraction of biomass under anoxic conditions as well.



The increase in soluble COD during starvation period suggests that non-biodegradable

fraction of active biomass is not only particulate as it was proposed by Lapsidou and

Rittmann, soluble COD is also produced during decay.

Figure 3. 7 Soluble COD concentrations under starvation conditions
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3.5.4.2 Decay and active fraction of biomass

Plotting nitrogen uptake rate versus time resulted in a decay coefficient of 0.041 day -1.

Once the decay coefficient is determined, the first term of equation (9.16) bÀ.fd.yAocan

be used for estimating active fraction of the biomass. Xas in equation 3.16 represents

active biomass concentrat¡on, by which active biomass is defined as active bacter¡a

excluding the extracellular polymeric substances (Eps). ln order to calculate the

concentration of active biomass the biodegradable fraction of active biomass (f¿) is

required.

Figure 3.9 Nitrogen uptake rates versus starvation t¡me
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3.5,4.3 Biodegradable fraction of act¡ve biomass (fd)

Biodegradable fraction of act¡ve biomass was calculated using the slope of the graph

plotting total coD versus starvation t¡me divided by decay coefficient. The value of

24o/o was obtained for biodegradable faction of active biomass.

Knowing the fd, the first term of equat¡on 3.16 (bA f¿ X¡o) can be used for estimat¡ng

active fraction of the biomass by using 24Vo fo¡ fd. The value of 410 mg I -1 
was

obtained for the active biomass; this can be compared to the initial biomass

concentration in the decay reactor, which was 1000 mg l-1, suggesti ng 41% of biomass

was active.

Figure 3. 10 Total COD versus starvat¡on time
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The biomass used in decay reactor was obtained from the main reactor at steady state.

It included active biomass, extracellular polymeric substances and cell debris. The

concentration of cell debris can be calculated through the following equation using

active biomass concentration, biodegradable fraction of active biomass ( fd) and decay

coeff¡cient obtained previously.

x 
' 

= bn.Q- fd).X n.or (3.18)

The value of 256 mg I -1 is obtained for the concentration of cell debris using this

equation. combining the data obtained for cell debris and active biomass concentration,

the concentration of extracellular polymeric substance (Eps) can be estimated. The

value of 334 mg I -1 is obtained for Eps, which shows that a great portion of biomass is

occupied by inert polymers.

The calculated EPS is higher in compare to Eps concentration obtained by steam

extraction method. The average concentration of 210 mg I -1 was obtained through

steam extraction method; - the value is 37 % lower than the calculated value. The

higher EPS content resulted from calculation is expected as the extraction methods are

limited. There are several extraction methods, includ¡ng EDTA extraction, cation

exchange resin, formaldehyde extraction, steam extraction and ultracentrifuge

extraction. However, d¡fferent quantity of Eps seems to be extracted by different

method (Zhang et al., 1998; Brown and Lester, 19g0; Hong and Liu, 2002). Furthermore,

none of the methods used for extraction of Eps can assure that all of Eps is extracted.
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3.5.4.4 True Yield

Eguation 1.30 shows the relation of observed Vield 1 
You, 

), true yield(y), decay

coefficient (bA) and solids retention time (0- ).

v _ Y ,(l_fdxbÂ)Ye_robs - l+ãx.b;-r t-e-b^ (1.30)

The second term in the equation g represents the cell debris accumulated in the

biomass. The true yield in equation 1.30 is the yield for active biomass production when

EPS is included as a part of active biomass. using the observed yield and fd, true yield

was calculated as 0.65 g active cell+Eps/ g No3-N. ln the case that Eps is excluded

from biomass the y¡eld ot 0.27 g active biomass / g NO3-N is obtained.

ln other research studies on hydrogen-dependent denitr¡f¡câtion, values ranging from

0.22 to 1 .2 have been reported as it is shown in Table 3. 3.

Table 3. 3 True yield of hyd rogenotrophic denitrifiers

True Yield mo VSS mo No"-N Reference
o.78 Pierkiel, (2002)
1.2 Benedict. (1996)

0.22 Rittmann &McCcartv,(2001
0.65 Curreni sturiv

surprisingly, the true yield for hydrogenotrophic denitrifiers is high in comparison to

heterotrophic denitrifiers, despite the general perception of lower biomass yields of

autotrophs versus heterotrophs. The values reported for hydrogen dependent

denitrifiers are higher than the 0.4-0.9 mg VSS mg N -1 reported for heterotrophic

denitrifiers (Metcalf and Eddy, 1991).

It should be noted that the yield of hydrogen dependent systems might also vary due to

the effect of dissolved oxygen (schink and schlegel, 197g). The d¡ssolved oxygen in the
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feed can provide the condition for the growth of aerobic hydrogen-oxidizing bacteria

such as Alcaligenes eutrophus. Therefore at different HRTs under steady state

conditions, the fraction of aerobic hydrogen oxidizing bacteria in the biomass might be

different due to var¡ations in dissolved oxygen loading. The varialion in true yield might

come from the aerobic fraction of hydrogenotrophic biomass.

3.5.5 Conclusions

. During starvation, once the hydrogen is eliminated from the feed, EpS is

hydrolyzed and used as a substrate for heterotrophic fraction of biomass,

resulting in high nikogen (nitrate) uptake rate at the start-up of the experiment.

. Once the EPS is consumed the biodegradable faction of biomass serves as

electron donor, resulting in lower and steady nitrogen uptake rate.

. During endogenous respirat¡on not only particulate cell debr¡s is produced but

also non- biodegradable soluble COD is released to the reactor.

Steady-state b¡omass obtained from the reactor operating under SRT of 20 d and

loading of 0.081 g NO3-N d-r l'r contained 41o/o active biomass, 25.6% cell debris

and 33.4% EPS.

The decay coefficient of 0.041 d-1 and true yield of 0.28 mg active biomass per

m9 NO¡-N removed was obtained.
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CHAPTER 4: HYDROGEN-DEPENDENT DENITRIFICATION lN ANAEROBTC
SUBMERGED MEMBRANE BIOREAGTOR: POTENTIAL FOR WATER REUSE
This chapter is focused on introducing a practical and efficient system for producing

reusable water from municipal wastewater final effluents containing nitrate. The design

is focused on designing a system, which utilizes hydrogen for stimulating biological

denitrification, while producing the effluent free of suspended solids. The chapter starts

with introducing ihe guidelines for producing reusable water, and then focuses on

reactor design and optimizat¡on.

4.1 Wastewater (Water) reuse

4.1 .1 lntroduction

The increased water demand in the world is putting increasing pressure on water

resources. The water specialists are looking at reusing final effluent for irrigation and

agriculture as well as for indirect and even direct potable water supply. Water experts

around the world agree that the implementation of wastewater reuse will be a major

challenge in the 21"t century (Marsalek et al., 2002). Curren y, wastewater reuse is

mainly practiced in areas that have the most stressed water resources. These areas

include the Middle East, Japan, Korea, Australia, and the southwest United States.

Australia, Japan and the southern United States have well-established standards

governing the practice of wastewater reuse.

4.1.2 Direct potable reuse

It can be defined as either the injection of recla¡med water directly into the potable water

distribution system downstream of the water treatment plant, or into the raw water

supply immedlately upstream of the water treatment plant, lnjection could be either into
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a serv¡ce reseryoir or direct¡y into a water pipeline. The water used by consumers could

be either undiluted, or slightly diluted, reclaimed water. There are no existing examples

of direct potable water reuse in Australia. lnternationally, the nearest known examp¡e is

at windhoek in Namibia where treated wastewater is blended with water from other

sources prior to distribution (Asanoa and Levine, 1996¡.

4.1.2 lndirect potable water reuse

ln the case of indirect water reuse the reclaimed water is cycled to the water cycle at a

point well upstream of the water treatment plant. Return can be either into a major water

supply reservoir, a stream feeding a reservoir, or into a water supply aquifer. The

returned water is sign¡ficantly diluted with other 'natural' water and there can be a real or

perceived spatial or temporal separation between the point of return and the point of

use (Marsalek et al., 2002). lndirect reuse is expected to be the most acceptable

potable reuse approach for the community. Indirect reuse provides the necessary

separation between the treatment plant and the user, depends to a lesser extent on the

reliability of technology, and explicifly incorporates 'natural' processes within the reuse

system to improve the water quality. ln the us, there are an increasing number of

examples of formal indirect potable reuse. A significant advantage of both direct or

indirect potable reuse is that it allows for 100% reuse of available reclaimed water

because total potable water usage will always be greater than the volume of wastewater

generated. This is contrasted with non-potable reuse where the high cost of storage and

distribution infrastructure limits the viability of achieving full reuse consistenily.
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4.1.3 Water quality indicators

The physiochemical parameters such as BODiCOD, hardness, pH, total organic carbon

(TOC), taste and odour, total organic halogens (TOX), colour and total dissolved solids

are used as an indicator of water quality. ln case of water reuse, more detailed

information about toxicological parameters of reusable water are required. The

toxicological parameters can be grouped as:

Health issues regarding:

. lnorganics

' Algat Toxins

' Organics

. Pesticides

. Pharmaceuticals

' DisinfectionBy-products

. Hormones

. Radionuclides

' Endocrine D¡sruptors

ln Drinking water Guidelines many chemicals have been identified and their limit has

been established. However, in the case of water reuse more restricted guidelines are

expected for specific chemicals, especially when treated wastewater is planned for

ind¡rect water reuse.



4,1,4 Health concerning chemicals for water reuse

4,1,4,1 lnorganics

ln the case of many inorganics, sufficient information is available for Guidelines for

potable water. However, for several of the metals there is currenfly insufficient

information for specific potable reuse and guidelines need to be developed (US EpA,

2004).

4,1.4.2 Organics

As for the organics, the issue is more complex and controversial. The question weather

the presence of different organics with concentration as low as nanogarm per litter has

adverse effect on human health, lt is important and difficult to determine what possible

human health effects w¡ll develop when persons are exposed to a chemical or mixture

of chemicals over â life time (US EPA, 2004).

4.1.4.3 Pesticides

Many of the chlorinated pesticides are still present in the environment due to their slow

degradation, and as such may require further research in terms of potable reuse,

especially when wastewater discharges are planned for indirect potable reuse (US EpA,

2004.

4.1.4.4 Disinfection by.products

A number of by-products of water disinfection have been highlighted as having the

potential for formation under certain circumstances. ln case of portable water reuse, the



issue is more complicated due to presence of synthetic organics in wastewater and

formations of by-products during disinfection.

4.1.4.5 Radionuclides

Drinking water Guidelines provide a reasonable introduction on the guidelines, however

they do not address the potential for enhancement of radionucl¡de conceniration in

reuse applications (US EPA, 2004).

4,1,4.6 Pharmaceuticals

The l0 most commonly prescribed and non-subsidised drugs have been identifìed. Two

important issues controlling the fate of pharmaceuticals are their metabolism and

stability (US EPA, 2004).

4,1.4.7 Hormones

Hormones are considered the main biogenic compounds likely to occur in wastewater

for potable reuse. Their act¡vity as androgens or oestrogens highlights the need for

further research on their potential endocrine effects when consumed orally and the their

improved removal using various water treatment techniques.

