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AtsSTRATA'

A high purity oxygen activated sludge operating with low solid retention time

(SRT) used at the North End Water Pollution Control Centre (NEWPCC) in

Winnipeg produced a final effluent with high ammonia nitrogen concentration. This

study documents the method applied to assess the feasibility of nitrification and

denitrification of the primary effluent from the NEWPCC and to evaluate the effects

of pre-denitrification on nitrification by using a single sludge system (Pre-Den) with

a pure oxygen reactor. No study of the Pre-Den process effects on nitrification, using

pure oxygen, has been reported to date. Three trains of pilot scale-stirred reactors

were installed at NEWPCC, and fed with primary effluent. One of these trains was

a combined nitrification system using pure oxygen, and the other two were Pre-Den

systems. The system SRT based on volume of reactor was 1,0 days in the latter

system, and 8 days in nitriffing mode. The hydraulic retention times (FIRT) based

on raw wastewater flow were of 1.5 and 3 h in the anoxic reactors, and of 6.2 and

12h in the oxygen reactors. Full nitrification was demonstrated and an effluent pH

level higher than the expected level was produced. The overali recycle ratio

correlated better with the TKN than with the NH,-N concentrations. The Pre-Den

showed several advantages over the nitrifying mode; i.e. an alkalinity recovery up to

70 mgCaCOr/L; a saving in o4ygen consumption of up to 26 Vo; the highest

nitrification rate (up to a3 mgN/gVSS.h with a denitrification rate up to 5.4

mgN/gVSS.h); and the lowest sludge production. The TKN removal was up to 95

Vo, and the total nitrogen removal up to 75 Vo.
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The aim of this chapter is to present a brief explanation of the nitrogen

compounds in the environment, biochemical transformations of those compounds in

a treatment plant, and nitrogen compounds at north end wastewater treatment plant

in Winnipeg, Manitoba, Canada.

1..0 NTTROGEN COMPOTN{DS TI{ TT{E ENVTR.ONMENT'

Soluble forms of nitrogen are harmful to the environment in m4ny ways. In

the particular case of effluent from sewage plants