4,1,5 Existing Guidelines for Direct Potable Reuse

There are no guidelines for direct potable reuse of reclaimed water.Guidelines exist for

indirect portable reuse. As it was mentioned before, indirect potable reuse is defined as

the return of reclaimed water to a point well upstream of the water treatment plant.

Return could either be into a major water supply reservoir, a stream feeding a reservoir,



or into a water supply aquifer. The returned water is likely to be significan y diluted with

other 'natural' water.

4.1.6 Existing Guidelines for lndirect Potable Reuse

4.1 .6.1 Ganada

ln canada, there are no guidelines for indirect portable reuse. Br¡tish columbia and

Alberta are the only provinces that have developed regulatory guidance for industrial

wastewater reuse. ln British columbia, uses include rangeland irrigat¡on, silv¡culture

applications, stream augmentation and toilet flushing (Marsalek,2002). The City of

Vernon successfully uses 100 % of its wastewater for irrigation of agricultural,

silvicultural, and recreational lands, in a program that has been operational for over 20

years serv¡ng a population of 32,000 (Waller, 1998).

The province of Alberta has supported the use of treated wastewater for irr¡gation

purposes, which currently demand over 70 % of Alberta's water resources (Marsalek,

2002). current allowable uses for wastewater reuse are "golf courses; municipal

parkland and boulevards; forested woodlots under special approval consideration; and

agriculture lands used for pasture, forage, coarse grains, turf, and oil seeds. Any other

crops to be considered must be first supported by scientif¡c based studies that ensure

no risk to human health or the environment" (Marsalek, 2002).

ln Nova scotia, a demonstration project has been initiated that reuses wastewater

effluent from a wastewater treatment lagoon for a we and refuge (Waller, 1g9g). The

created wetlands have the added benefìt of providing some measure of tertiary

treatment, reducing coliform, suspended solids, BOD and phosphorus by up to 99 %.



4.1.6,2 US EPA Water Reuse Guidelines

A number of states in the usA, such as california, Arizona and Florida have developed

guidelines and regulations addressing potable reuse of reclaimed water, however, there

is considerable variation among the different state regulations. There are no federal

regulations governing waier reclamation and reuse in the us, hence the regulatory

burden rests with the individual states (us EpA, 2oo4). The usEpA guidelines for water

reuse published in 1992 provide guidance to staies that have not developed their own

criteria or guidelines, The us Environmental protection Agency, in conjunction with the

us Agency for lnternational Development, published Guidelines for water Reuse in

1992. The primary purpose of the document is to provide guidelines, with supporting

information, for utilities and regulatory agencies in the us, particularly in states where

standards do not exist or are being revised or expanded (us EpA, 2004). The

guidelines address all important aspects of water reuse and include recommended

treatment processes, reclaimed water quality limits, monitoring frequencies, setback

distances, and other controls for various water reuse applications. The guidelines

address water reclamation and reuse for non-portable applications as well as indirect

potable reuse by groundwater recharge and augmentation of surface water sources of

supply. The treatment processes and reclaimed water quality lim¡ts recommended in the

guidelines for various reclaimed water applications are given in Table 4.1.
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Table 4. 1 US EPA guidelines for water reuse (US EpA, 2004).

Tvpe of use Treatment Reclaimed wâtêr dualitv
Urban users, food
crops
Raw, recreational
impoundments

¡ ijeconoary
. Filtration
. Disinfection

pH= 6-9
2NTU
No detectable fecal
coliform
I mq l-1 Cb residual

Restricted access area
lrrigation, processed
food crops, nonfood
crops, cooling,
env¡ronmênt reuse

. Secondary. Disinfection
pH= 6-9
30 mg l¡ BOD
30 mg l¡ SS
200 focal col¡/l00mL
I mq l'1 Cb residual

croundwater recharge
of portable aquifers by
snrêâd inrt

Site specific and
use dependent
secondârv

Site specific and use
dependent

Groundwater recharge
of portable aquifers by
iniection

Site specific and
use dependent
sâcônalârv

. Site specific and use
dependent

Groundwater recharge
of portable aquifers by
spreading

Site specific and
use dependent
Secondary and
disinfection

specific. Meet drinking water
standards after
percolation through
vadose zone

Site

Groundwater recharge
of portable aquifers by
injection,
augmentation of
surface suplies

Secondary
Filtration
Disinfection
Advanced
wastewater
treatment

. pH= 6 -8.5

. 2NTU

. No detectable fecal
coliform

' 1 mg l-1 Cl2 residual. meet drinking water
stânderds

4.2 Producing reusable water from municipal final effluent contaminated with
nitrate

Many final effluents contain high level of nitrate due to low c/N ratio in raw wastewater.

(Bernard and Abraham, 2005). According to us EpA, the produced water for indirect

reuse should meet drinking water guidelines. This stringent effluent quality can be

achieved using advanced treatment processes after biological nutrient removal. ln the

case that nitrate is present in the effluent, denitrification also needs to be incorporated.
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4,2,1 Den¡tr¡fication Options

The denitrification process can be divided into two categories of tertiary treatment and

single- sludge treatment (Rittmann and Mccariy, 2001). ln single sludge treatment,

denitrification includes using the BOD in the wastewater influent to drive denitrification.

ln single sludge denitrification, the nitrate is produced in the aerobic zone by nitrifiers

and directed to the anoxic zone, which can be located before, after or within the aerobic

zone (nitrification), These possibilities are called pre-anoxic (Figure 4. .1), post-anoxic

(Figure 4.2) and simultaneous nitrification denitrification (sND). The design strategy is

dependent on wastewater character¡stics, especially C/N ratio,

Figure 4. 't Pre-anoxic design for denitrification

Figure 4. 2 Post-anoxic design for denitrif¡cation



To incorporate denitrification for wastewater w¡th low c/N ratio, exogenous electron

donors need to be added. The factors to be considered are the choice of appropriate

electron donor and the location of addition (post anoxic or pre anoxic). post-anoxic

denihification is chosen as an alternative due to the following reasons. lt can easily be

retrofitted to the existing plants. lt requires less organic carbon in compared to post

denitrification. ln case of pre-anoxic denitrification some port¡on of organic carbon is

degraded in the aerobic zone. Pre-anoxic denitrification can not produce an effluent free

of nitrate. To choice complete nitrate removal, tertiary denitrification can be considered

s an option.

4.2.2 Choice of exogenous electron donor

Depending on the choice of exogenous substrate, either heterotrophic or autotrophic

denitrifìcat¡on can be stimulated. The electron donor should have low cost and posses a

Iow saturation coefficient, as the lower the saturation coefficient the lower the donor

carryover to the final effluent.

4.2.2,1 Heterolrophic denitrification

Almost any organic carbon can be used as exogenous energy source for heterotrophic

denitrifiers. As it was mentioned before, methanol is the most commonly used

exogenous carbon source only due to its economic benefits. Methanol might not be a

proper donor choice for water reuse applications as it has a relatively high saturation

coefficient of 9.1 mg li (Rittmann and Mccarty, 2001) resulting in methanol cârryover to

the final effluent.
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Waste streams from food processing and beverage industries can also be used as a

cheep source of electron donor to drive denitrification. These wastes have very high

BOD (in the range of 1O,O0O mg l-1)and very high C/N ratio. However, the availability of

these carbon sources is a concern. Furthermore, the goal of denitrification is total

nihogen removal, and the ammonia content of these wastes might prohibit achieving

this goal. Another alternative is taking advantage of autotrophic denitrifiers by using

inorganic substrates as carbon source.

4.2.2.2 Autotrophic denitrification

As it was described in Chapter l, autotrophic denitrifìcation is a biological process that

uses inorganic carbon to derive denitrification. Different electron donors can be used for

autotrophic denitrification. These donors include hydrogen and elemental sulphur.

Autotrophic denitrification using sulfur compounds carries several disadvantages over

hydrogenotrophic denitrificat¡on, including:

. Sulfur is in solid phase and mass transfer of sulfur to the water is the Limiting step

during denitr¡fication.

' High alkalinity consumption per unit of NOg-N

. Relatively higher biomass yield

. Sensitive to pH fluctuations

. Potentially high sulphate concentrations in the effluent that might not be appropriate

for water reuse

Autotrophic denitrification using hydrogen is an attractive oplion for removing nitrate

from the wastes with low C/N ratio, Gantzer (1995) reported the cost of methanol to be

about 73o/o higher than hydrogen in the case that hydrogen is produced on-site. This is
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not ¡nclude the cost of transportat¡on of methanol to the site. The transportation cost can

be as high as the cost of the chemical itsetf depending on the location of the site. lf

hydrogen is not produced on-site, it is more expensive than meihanol. The use of

hydrogen carries some disadvantages that need to be addressed, These include:

. Low solubility in water

. Explosion risk when mixed with oxygen.

up to date, a variety of reactor configurations have been used to improve the efficiency

of hydrogen delivery. one such reactor configuration, which addresses effective

hydrogen delivery, is called biofilm electrode reactor (lslam et al.,lg9g; prosnansky &

Sakakibara,2002; Kiss et at.,2000; Sakakibara and Nakayama,2001) . A biofilm

electrode reactor is an electrochemical cell, in wh¡ch water is electrolysed and hydrogen

is generated. The hydrogen produced on the surface of cathode allows formation of

hydrogenotrophic denitrifìers in a biofilm at the surface of the cathode, The main

drawback of biofilm electrode reactors is gradual scale formation on the surface of the

cathode, suppressing hydrogen production, which may cause a dramatic decrease in

denitrification rates (Kiss et al., 2000).

Another alterative is using membrane gas diffusers, which allows bubble-less

dissolution of hydrogen into the water. Membrane gas diffusers have been used to

deliver hydrogen either to biofilm (Ergas and Reuss, 2001; Lee and Rittman, 2002), or

to suspended bacteria (Rezania et al,, 2005; Mo et al., 2005).

A membrane biof¡lm reactor is simply fabricated by immersing the membrane gas

diffuser in a reactor, The membrane acts as a support medium for biofilm formation,

while introducing the gas to the developed biofilm. Membrane biofilm reactors are

subject to problems that might limit their application in long term operation. The
ol



membranes are structurally fragile and w¡ll be ineffective if any physical damage occurs.

Porous membrane diffusers are subject to condensat¡on of water vapour inside the

fibres lowering the hydrogen mass transfer (Ma et al., 2003). The biofilm grown on the

surface of the membrane is usually thick and sheering of this biofilm requires high

energy due io precipitation of inorganics inside the biofilm (Ergas and Reuss, 2001; Lee

and Rittman, 2003). ln addition, sloughing of biomass can result in breakthrough of

organic matter in the effluent.

4.3 Objectives

The object¡ve of this study was to produce water free of nitrate and suspended solids

from nitrate contaminated water or wastewater novel bubble-less hydrogen delivery

coupled to a submerged anaerobic membrane bioreactor. The new reactor

configuration aimed to allow for suspended growth of biomass and effective hydrogen

delivery without the use of a diffuser or electrode.

The main goals are described as follow:

To evaluated the technical feasibility of a hydrogen delivery unit and biological

treatment unit

To remove nitrate form the contaminated water and wastewater

To produce effluent free of suspended solids and pathogens

To provide an organic carbon and nitrate mass balance



4.4 Design concepts

4.4.1 Hydrogen delivery unit

The process of bubbleless hydrogen delivery employed in this research is based on

pressurizing some portion of the feed with hydrogen in a saturator tank and releasing

the hydrogen supersaturated feed to the biological reactor. The supersaturated feed

contains high dissolved hydrogen concentralion. The concentration of dissolved

hydrogen in the saturator is dependent on the pressure in the saturator and the mixing

regime; however at equilibrium the dissolved hydrogen concentration in the saturator

follows Henry's law. When the supersaturated feed is released to the reactor it goes

through several transformations effecting mass transfer including, liquid-liquid mass

transfer, stripping of dissolved hydrogen and micro bubble formation due to change in

pressure, gasJiquid mass transfer of formed micro bubbles, and dissolved hydrogen

consumption by the bacteria The bubble-less hydrogen delivery can be achieved in the

case that the hydrogen loading to the reactor is equal to the hydrogen uptake rate by

the bacter¡a in the reactor. One of the advantages of delivering hydrogen through

supersaturation is that hydrogen loading is easily adjustable by changing the flowrate of

supersaturated liquid to the reactor.

4.4.2 Anaerobic submerged membrane bioreactor

Membrane bioreactors are used to retain biomass in bioreactor by membrane filtration

and thereby eliminate microorganisms in the effluent and biomass washout. The

application of submerged membrane bioreactors has been limited to aerobic operation.

This is due to the requirement of air scouring through the membrane module for
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cleaning of the membrane surface and maintaining a constant permeate flux. ln the

case of anaerobic membrane bioreactors, external membranes have been tested.

However, to operate a submerged membrane bioreactor under anaerobic conditions, air

needs to be replaced with another gas in a closed system. ln this study, the nitrogen

gas produced during denitrification was recycled to the membranes for scouring and

reactor mixing.

4.5 Material and methods

4.5,1 Removing nitrate from water

The experimental system used for denitr¡fication of nitrate contaminated water is

illustrated in Figure 4.3. The system was composed of a hydrogen delivery unit and a

biological reactor. The hydrogen delivery unit is composed of a saturator tank with the

total volume of 8.5 L, a chemical feed pump, a pressure regulator valve, a mixer and a

hydrogen cylinder. The reactor unit was confìgured as a submerged membrane

bioreactor, which consisted of a cylindrical plexiglas reactor with the total volume of 10.1

L and working volume of 5.6 L, two hollow fibre membrane filters (ZW-1, by Zenon

Environmental. lnc.) w¡th nominal pore size of 0.04 ¡.rm and the total surface area of

0.094 m2, two permeate pumps, a gas recycle pump and a pressure regulator valve.

The saturator tank was connected to the hydrogen cylinder, which was regulated to a

pressure (120 psi) less than operating pressure of the saturator (12s psi). A portion of

nitrate contaminated water was pumped to the saturator tank through the feed pump.

The syntheticfeed was composed of 25 mg li NOg-N, 1000 mg lr NaHCO3,23 mg l-1

KH2PO4,5 mg ¡-1 CaCl2, 25mgl-1 MgSOa.TH2o and 1 mg li FeSO4. pumping the feed

to the saturator tank caused an additional pressure build-up (s psi) in the saturator,



lncrease of pressure in the saturator forced the pressure regulator valve to open and

released the feed, which was supersaturated with hydrogen, to the reactor. Bubble-less

hydrogen delivery was only possible when the rate of hydrogen introduced to the

reactor is equal to the hydrogen uptake rate. Prov¡ding hydrogen and nitrate to the

reactor stimulated the growth of hydrogenotrophic denitrifiers. Hydrogenotrophic

denitrifiers metabolised hydrogen and nitrate, resulting in the conversion of nitrate to

nitrogen gas, which accumulated in head space. The headspace, which was filled with

nitrogen produced during denitrification, was recycled to induce mixing and membrane

scouring. The excess nitrogen was released automatically to the atmosphere through a

pressure regulator valve. The remaining portion of the feed water not passed through

the saturator is fed to the bioreactor using a float valve to maintain constant hydraulic

loading. The biomass produced in the reactors was separated from the treated water by

the submerged membrane filters.

The membrane fìlters were operated under 300 second filtration and 30 second

backwash using two separate permeate pumps. The reactor was operated at room

temperature (25-2BoC) with an SRT of 20 days and HRT of 175 minutes.

Nitrate (No3') and nitrite (No2-) concentrations were measured by the automated

cadmium reduction method (4500-NO¡:F) (Sfandard Methods, 1995). Total suspended

solids (TSS) and volatile suspended solids (vss) were measured according to methods

2540 D and 2540 E (Standard Methods, 1995), respectively. Chemical oxygen demand

(COD) samples were analyzed using the Hach Digestions Vials and the Hach

spectrophotometer (Hach, usA). Dissolved organic carbon (Doc) concentration was

determined by Phoenix 8000 carbon analyzc.¡' (Standard Methods, 199S; 5310 C).
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The dissolved hydrogen in the permeate tank was monitored with an online dissolved

hydrogen analyzer (Orbisphere).

4.5.2 Removing nitrate from municipal final effluent

The same system described in section 4.5.1 was used for removing nitrate and

suspended solids from municipal final effluent. The final effluent was obtained from

Winnipeg's North End Wastewater Treatment Plant, which is pure oxygen BOD removal

plant. The final effluent was spiked with nitrate to simulate the effluent from nitrified

swage. A feed tank with the total volume of 25 L was used to feed both the saturator

and the biological reactor. The feed tank was aerated slowly to prevent denitrification

from occurring. The feed, with the average flow rate of 32 ml min -1 was split and

directed to the MBR and the hydrogen saturator. The portion of feed directed to the

saturator was supersaturated with hydrogen at pressure of 120 psi and released to the

reactor,

Both the feed and effluent were sampled and analyzed using Standard Methods for

nìtrate, nitr¡te, total and soluble chemical oxygen demand, pH, alkalinity, true colour,

turbidity, hardness, total dissolved solids and total coliform. The mixed liquor from the

reactor was measured for volatile and total suspended solids and soluble COD. The

dissolved hydrogen in the permeate tank was monitored using an online dissolved

hydrogen analyzel' (Orbisphere).



Figure 4. 3 schematic of the proposed system for hydrogenotrophic denitrification

contaminated wastewater

Permeato lank

2,5,3 Mass transfer study

An experiment was conducted to study the mass transfer of the supersaturated water

released to the reactor, which was filled with pure water. Mass transfer of hydrogen into

the pure water is the worst-case scenario, since no hydrogen is consumed by

denitrifying bacteria, enhancing the sink for dissolved hydrogen.

ln order to study the mass transfer of hydrogen into the water, the feed tank and reactor

(shown in Figure 4.3) were filled with water and reactor head space was filled with

nitrogen gas. some portion of the feed (water) from the feed tank is pumped to the

saturator tank with a flow rate of 37 ml m¡n -1. The saturator was already filled with

hydrogen at a pressure of 120 psi. The working pressure of the regulator valve, which is

located between the saturator and the reactor, was adjusted to 12s psi. The

supersaturated water was introduced to the reactor through the pressure regulator valve.
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At steady-state, the flow rate of the feed pump was equal to the flow rate of the

supersaturated feed released to the reactor. The supersaturated water from the

saturator and the water from the feed tank were mixed in the reactor and pumped out

with the flow rate of 480 ml min '1. The dissolved hydrogen concentration in the reactor

was monitored using an online dissolved hydrogen analyzer. The dissolved hydrogen in

the saturator was measured by headspace method (schmidt et al., 1g93). The mass

transfer efficiency was calculated by applying a hydrogen mass balance using dissolved

hydrogen concentration in the saturator and in the reactor. Finally, the effect of mixing

and headspace gas recirculation on mass transfer efficiency was studied.

4.6 Results and Discussion

4.6.1 Mass Transfer

Figure 4.4 shows the dissolved hydrogen concentration in the reactor under steady

state conditions at different stages of operation.

Figure 4' 4 Dissolved hydrogen concentration in the reactor at different stages

|i corttc't

F"s"1 I st"s;tl I-i'** I

ao ao,ltoaaa..,fot

ïme (min)

u.b

! os
o)
E
Ë o.+
o)
o)o
3. 0.3
.c
!
9 o.z
o

i5 0.1

0

98



ln the first part of the experiment (stagel), the mixer in the saturator was turned off

and there was no circulation of the head-space gases. ln this case, the dissolved

hydrogen in the reactor was around 0.55 mg I 
-1. ln order to calculate the mass transfer

efficiency, the dissolved hydrogen concentration in the saturator is needed. The

dissolved hydrogen conceniration in the saturator was measured by taking samples

from the pressure regulator valve, resulting in 7.18 mg I -1 of hydrogen. Hydrogen mass

balance showed that 100% hydrogen delivery was achieved. As the second part of the

experiment shows (stage 2), mixing in the saturator did not increase dissolved hydrogen

concentration. This is due to the high natural flow rate maintained through the saturator

(very low retention time) which render the effect of additional mixing negligible. ln the

third part of the experiment (stage 3), the headspace was circulated trough the

membrane module with the rate of 30 L min -1. The dissolved hydrogen in the reactor

decreased from 0.55 to 0.2 mg I -1. The circulated gas stripped out some portion of the

dissolved hydrogen, However, as the system is closed, the stripped hydrogen will

eventually be available to the bacteria. Another way to el¡minate the need for

headspace recirculation and subsequent hydrogen stripping is to use external

(recirculated) membranes for water filtration. The cost of high flow recirculat¡on,

however, can be prohibitive to the use of external membranes in many applications. ln

the last step of testing (stage 4), decreasing the head space gas recirculation flow rate

from 30 L min -1 to '15 L min'1 increased the dissolved hydrogen concentratÌon from 0.2

to 0.25 mg l'1,



4,6.2 Reactor performance in removing nitrate from water

4.6.2.1 Nitrate removal

At the start up, some portion of the feed (16 ml min -r) was directed to the saturator and

the rest (17 ml min -1) was introduced into the reactor. The clogging of the miniature

pressure regulator valve introducing the supersaturated feed to the reactor was a

problem. The particular valve used in this study was designed for liquids, free of

suspended solids and could not handle suspended solids and organic matter result¡ng

from bacter¡a growth in the saturator, However, clogging is not anticipated to be a

concern in full-scale applications, as better working valves have been applied

successfully in full- scale dissolved air flotation systems working under the similar

concept.

To minimize the bacterial growth in the saturator, nitrate feed free was separately used

to deliver dissolved hydrogen to the reactor.

Figure 4. 5. Reactor performance regarding nitrate removal from water under steady-
state
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As shown in Figure 4. 5, the membrane bioreactor system was effective in complete

nitrate removal from the synthetic feed, as nitrate concentration was reduced from 25

mg I -1 NO3-N to below detectable level at the loading of 0.11 kg N m-3 d -t. No nitrite

accumulation was observed throughout the experiment. The dissolved hydrogen

concentration in the effluent changed between 0.05 to 0.1 mg l-r. Complete

denitrification was achieved at dissolved hydrogen concentraiions as low as 0.001 mg I -

1. The dissolved hydrogen concentration in the effluent was changing due to the fact

that the supersaturated water flow rate was decreasing over time. The hydrogen

delivery system was operated in a way that the hydrogen pressure was 120 psi and

extra pressure for opening of pressure regulator valve was provided by a chemical

feeding pump. Over time the partial pressure of hydrogen in the headspace was

decreasing due to hydrogen dissolution causing the level of water to rise. controlling the

water level in the saturator is the key for continuous dissolution of gas into the water in

the saturator. The level of water in the saturator was controlled manually, resulted in

less fluctuation in the dissolved hydrogen concentration.

4.6.2,2 Biomass concentration

Figure 4.6 shows the concentration of volatile and suspended solids at steady state

condition, with average values of 8031 1 OB mg l'1 for VSS and 1033 I 1 66 mg l-r for

TSS.



Figure 4. 6 Suspended solids concentration at steady-state condition
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The inorganic fraction of TSS can be attributed to the precipitation of inorganics as it

was explained in section 2.5.3.The observed yield of 0.36 mg VSS/mg N was calculated,

where the solids retention time of 20 days,

4.6.2.3 Organic carbon mass balance
Under steady state conditions the organic carbon mass balance can be written as

follow:

0 = DOC (ln) - DOC (Out) + OOC (generation) -DOC (degradation) (4.1)

Figure 4. 7 shows the soluble organic carbon concentration at steady state condition.

The influent contained some organic carbon, as tap water was used in the preparation

of synthetic feed. The organic carbon exist in tap water is composed most likely of

natural organic matter or disinfection by-products produced during chlor¡nation.



Figure 4. 7 Dissolved organic carbon concentrat¡on at steady- state condition
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Dur¡ng autotrophic denitrification, generation of organic carbon occurs due to the

release of soluble microbial products. Soluble microbial products (SMp) can be

classif¡ed into utilization-associated products (uAp) and biomass associated products

(BAP). UAP are associated with substrate metabolism and produced at a rate

proportional to substraie utilization, which in this study is the denitrification rate. BAp

are associated with biomass decay and are produced at a rate proportional to biomass

concentration (Barker and stuckey, 1999). ln order to assess the fate of organic carbon,

the biodegradability kinetics of organic carbon is required. The degradation of the

organic carbon requires heterotrophic activity, Although the conditions in the reactor are

favourable to autotrophic growth, degradation of sMp in the reactor is possible. lt has

been found that all of hydrogen-dependent denitrifies are mixotrophic as they are able

to use inorganic carbon under autotrophic and organic carbon under heterotrophic

103



conditions (szekeres et al., 2002). soluble microbial products (sMp) are slowly

biodegradable and kinetics of their degradation is well understood under aerobic

conditions (Lu et al., 2002; Henze et al., 1987; Rittmann and McCarty, 2001 ). SMp were

shown to have high saturation coefficients and low utilization rates, and therefore

require long hydraulic retention time to degrade. when nitrate is ihe electron acceptor,

even lower degradation rates are expected. ln this study it was assumed that there was

no degradation of sMP at a hydraulic retent¡on time of three hours. To confirm this

assumption, the wasted biomass from the reactor was iransferred to a batch reactor

and spiked w¡th nitrate. No hydrogen was provided and nitrogen gas was bubbled into

the reactor to provide anoxic conditions. As sMp were the only electron donor, nitrate

consumption rates would represent the biodegradability of sMp. Negligible amounts of

nitrate were consumed dur¡ng the 3 hours batch test, which validates the original

assumption that SMP is largely non-biodegradable. As shown in Figure 4. 7, lhe

concentration of organic carbon in the influent and effluent were very similar. The

organic carbon in the effluent can result from sMp produced during denitrification or

from organic carbon carryover from the feed.

A simple test was conducted to access if the organic carbon in the feed was possibly

rejected by the membrane. The test showed that almost all of the soluble organic

carbon in the feed passed through the membrane. Therefore it is expected that most of

the organic carbon in the effluent is a result of organic carbon carryover not sMp

breakthrough. ln a previous study using the same the same membrane filters, g1% of

sMP was retained in the reactor (Rezania et al, 2005). This suggests that effluent

organic matter is closely related to feed water Doc content and when nitrate
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contaminated groundwater containing low levels of organic carbon is tested, low effluent

DOC can be expected. Applying the mass balance (Eq. a.1) the rate of SMp production

was calculated as 0.18 mg DOC per mg NO3-N removed. This value might slighfly

change at different solids retention time (sRT), as sMp production is closely related to

biomass concentration.

4.6.2.4 Membranes performance at steady state condition

Two separate membranes connected to different pumps were submerged in the reactor.

Figures 4.8(a) and(b) show the flux and tarnsmembrane pressure (TMp) of these

membrane at steady state cond¡tion. Both membranes were operated under the

condition of 5 minutes filtration and 30 seconds backwash. As the system was a closed

system, the trans membrane pressure not only was affected by fouling and cake

formation but also by flow condition and headspace pressure of the reactor. As it is

shown in the figure the behaviour of the membranes was not the same. The behaviour

of the membranes can be explained as follows: The initial increase in the flux of

membrane I was due to pre cleaning. lt was experimentally found that chemically

cleaned membranes show more resistance at the start up and gradually achieve higher

flux. This might be due to change in polarity of the membrane and biofilm formation on

the membrane surface,

105



450

400

î 350
(It4 300

ñ 250
Eì 200

5 rso
tr too

50

0

Figure 4. I Membranes performance at steady- sates condition

]-^ ? o--- -1 r ^1t^^---
-^----------- ot?loo<¡99-9?-11:9

______ l¡ Membranel o TMP(bar)

rimáPaavl

o---- ---r----
iooooo ;"t-

_4 ___ 
-o þ

c_ o *oo . ^1 ¡ Membrane2 . TMp(bar) lî--qr:- -r--l------- -
¡ Membrane2 o TMP(bar)

À a^n

0.12

0.10

0.08 c.
õ

0.06 d'

0.04 l'-

0.02

0.00

0.20
0.18

0.16
0.14
0.12 ã

-o
0.10 d'
0.08 F
0.06
0.04

0.02
0.00

: 300

ì 250
IClõq 200
-clñls 150

lv
ã roo

ltL
Ii50

i0
I

i

l

40
Time(day)

The constant transmembrane pressure in membrane 1 can be explained by the concept

of cr¡tical flux. critical flux is defìned as a flux below which significant membrane fouling

does not occur. The critical flux is related to different factors such as hydrodynamics

and scouring rate (Howell et al., 2004). Apparenfly membrane 1 was operated below

critical flux with minimum degree of fouling. Although membrane 2 was operated under
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lower flux compared to membrane 1; it was subject to increased fouling. This fouling

was found to be the results of lower scouring applied to second membrane. The

nitrogen (headspace) scouring rate of membrane I was 1B L min -1 compared to 1 2 L

min -1 of membrane two. This shows the huge impact of membrane scouring on

membrane operation and fouling.

4.6.3 Removing nitrate from munic¡pal final effluent

4,6.3.1 Nitrate removal

The system was successful in removing nitrate in the municipal final effluent from 33 mg

NO3-N I ¡ to below detectable level w¡thout any nitrite accumulation (Figure 4. 9). The

portion of feed (17 ml min -'l ) directed to the saturator was free of nitrate (was not

spiked with nitrate) in order to prevent the growth of denitrifiers in the saturator and

clogging of the pressure regulator valve.

Figure 4, 9 Reactor performance regarding nitrate removal under steady-state
condilions
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As it was mentioned before, clogging is not a concern in full scale application if an

appropriate valve is chosen. The good performance ofthese valves has been proven in

systems such as dissolved air flotation working under the same concept.

The dissolved hydrogen concentration in the effluent was constant at 0.1t0.03 mg I -1.

Complete denitrification was achieved at dissolved hydrogen concentrations as low as

0.001 mg I -1. Controlling the feed level in the saturator was the key to the continuous

delivery of hydrogen. ln this study, the feed level was controlled manually by removing

the increased level every three days. This can be automated by simply using a level

sensor and an extra valve.

4,6,3,2 Biomass concentration

At steady-state conditions the average concentration of suspended solids was 1127t

235 mg l'1 for VSS and 1645 t 327 mg l'1 for TSS. The inert fraction of total suspended

solids was attributed to two sources of particulate inerts in the feed and precipitated

inorganics, such as the combination of Ca2* and Mg *2 with carbonate or hydroxide (OH

-) due to increase in pH during biological denihification. The reduction of total dissolved

solids is another indicator of precipitation in the reactor (results will be presented in the

following sections).
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Figure 4. 10 Suspended solids concentration at steady-state condit¡on

3000

2500

2000

1500

1000

500

0

Time (day)

4.6.3.3 Organic carbon mass balance

Under steady state conditions the organic carbon mass balance can be wr¡tten as:

0 = COD (ln) - COD (Out) + COO (generation) -COD (degradation) (2.2)

The feed contained 3919 mg l-1 soluble organic carbon, Since the feed water has

undergone secondary ireatment, the remaining organic carbon can be attributed to the

non-biodegradable fraction of raw wastewater and the slowly biodegradable soluble

coD produced during substrate utilization. ln order to assess the fate of organic carbon,

the biodegradability kinetics of organic carbon is required.

The degradation of organic carbon requires heterotrophic activity. Although the

condition in the reactor is favourable to autotrophic growth, the degradation of sMp in

the reactor is possible, lt has been found that all of hydrogen-dependent denikifies are

I

o)
E
u)p
õ
U)

c)Ec
o)

tt
U)

15010050

*'^i,.,
ta
^1Aa ^^1 

^.^^â_^^1 âi
@. o ^ Ëi^ lo8- à" .^ oB ã'ô q â qr

9eq
o

qeeo

109



mixotrophic as they are able to use inorganic carbon under autotrophic and organic

carbon under heterotrophic conditions (szekeres et al., 2002). sotuble microbial

products (sMP) are slowly biodegradable and kinetics of their degradat¡on is well

understood under aerobic condition (Lu et a¡., 2002; Henze et al., 1gg7; Rittmann and

Mccarty, 2001). sMP were shown to have high saturation coefficients and low

utilization rates, and therefore require long hydraulic retention times to degrade. when

nitrate is the electron acceptor, even lower degradation rates can be expected. ln this

study it was assumed that there is not degradation of sMp within three hours hydraulic

retention time. To confirm this assumption, the wasted biomass from the reactor was

transferred to a batch reactor and spiked with nitrate. No hydrogen was provided and

nihogen gas was bubbled into the reactor to provide anoxic condition. As sMp were the

only electron donor, nitrate consumption rate represents the biodegradability of sMp.

Negligible amount of nitrate was consumed during the 3 hr batch test, which validates

the assumption of non-biodegradable sMp. As shown in Figure 4. 11, the organic

carbon content of the effluent (17È4 mg I -1 as coD) was consistenily lower than that of

the influent feed. The mass balance for coD is presented in Table 4. 2. The organic

carbon removal was mostly achieved by membrane rejection. The organic carbon which

passed the membrane, could either originate from the incoming feed or from sMp

produced during denitrification. A greater portion is expected to come from the feed,

since in a previous study using the same membrane, 81% of sMp was rejected by the

membrane (Rezania et al, 2005).
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Figure 4. 11 Soluble COD concentration at steady state condition.
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Table 4. 2 Organic carbon mass balance

Parameter Unit Value

Total COD removed 72

Soluble COD removed 56

SPM produced mo COD mo N' 0.41

^t ¡ -r-l----r^- ^¡--^- ---A- -^---4-- ^ ^ '^^-------^^^^^^ .---4--- ¡^ ----r I rt-^- ^ ----

]-r,rfhrent 
-l

' o Effluent I

_] ¡ lnthe reactor ] _________ __ __-

111



4.6.3.4 Water quality indicators

Table 4. 3 shows physical and chemical characteristics of the produced water. The

produced water could meet all of the drinking water guidelines except for colour and

practice level for total organic carbon. colour and dissolved organic carbon can be

reduced to the maximum contaminated limit using post-treatment with granular

activated carbon.

* Level of practice

4.6.4 Conclusions

The concept of introducing gas supersaturated feed to a gas consuming reactor can be

used for efficient gas delivery. However, the liquid level in the saturator needs to be kept

constant by using a controller, which assures continuous gas flow from the gas tank to

the saturator tank, The hydrogen delivery system was efficient, achiev¡ng almost 100%
112
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hydrogen transfer rate. The transfer of hydrogen to the membrane bioreactor effectively

stimu¡ated the growth of hydrogen-dependent denitrifiers, and complete nitrogen

removal was achieved. The nitrogen gas produced during denitrification was sufficient

for membrane scouring and reactor mixing. Both membrane filters were successful in

separating the biomass produced during denitrification from the treated water. The

produced water met drinking water guidelines in terms of total coliforms, nitrate,

hardness and turbidity. colour and dissolved organic carbon did not meet usEpA

Guidelines for potable water and would thus require post treatment if direct water reuse

was intended. The designed system showed good potential for wastewater reuse

applications,
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CHAPTER 5: ENGINEERING SIGNIFICANCE
This chapter focuses on evaluating hydrogenotrophic denitrification as an alternative for

upgrading North End Wastewater Treatment P¡ant to BNR plant. The particular rector

configuration consider for upgrade is a membrane bioreactor coupled with a hydrogen

delivery unit, which is described in Section 4.5.2.

5.1 Gurrent wastewater treatment in the City of Winnipeg, and the need for
denitrification

The North End Water Pollution Control Centre (NEWPCC) in Winnipeg, Manitoba,

currently treats about 70% of Winnipeg's wastewater. lt services most of the old City of

Winnipeg, part of St. Boniface, all of East, West, Norlh and Old Kildonan, Transcona

and pad of St. James. The rest of the city is serviced by the West End Water pollution

Control Centre (WEWPCC) in Charleswood and the South End Water Pollution Control

Cenhe (SEWPCC) in St. Vital. The NEWPCC treats the sludge produced from the

SEWPCC and the WEPCC as well as NEWPCC with a centralized sfudge treatment

system. The design parameters and the actual flow for the current NEWPCC as well as

the target effluent quality are summarized in Table 5. 1 and Table S. 2, respectively.

Table 5, 1 NEWPCC design and actual parameters

)WF = Average Dry Weather (winter) Flow
The City of Winnipeg, NEWPCC fact sheet*Source



Table 5. 2. Current effluent quality and anticipated effluent requirements at the
NEWPCC

Parameter Current effluent oualitv Taroet effluent oualitv
BODc. mo l- 26 10
TN. mo l' Jb l0
TP. mo l-' 4.2 I
TSS. mo l- 18 15

The current operating perm¡t for the City's wastewater treatment facilities specifies

treated effluent BOD5 and TSS limits of 30 mg I -1each. Although the effluent from the

current plant meets the City's limit, the plant is expected to meet more stringent future

effluent limits including total nitrogen (TN) and total phosphorus (Tp) as presented ¡n

Table 5. 2 Accordingly, the plant needs to be upgraded from lhe current BOD and TSS

removal system to a full biological nutrients removal (BNR) system.

5.2, Objectives

Two different design alternatives for upgrading the current BOD removal plant to full

BNR plant are proposed. The main goals are:

. To design full BNR system alternatives for the NEWPCC with an aid of the

BioWin 2.1 program

' To evaluate the best option for retrofitting the NEWpCC based on the cost and

produced water quality

5,3 Analysis of the current system

The NEWPCC provides screening, gr¡t removal, primary sedimentation and activated

sludge secondary treatment prior to discharging the treated effluent to the Red River,

Side-stream processes include anaerobic digestion of combined thickened primary and

waste activated sludges and power generation from the digester gas.
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The influent wastewater first passes through bar screens with 12 mm openings, and the

flow then enters four aerated gr¡t chambers. After passing through the grit chambers,

ihe wastewater goes onto the three circular primary clarif¡ers. Following the pr¡mary

treatment, the influent wastewater flows into six high purity oxygen (HPO) reactor tanks

arranged into three trains for secondary treatment. After the treatment at the HpO

reactors, the waste stream flows to a series of rectangular and circular secondary

clarifiers.

Primary sludge from the primary clarifiers and waste activated sludge (WAS) from the

secondary clarifiers are collected and then pumped to the mesophilic anaerobic

digesters. Sludge gas produced from the anaerobic digesters is stored in the gas

storage sphere and used as fuel in boilers to heat the treatment plant as well as the

sludge in the digesters. Digested sludge is pumped from the sludge holding tanks io

centrifuges in the dewatering building. Currently, only three out of the six available

centrifuges are being used. Before the digested sludge enters the centrifuges, a

polymer is added to aid in the separation of liquids and solids. The centrate, which has

a high concentration of ammonia (approximately 800 - 900 mg l¡ ) is returned to the

main interceptor to enter the plant for treatment. The dewatered biosolids (sludge cake)

is pumped through the biosolids cake line to the biosolids cake storage bins. The

biosolids cake is temporarily stored in these covered bins until it is loaded onto trucks

inside the dewatering building. lt is then taken to agricultural land where it is applied as

fertilizer all year round,

The configuration of the overall current plant is summarized in Table 5.3.
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Table 5. 3 Confìguration of the unit processes at NEWPCC

Unil Capac¡ty

(4) Bar screens

(4) Grit chambers 1925 m3

(ó,lL,rrcurar prrmary cranlers 24300 m3

(6) Oxygen reactors 31200 m3

(26) Secondary clarifiers

- ('10) circular clarifiers

- (16) rectangular clarifiers

41275 mg

(6) Anaerobic d¡gesters 44800 m3

(4) Gas storage tank 15400 m3

(6) Centrifuges for sludge dewatering 19-22Llslunil

B¡osolids cake storage bins 495 tonnes of sludgè

[/ost of the facilities at the NEWPCC are located wesf

south west of the current plant will

construction as illustrated in Figure 5.1 .

of the main building, and the

be considered to be available for the new

Figure 5,1 NorthEnd Wastewater Treatment Plant site plan
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5.4 Upgrade design approaches

Based on the problem analysis of the current system, two different design approaches

will be applied to the upgrade the current BoD plant to a full BNR plant. Basically, the

goal is to retrofit the current plant to a BNR plant to produce reusable water.

The innovative approach taken to implement BNR at the NEWPCC is to use a

membrane bioreactor (MBR). MBR is a process that combines activated sludge process

and membrane separation. MBR process was selected because:

. lt eliminates secondary clarifiers.

' Depending on operational parameters the need for sludge thickening might be

eliminated.

' The membranes produce high effluent quality by membrane without disinfection

. lt is easy to fit into existing process.

. lt has a small footprint.

The membrane bioreactors need to be chosen based on wastewater characteristics.

winnipeg's wastewater lacks enough organic carbon to achieve complete denitrification.

Therefore an exogenous electron donor needs to be added to achieve complete

denitrification, Two different membrane bioreactor designs proposed for the upgrade.

The designs differ based on the type of electron donor used (methanol or hydrogen),

and place of application (pre-denitrification and posfdenitrification).

5.5 Upgrade approach l: Pre-denitrification in â BNR.MBR using methanol as

exogenous electron donor

The process flow diagram of the proposed design is shown in Figure s. 2, The system

is a modified A2lO process, which follows simultaneous nitrification-denitrification (SND)
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membrane cell retention. The suggested membrane modules are Zeeweed@ ZW-500

membranes w¡th nominal pore size of 0.04Um. 360 membrane cassettes are required

for this system according to the estimations by ZENON. These cassettes will be

instailed in 20 trains (with room for 440 cassettes as a safety factor), and the

dimensions of a single cassette are 1.74m (l) x 2.12m (W) x 2.56m (D). Each train will

house l8 cassettes and the dimensions of each train are 3.05m (L) x 44.81m (W) x

3.65m (D).

The upgraded treatment plant provides screening, grit removal, primary sedimentation

and activated sludge secondary treatment prior to membrane filtration and discharging

the effluent to the Red River. The activated sludge used for nutrient removal

incorporates both denitr¡fication and phosphorus removal.

The nitrification takes place in the aerobic reactor and partially in the SND reactor. The

nitrate produced during nikification is removed in three different reactors, Anoxicl, de-

oxygenator and SND reactor. The organic carbon required for denitr¡ficat¡on is provided

by exogenous methanol and biodegradable COD produced from fermentation of primary

sludge. The phosphorus release, takes place in both reactors in RAS line. The fist

reactor (deoxygenator) removes both oxygen and nitrate from the RAS and allows the

maximum phosphorus release in the following anaerobic reactor. The Anaerobic reactor

in the RAS provides the optimum condition for phosphorus release by providing the

volatile fatty acids (VFA) produced in the fermenter to the phosphorus accumulating

bacteria. The aerobic phosphorus uptake, takes place in Aerobic 2 and SND. The SND

reactor enhances both nitrogen removal and phosphorus removal as phosphorus

uptake can still occur at dissolved oxygen concentrations as low as 0.4 mg l-r.
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Side-stream processes include fermentation of primary sludge, anaerobic digestion of

combined thickened primary and waste activated sludge and separate centrate

treatment. Separate centrate treatment reduces the ammonia loading from the centrate

to the main stream by 8%.The primary fermentation of primary sludge was implied to

produce volatile fatty acids, which enhances denitrincat¡on and phosphorus removal.

Figure 5. 2 Schematic of MBR pre-denitrification plant using methanol as exogenous
electron donor

The design and operational parameters of each unit is summarized in Table 5.4. ln

addition, the steady-state concentrations of nutrients in each unit are provided in

Appendix I as well. For instance, the change in nitrate concentrat¡on in each reactor

can be followed through Apendixl.
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Table 5. 4 Operating parameters for BNR-MBR process using methanol for
denitrification

Unit Parameter Value lunit)

Primary clarifier
Volume 24.8 MLtd
SOR 52.5 m"/m' d
HRT 1.82 hr

Anoxic 1

Volume 14 ML
HRT 0.3 hr
Temp 12"C

Aerobic 2
Volume 40 ML
HRT 0.9 hr
Iemp 12'C

SND
Volume 24 ML
HRT 1.1 ht
Temp 12'C

Methanol Flow 47520 kg d'1

Deoxygenator
Volume 2ML
HRT O.2Hr
Temp 12'C

Anaerobic
Volume 3ML
HRT 0.3 hr
Temp 12"C

Membrane unit
Flow 465.34 ML/d
Volume IO ML
Temp 12'C

Fermenter
Volume 0.8 ML
HRT 0.6 dav
Temp 15'C

Anaerobic digester
Volume 45 ML
SRT 2O.5 dav
Temp 35'C

Centrate bioreactor

Volume 4.5 ML
HRT 1.29 dav
SRT 40 dav
ïemp 30'c
DO 3mql'
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5,5,1 Dynamic simulation

5,5.1.1 Developing wastewater flow pattern and loads

A flow and load pattern was developed for the BioWin 2.1 modeling that will be used for

the simulation of the BNR alternatives. The flow and load patterns were developed for

the whole year using the hourly peak factors (Figure 5. 3) and projected seasonal flows

and loads (Table 5.5). The hourly variation in loads was applied to the projected primary

effluent flows and loads to obtain the predicted flows and contaminant concentrat¡ons

for the year 2041 .

Figure 5. 3 Loading factors for flow, COD, TKN and TP for average one day
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Figure 5.4 to Figure 5. 7. All the figures were plotted at hourly intervals to obtain diurnal

flows and concentrations during one year. The flow and loads are the anticipated values

for the year 2041

Table 5' 5 Projected flows and loads to secondary treatment at the NEWpcc for the

yeat 2041

Periods Flow condition
Flow TSS BOD coD TKN ÏP

tML/d) (Ko cl'1 lKo dr) lKo d'11 lKn cl'lì (Ko di)

Winter

Averaqe 211 22.805 34.414 68.828 8.862 1 .245
Maximum month 237 27.682 4'1.475 82,950 10.144 1.398
Maximum week 250 32,335 47.053 94.106 1,373 1650
Maximum dav 260 42.036 61 169 122.338 14.745 2.145

Sprinq

Averaoe 390 34.905 33.969 67,938 9.672 1 .443
Maximum month 571 59,670 46.023 92.O45 1249 1.827
Maximum week 705 89.107 58,968 1 17.936 13.322 2.224
Maximum dav 710 1 15.839 76.658 153.317 17.319 2.896

Summer

Averaqe 291 27674 30380 60761 4352 1251
Max¡mum month 381 40424 37338 74676 9639 1524
Maximum week 449 52800 53856 107712 13376 2042
Maximum dav 686 68640 70013 140026 1 7389 2654

Fall

Averâoe 250 21100 30975 61950 8425 1125
Maximum month 312 29640 36941 73882 9890 1373
Maximum week 5b4 3424A 43003 86005 10300 1828
Maximum dav J¿O 44522 55903 111807 1 3390 2377
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Figure 5. 4 NEWPCC 2041 diurnal primary effluent flow for one year

Figure 5, 5 NEWPCC 2041 primary effluent COD projections for one year
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Figure 5. 6 NEWPCC 2041 primary effluent TKN projections for one year
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5.1.2 Dynamic simulation results
The projected flows and loadings were used to simulate the performance of the BNR-

MBR plant using methanol for denitrification for the whole year, The performance of the

plant is presented in the following Figures 5.8 to 5.10.

Figure 5, I The system performance in COD removal
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Figure 5. 9 The system performance in nitrogen removal
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As shown in the Figures the designed system was able to achieve the discharge limits

for the whole year. The BOD in the effluent was less ihat 3 mg I -1 for the whole year.

The designed system was successful in phosphorus and nitrogen removal.

5,5,2 Steady state simulation

The steady state simulation results are presented in Table 5.6. The achieved effluent

quality meets the effluent discharge guidelines.

Table 5. 6 The anticipated effluent quality at steady-state conditions

Parameters Conc. lmo l'

lnfluent Effluent
Volãtile susoended sollds 83.89 0

Total suspended solids 98.89 0

Filtered COD 91 2A 179
Total COD 225.49 17 .9

Soluble PO4-P 2.1 o.o5

Total P 4.34 0.05
Filtered TKN 25.O3 '1 .'t9
Pârticülâtê TKN 472 0
Total Kieidahl Nitrooen 29.75 1.1S

Filtêred Cârhônâcê.Í ¡s ROf) 56 5l 0.31
'11 '1.96 0.31

Tôtãl N 29.75 5.27
Total ¡noroanic N 22.31 4.4

Alkalinitv 200 195.59
DH 7 836
Ammonia N 22.31 0.33
N¡trâte N 0 407

The dynamic concentration of the parameters in each unit is presented in Appendix 1.

5,6 Upgrade approach 2: Post-denitrification in a membrane bloreactor using

hydrogen as exogenous electron donor

The process flow diagram of the second alternat¡ve before implementing denitrification

is shown in Figure 5. 11, As a denitrification option the anaerobic submerged

membrane bioreaclor is used as a polishing step for both denitrification and filtration of
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the final effluent, The process flow diagram of the denitrification system is also shown in

Figure 4.3. tn the polishing step, the final effluent is divided into two portions. A portion

is directed to the saturator tank, where it is supersaturated with hydrogen and the other

portion is introduced to the membrane bioreactor. The supersaturated portion of final

effluent with hydrogen and the remaining portion are finally mixed in the bioreactor to

stimulate autotrophic denitrification.

Figure 5. l1 Process flow diagram of upgrade design using hydrogen for post-
denitrification of f¡nal effluent

Treated ô€ntrate

nfluênt Prlmary sotlllng Anoxlc1ælaffiÆ Agfoblc;Flnalolar¡fler Membrânereector
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Table 3. 4 Operating parameters for plant before the pos-denitrification

unrt Parameter Value lunit)

Primary clar¡fie¡
volume 24.4 MUd

52.5 m'lm' d
1.82 h¡

Anoxlc 1

olume 14 ML
HRI 0.4hr
Temp 12'C

Anaerobic

,t9 Mt
HRT 09hr
TemD 12',C

Anox¡c 2
volume l4 t\4L

HH] 0.3 Hr

ïemp 1) ',C

Aerobic 1

40 Mt
Oghr

ïemÞ It'c

Aerobic 2

24 ML
'I .1 hr

femp 12 ',C

Fermenter

OAMI
HRT u.6 dav
femp

Anaerobic digester

Voìumê 45 ML
SRT 20 5 d^v
femÞ

Cênlrãte bioreâclor
1.29 dav
40 dav

Temp 30r
Flnal clarifler

60 Mt
soR
st R -.dav

5,6.1 Steady state simulation

Due to limitat¡on of BioWin 2.1 in incorporating hydrogenotrophic denitrification, the

quality of denitrifìed final efflueni was anticipated based on laboratory experiments (see

chapter 4). First the proposed design before denitrification (Figure 5. 11) wâs simulated

using BioWin 2.1 software and the steady state quality of finial effluent was obtained.

The simulated effluent quality was used as the feed to the proposed denitrification

system. And the quality of final denitrified effluent was anticipated based on the data

obtained through laboratory experiment.
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Table 5.7 Estimated effluent quality before and after denitrification using hydrogen as
external electron donor

Parameters Conc. lmo l'

lnfluent Effluent lbefore denitrifìcationì Effluenl aft er oolish¡no
Volatile suspended

83 Aq 6.7'l 0
Tolâl slrsnende.l sol¡ds 98 89 87 0
F¡ltered COD 91.28 13.44 431
Total COD 225.49 23.29 4.31
S.rlì rhlê PO¿-P 217 1.9 <1.9
Totâl P 434 2â1 <2 61

Filtered TKN 25.O3 1.4 <1 .A

Part¡culate TKN 4.72 0.67 <0.67
Tôtâl Kiêldâhl Nitrô.ten t9 75 2.06 <2.06
F (ereo uar00naceous
BOD 56.51 0.35
totat uafoonaceous
BOD 1 1 1.9ô 3.1
Tôtâl N 29.75 13.73 <2.06
Totâl ¡nôroânic N 22 :t1 1' 19

Alkãlinitv 200 '196.5S

DH 7.3 8.3
¡N 22 ?1 0.52

Nitrate N 0 1 t;7 0

Nikate, total and soluble COD where the quality indicator parameters, which were

estimated using the data obtained from laboratory experiment.

5.7 Evaluating the alternatives

The two design alternatives were compared in terms of effluent quality and cost. The

cost analysis included capital cost and operation and maintenance cost. The details of

cost analysis are presented in Appendix 2.

The cost and efiluent quality comparison are summarized in Table S.Bband Table 5.9. ln

terms of produced effluent quality the MBR using hydrogen was superior to the option

involving methanol. The capital cost of the MBR with hydrogen was higher than the
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MBR with methanol. However the operating cost of MBR w¡th hydrogen was lower. The

difference mostly comes from the different cost of methanol and hydrogen. The cost of

chemical addition with methanol and hydrogen are calculated to be 0.5-2 C$ /kg N for

hydrogen and 0.97-5 C$/kg N for methanol. This is in the case that hydrogen is

produced on site and bulk methanol is purchased. The operating cost of hydrogen is

directly proportional to the cost of electricity. The operating cost in an industrial plant is

4.5-5 kw.h/ms of hydrogen. Therefore lhe cost of denitrification varies at different

locations. Low cost of electricity in Manitoba allows lower cost of den¡trification in

compared to the other provinces. The stiochiometric cost of denitrification with

methanol based of the methanol cost obtained form Tampa Wastewater Plant is 0.97

C$/ kgN. However, the actual methanol consumption in the plant can be higher

depending on the place of application up to 5 C$/ kgN. For instance if the methanol is

added to the first anoxic zone in the plant a large portion of methanol is consumed in

the aerobic zone due to rate of internal recycle. The minimum annual cost of methanol

and hydrogen addition was calculated to be 1.7 and 3.4 million C$/Year respectively. ln

order to compare the cost of two alternatives the present worth value of two alternatives

was calculated usîng B% as interest rate for the design period of 40 years.

Table 5, 8 Steady state effluent quality comparison of each alternative

Parameter MBR w¡th methenol An. MBR with hvdrooen
TCOD mo l- 7.9 4.3
TN. mo l- 2.06
TP. mo l' 0.05
Nitrate, mq l-' 4 0
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Table 5.9 Cost comparison of each alternative

Cost Methanol Hydroqen Un¡t
Ooeratinolexcludino chemical cost) 5,8 6 million C$f/ear
Capital 108 159 million C$
Chemical addition 0.97-5 0.5 -2 C$/Ko N
Minimum chemical cost 3.4 1.7 million C$/Year
Maximum chemical cost 17. 7 7 mIIOn Uü/YeAr
Present worth based on minimum
chemical cost 148.5 179.2 million C$
Present worth based on maximum
chemical cost âlo 241.4 million CS
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATTONS

Hydrogen-driven denitr¡fication seems to be a promising technology for removing nitrate

from water and wastewater containing low degree of organic carbon. lt was found lhat

hydrogenotrophic denitrifiers can be easily grown using waste activated sludge as seed,

hydrogen as a subsirate, and inorganic carbon as carbon source. The kinetics and

microbial ecology of steady-state hydrogenotrophic denitrifiers were studied. lt was

confirmed that hydrogenotrophic denitrifiers have the ability to use both organic and

inorganic carbon, as during starvation the consumption of soluble organic carbon was

observed. lt was proven that conversion of nitrate to nitrogen gas is carried out under

autotrophic conditions by the same group of bacteria. This is in contrast to previous

studies, proposing that there are two different groups of bacter¡a involved in

hydrogenotrophic denitrification, autotrophic nitrate reducers and heterotrophic nitrite

reducers.

The kinetics of nitrate and nitr¡te reduction was studied at two different temperature of

12 oc and 25 oc. A zero order kinetic model was proposed for nitrate and nitrite

reduction and found to be highly correlated w¡th experimental result, The zero order

kinetic model also confirm very low hydrogen and nitrate half saturation coefficients.

The rate of both nitrate and nitrite reduction increased with pH at both temperatures.

The optimum pH for nitrate and nitrite reduction was found to be g.5 at 25oC and 8.5

and 12 oc. Although, denitrification rates were slower than the values reported for

heterotrophic denitrification with methanol but they were comparable.

The kinetics study also led to the development of a novel approach for studying

microbial cultures. The developed method was mainly focused on addressing the
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limitation of volatile suspended solids measurement as a representative for active

bacteria. volatile suspended solids represent the summation of viable bacteria, cells

debris and extra cellular polymeric substances. The developed method was applied to

the process of hydrogenoirophic denitrification. The model was based on nitrate uptake

rate under starvation conditions. During starvation, once the hydrogen is eliminated

from the feed, EPS is hydrolyzed and used as a substrate by heterotrophic fraction of

biomass, resulting in high nitrogen (nitrate) uptake rate at the start-up of the experiment.

once the EPS is consumed, the biodegradable faction of biomass serves as the

electron donor, resulting in lower and steady nitrogen uptake rates. During endogenous

respiration, not only particulate cell debris is produced but also non- biodegradable

soluble coD is released to the reactor. lt was found that steady-state biomass obtained

from the reactor operating under SRT of 20 d and loading of 0.081 g NO3-N d-r l-r

contained 41o/o aclive biomass, 25.6o/o cell debris and 33.4% Eps. The decay

coefficient of 0.041 d-l and true yield of 0.28 mg active biomass per mg NorN removed

was obtained.

From engineering prospective, the design should address effective hydrogen delivery,

biomass retention and cost. An anaerobic submerged membrane bioreactor was

designed as the biological treatment unit and was operated in modes of batch and

continuous feed. Two different melhods were used for hydrogen delivery. These

included bubbles-less hydrogen dissolution using porous membrane gas diffusers and

hydrogen supersaturated feed. Both nitrate contaminated groundwater and wastewater

effluents were used for testing.
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For nitrate removal from groundwater, a hydrogenotrophic denitrification system, which

consisted of a sequencing batch membrane bioreactor, was evaluated for simultaneous

removal of nitrate and soluble microbial products (SMp). The hydrogen gas was

delivered to the membrane bioreactor using porous membrane diffusers. 100% nihate

removal efficiency was achieved at nitrate loadings of 0.32g kg N m-3 d-r. Denitrification

rates varied at different hydrogen pressure to the diffuser, ranging from 17 to 20 mg

NO3-N gVSS-1 h-1 at hydrogen pressures between O,2B-0.SS atm. Compared to reactor

configurations in other research studies, higher denitrification rates were obtained with

this system at the low operating temperature o'f 10-12 oc. During the aerobic period,

81% of SMP produced within the anoxic phase, was rejected by the membrane, g% was

biodegraded, and 5% was passed through the membrane. precipitation of solids was

observed, and at the sRT of 20 days, the average TSS and VSS concentrations were

2322'5 mg I'1and I 162.6 mg l-1, respectivery, The precipitation of inorganics affected

both the membrane gas diffuser and the membrane filter. lnorganic fouling was found to

be due to the precipitation of calcium and phosphate ions. The chemical composition of

the primary foulant was determined to be ßca3(po4)2. lnorganic fouling in membrane

filters can be easily controlled by acid cleaning of the membrane at the time of chemical

backwash. The failure of the microporous membrane diffuser was attributed to the

condensation of water in the fibres, which allowed precipitation of inorganics insider the

fibre. lt can be concluded that micro-porous membrane gas diffusers are not suitable for

hydrogen delivery into the bioreactor. lnstead, composite or dense membranes can be

used for gas delivery. Hydrogen driven denitrification systems are vulnerable to

precipitation of calcium or magnesium with phosphate or carbonate at high pH, This
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might be controlled by using the mixture of carbon dioxide and hydrogen instead of pure

hydrogen in the gas feed.

To address the problems associated w¡th using membrane gas diffusers, a novel

hydrogen delivery was designed and coupled with an anaerobic submerged MBR to

produce reusable water from nitrate contaminated final effluent. Hydrogen delivery was

based on supersaturating some portion of the feed w¡th hydrogen in a high pressure

vessel (saturator) and delivering the hydrogen supersaturated feed to the reactor. lt was

found that the concept of introducing hydrogen through super-saturation can be used for

efficient gas delivery. The liquid level in the saturator needs to be maintained constant

by using a level controller, which would assure cont¡nuous gas flow from the gas tank to

the saturator tank. The hydrogen delivery system was efficient in achieving almost

100% hydrogen transfer rate. The transfer of hydrogen to the membrane bioreactor

effectively stimulated the growth of hydrogen-dependent denitrifiers, and complete

nitrogen removal was achieved at a loading rate of 0.14 kgN m-3d'1. The nitrogen gas

produced during denitrification was sutficient to be recycled for membrane scouring and

reactor mixing. Both membrane filters were successful in separating the biomass

produced during denitrification from the treated water. ln addition the membranes were

effective in rejecting 52% soluble COD. The produced water met drinking water

guidelines in terms of total coliforms, nitrate, hardness and turbid¡ty. Color and dissolved

organic carbon did not meet USEPA Guidelines for potable water and would thus

require post treatment if water direct reuse was intended. The designed system

showed good potential for wastewater reuse applications. However, the potential cost of

implementing ihe designed system into full scale needed to be addressed. As a
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potential application, the developed system (MBR coupled with hydrogen delivery unit)

was chosen as one of the alternatives to retrofit Winnipeg's North End Wastewater

Treatmenl Plant to a full BNR plant. The other alternative was chosen to be pre-anoxic

MBR using methanol for denitrification. The alternatives were compared based on

produced effluent quality and capital and operating cost. The Biowin simulation results

in combination with the results form lab testing suggests beiter produced effluent quality

in terms of total COD and total nitrogen when hydrogen was used as external electron

donor for denitrification. The capital cost of hydrogenotrophic denitrifìcation was higher

than heterotroph¡c denitrif¡cation with methanol, The operational cost of

hydrogenotrophic denitrification was almost half of denitrification with methanol in the

case that hydrogen is produced on site in Manitoba. ln longterm operation,

hydrogenotrophic denitrification can be more favourable. Furthermore, the cost of

sludge treatment is expected to be lower for hydrogenotrophic denitrification due to

lower yield of hydrogenotrophic denitrifiers. Finally it can be concluded that

hydrogenotrophic denitrification is an attractive option for water and wastewater

denitrification wherever the cost of electricity (on-site hydrogen production) is low.
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Appendix .l Steady-state concentrations of wastewater constituents in different units of
MBR plant when methanol was used as exogenous electron donor.

Table I The steady-sate concentration of nutrients in different units

Parameters Conc. lmo i-1)

Mass rate

Volatile susDended solids 83 89 27443.3
Totâl susnendê.1 98.89 32350.2
Particulate COD 134.21 43902.7 4
Filtered COD 91 2A 2986'1.68
Total COD 225.49 73764.42
Soluble PO4-P 2.1 709.34
Total P 4.34 418 6R

Filtered TKN 25.03 8188.71
Particulate TKN 4.72 1544.45
Totâl Kiel.iâhl I 29.75 9733.16

56.51 18486.94
Total Carbonaceous BOD tc6 36625.43
Total N 29.75 9733.16
Totâl ¡noroanic N 22.31 7299 A7
Alkalinitv 200 65426.21
pH 't2
Volatile fattv acids 6.76 2212.93
Total Drec¡D¡tated solids o 0
I otal inorgan¡c suspended
solids 15 4906.96
Ammon¡a N 22.3'l 7299.87
N¡trate N 0 0

Treated centrate

Parameters Conc. lmo l'11

Mass rate
lkd d{l

Volatile susoended solids 0.37 0.73
Total suspended solids o.37 0,73
Part¡culate COD 0.6
Filtered COD 0.4 0.8
Total COD 1 1.57
Soluble PO4-P 151.23 297.52
Total P 302.46 595.85
Filtered TKN 1 .46 2.87
Particulate TKN 0.21 0.42
Total Kieldahl Nitrooen 1.67 3.29
Filtered Carbonaceous BOD 0.25 0.49
Total Carbonaceous BOD 0.5 0.98
Total N 386.13 760,68
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Methanol

Parameters Conc. lmo l-1ì
Mass rate
(kq dr)

Volatile susoended solids 0 0
Total suspended solids 0 0
Part¡culate COD 0 0
Filtered COD 1 18800 47520
Total COD 1 18800 47520
solubie P04-P 0 0
Total P 0 0
Filtered TKN n 0
Part¡culate TKN 0 0
Total Kieidahl Nitrooen 0 0
Filtered Carbonaceous BOD 43911.26 33564.5
Total Carbonaceous BC)D 83911.26 33564.5
Total N 0 0
Total inoroanic N 0 0
AlkalinitV 0 0
PH 4.27
Volatile fattv acids 0 0
Total precipitated solids 0 0
Total inorganic suspended
solids 0 0
Ammonia N 0 0
Nitrâlê N 0 0

Primarv settlino

Parameters Conc. lmq l-l)
Mass rate
lkñ.1'lì

Volatile suspended solids 46.72 5737.59
Total suspended solids 52.02 6387.91
Particulate COD 74.74 9174.77
'iltered COD 144.02 17645.44

Total COD 218.76 26864.62
Soluble P04-P 2,87 352.82
Tofal P 3.89 477 .37
Fìltered TKN 34.83 4276.72
Particulate TKN 2.39 294.01
Total Kieldahl Nitrooen 37.22 4570.73
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Primarv sludoe

Parameters Conc. lmo I '1ì
Mass rate
lkd.l'1ì

Volatile suspended solids 131 13.75 166?A )4
Total susoended solids 14710.51 18652.93
Particulate COD 20978.88 26601.22
Filtered COD 134.1 170.O4
Total COD 21112.98 26771 .25
Soluble P04-P 2.92 3.7
Total P 316.69 401.56
Filtered TKN 35.34 44.41
Particulate TKN 719.86 912.79
Total Kieldahl Nitroqen 755.2 g5 /.¡i
Filtered Carbonaceous BOD 83.02 105.27
Total Carbonaceous BOD 8750.48 1 1095.61
Total N 755.2 957.6
Total inoroanic N 31.55 40.o1
Alkalinitv 200 253.6
pH 7.3
Volatile fattv acids 9.94 12.6
Total precipitated solids 0 0
Total inorganic suspended
solicls 1596.76 2024.69
Ammonia N 31.55 40.01
Nitrate N 0 0

Pr¡mary Fermenter

Parameters Conc. lmo I '11
Mass rate
lko dnì

Volatile susDended solids 3555.94 4508.94
Total suspended solids 5264.'15 6674.94
Paniculate COD 5593.76 7092.89
Filtered COD 14960.33 18969.69
Totai COD 20554,09 26062.58
Soluble PO4-P 201 .46 255.45
Total P 316.82 +t)1. /:t
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De-waterino 1 in

Parameters Gonc. (mq I 'r)
Mass rate
lkd.lll

Volat¡lê susnended soli.ls 0 0
Total susoended solids 0 0
Particulate COD 0 0
Filtered COD 14908.29 10092.91
Total COD 14908.29 10092.91
Solubie P04-P 200.42 135.68
Total P 200.42 '135.68
Filtered TKN 389.81 263.9
Particulate TKN 0 0
Totâl K¡eldâhl Nilronên 389.81 263.9
Filtered Carbonaceous Bol) 10509.53 7114.95
Total Carbonaceous BOD 10509.53 14.95
Totai N 389.81 263.9
Total inoroenic N 386.49 261.66
Alkalinitv 204.36 138.35
PH 6.43
Volatile fattv acids 14861.41 1006 1 '17

Total orecioitated solids 0 0
Total inorganic suspended
solids 0 0
Ammonia N 386.49 261.66
Nitrate N 0 0

De-water¡ng I (sludge
câkel

Parameters Conc. (mq I

Mass rate
lkd.ljì

Volatile susDended solids 7624.46 4506.06
Total susoended solids 11293.49 6674.46
Particulate COD '1 1993.85 7088.37
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Anaerobic didester

Parameters fìnn¡ lrrra I '1ì
Mass rate
lko drl

Volatile susoended solids 6952.64 14763.94
Total susDended solids 8988.43 19086.94
Particulate COD 10363.14 22006.12
Filtered COD 292.2 620.44
Total COD 10655.33 22626.6
Soluble P04-P 519.24 1102.69
Total P 830.32 1763.14
Filtered TKN 292.53 622.03
Particulate TKN 690.08 1465.38
Total Kieldahl Nitroqen 983.01 2087 .4'l

53.67 113.97
Total Carbonaceous BOD 1370.12 2909.45
Total N 983.01 2047 .41
Total inoroanic N 278.65 591.71
Alkalinitv 213.21 452.74
PH 7.72
Volatile fattv acids 75.94 161 .27
Total Drec¡D¡tated solids 0 0
Total inorganic suspended
solids 2035.79 4323
Ammonia N 274.65 591.71
Nitrate N 0 0

De-waterinq 2

Parameters Conc. lmo I'rl
Mass rate
lkd d4ì
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De-water¡ng 2 (sludge
eakcl

Parameters Conc. fmo I 'rì
Mass rate
lko drl

Volâtile susôended solids 66869.89 14778.25
Total susDended sol¡ds 46454.5 191 06.44
Part¡culate COD 99668.97 22026.44
Filtered COD 291.81 64.49
Totâl COD 99960 77 22091.33
Soiuble PO4-P 519.67 114 A5

Total P 351 1.97 I t6.15
llered TKN 293.01 64.75

Particulate TKN 6636.77 '1466 73
Total Kieldahl Nitrooen 6929.7 1531 _48

53.35 11.79
Total Carbonaceous BOD 12730.7'l 2413 49
Total N 6929.7 1531.48
ïotal ¡noroenic N 278.72 61.6
Alkalinitv 213.O2 47.08
PH 7.89
Volatile fattv acids 75.48 16.68
Total DreciD¡tâted solids 0 U

Total inorganic suspended
solids 19584,6 4328.2
Ammonia N 274.72 61.6
Nitrate N 0 0
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Centrâte

Paramelers Conc. lmo l'rì
Mass rate
lkd d{l

Volatile suspended solids 0 0
Total susoended solids 0 U

Particulate COD 0 0
Filtered COD 291.8 555.15
ïotal COD 291 .A 555.15
Soluble PO4-P 5'19.68 988.69
Total P 519,68 988,69
Filtered TKN 293.O1 557 .45
Particuiate TKN 0 0
Total Kieldahl Nitrooen 293.O1 557.45
Filtered Carbonaceous BOD 53.34 101 .47
Total Carbonaceous BOD 53.34 101 .47
Total N 293.01 557.45
Total inorqanic N 278.72 530.27
Alkalinitv 213.02 405.27
OH 7 .49
Volatile fattv acids 75.47 t45.5ð
Total ôreciDitâted solids 0 0
Total inorganic suspended
solids 0 n

Ammonia N 274.72 530.27
Nitrate N 0 0

Anoxicl

Parameters Conc. lmo I '1ì
Mass rate
lLd.l'1ì

Volatile suspended solids 4821.46 4022620.5
Total susDended solids 5765.15 4809963.3
Particulate COD 6971 .87 5416742 5
Filtered COD 62.54 52174.94
Total COD 7034 41 5868921.4
Soluble P04-P 19773.76
Totâl P 479.92 400408.54
Filtered TKN 6.53 5446.84
Particulate TKN 473.2 394794.59
Total Kieldahl Nitrooen 479.72 400241 .43

3.22 2684.9
Total Carbonaceous BOD 2100.03 1752093.5
Total N 479.74 400256.19
Total inorqanic N 5.55 4627 .31
Alkalinity '195.86 163408.42
DH a.o2
Volatile fattv acids 0.92 763.74
Totâl orecioitâteri solids 0 0
Total inoroanic susDênded 943.7 787342.31
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Aerobic2

Perâmeters Conc- lmo I '1ì
Mass rate
lkq d{)

Volatile susoended solids 4413.67 4016125.3
Total suspended solids 5795,6 4835362.8
Pârt¡culâte COD 6956.74 5804124.9
Filtered COD 29.98 25011 .29
Totâl COD 6986.72 5829136.2
Soluble P04-P 1.75 1458.91
Total P 480.5 400889.95
F¡ltered TKN 't 71 1430.73
Particulate TKN 474.62 395980 46
Total Kieldahl Nitrooen 476.33 397411.19

0.36 297 3'l
Total Carbonaceous BOD 2085.37 1739457 .4
Tolâl N 479.13 395744.17
Total inoroan¡c N 2862.34
Alkalinitv 195.38 163004.94
nH 8.31
Volatile fattv acids 0 3.4
Total precipitated solids 0 0
Total inorgan¡c suspended
solids 981.93 815237 .52
Ammonia N 0.63 529,35
Nitrate N 2.8 2332.99

SND

Parameters Conc. lmo I '1ì
Mass rate
lkd diì

Volatile suspended solids 4792.78 1602306.3
Tolal sLrsoended solìcls 5778.02 1931687.7
Particulâte COD 6923.67 2314697.6
Filtered COD 28.26 9449.05
Total COD 6951.94 2324146.7
Soluble PO4-P 0,03 9.96
ïotal P 44O.29 160569 54
Filtered TKN 1.26 421 .O4
Pârticulate TKN 474.24 158546.32
Total Kieldahl Nitrooen 475.5 158967.36
Filtered Carbonaceous BOD 0.31 104.25
Total Carbonaceous BOD 2065.3 690465.31
TotâI N 476.43 159275.29
Total inoroanic N 1 .05 349.61
Alkalinitv 195.59 65389.81
DH 8.36
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VolatÌle fattv acids 0
Total ÞreciÞitated sol¡ds 0 0
Tota¡ inorganic suspended
solids 985.24 325381 .42
Ammonia N 0.1 37.68
Nitrate N 0.93 31 1 .93

Deoxvqenator

Parameters Conc. lmo I 'il
Mass rate
lkd.l'1ì

Volat¡le susDended solids 7639.46 1593342.3
Total suspended solids 9182.9 1515254
Parliculâte COD 11038.16 2302201 .3
Filtered COD 58.4 12179 44
Total COD 1 1096.56 2314340.4
Soluble PO4-P 14.24 2970.95
Total P 7 64.O1 159346 75
Filtered TKN 1.'19 241 .16
Pãrticulâte TKN 754.5 f 57365.18
Total Kieidahl Nitrooen 755.69 15761? 93
Filtered Carbonaceous BOD 6.51 1358.3
Total Carbonaceous BOD 3304.07 689121.4
Total N 755.7 157 614.21
Total inoroanic N 0.1 36.39
Alkalin¡tv 195.6 40795,21
OH 8.33
Volatile fattv acids 1.1 229.48
Total orecìD¡tated solicls 0 0
Total inorganic suspended
solids 1543 44 32191 1.66
Ammonia N o.17 35.12
Nitrate N 0.01 I /ì1

Anaerobìc

Parameters
Conc. (mg
I -1ì

Mass rate
fkñ.1'1ì

Volatile suspended solids 7621.48 1594753.1
Total susoended solids 9119 32 1908168.4
Particulate COD 'I 1 01 5.86 2305008.8
Filtered COD 78.79 16485.43
Total COD 1 1094.65 2321494.2
Soluble PO4-P 37.86 7922 .63
Total P 761.03 159242
Filtered TKN 2,58 623.37
Particulâte TKN 750.44 157026.29
Total Kieldahl Nitrooen 753.42 157649 66
Filtered Carbonaceous BOD 1.68 35't.3
Total Carbonaceous BOD 3298.91 690229.18
Total N 753.42 157649.67
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APPENDIX 2. Cost eslimat¡on

Table A-1. Cost

Centrate O&M Cost



Table A-2 Cost estimation for the second alternative (Anaerobic MBR using hydrogen for
denitrification)C$

Cateqorv Item descriÞtion Expected value

Capital cosl

Membrâne tank+new aerobic zone buildino 6.758.559

Membrane Un¡t 66.500.000

Miscellaneous silê ôioeworks 3,917,000

Existino tankaoe modificâlions '1.208.000

Sub Total 76.'t96.O24

Continqencies (20%) 15.964.776
Sub Tolal 91.435.233

Enoineerino (15%) 13.715.285
Citv & administration (3%) 2.743.057

Total 159,527,589

O&M Cost

Labour 569,000

Power '1 944 444

Cleanino chemicals 360 o0ô
Suooested annual membrâne accruâl 2 28,0 000

Util¡ties 420,000

Consumables 73 000

E&M materlâls 88 000

Miscellaneous 20 000

Annual Hvdrooen cosl 2.344164
Total oer veâr 8.138,608

Centrate capital Cost

Existino tank modification 304.000

Continqencies (20%) 60.800
Suh Tofal 364.800
Enoineerino l15ol.ì 54,720
Citv & administration l3ol.) 10 9,44

Total 430.464

Centrate O&lVl Cost

Labour 17.000

Power 140 000

lJtilities 38,000

Consumables 219.000

E&M materials 50.000

Miscellaneous 6.000

Total lvear 2000) 570.000

Total of 40 vears 7 .307 .400
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Table A-3 Required volumes for the first alternative (MBR using methanol for denitrifìcation)

Unit Reduired Volumelm3ì
Anoxic 14000

Aerobic 40000
SND 24000
Membrâne 8000
Deoxvoenalor 2000
Anaerobic 3000
Primarv fermenter 800
Centrate Reactor 4500
Centrate Clarifier 4000

Total 100300

Table A-4 Required volumes for the second alternative (Anaerobic MBR using hydrogenl for
denitrjflcation)

U nil Reouired Volumelm3ì
Anoxic 24000
Aerobic 64000
Anaerobic MBR 8000
Anâerob¡c 19000
Primary fermenter 800
Centrate Reactor 4500
Centrate Clarifier 4000
Hvdrooen Saturator 24000
Total 148300
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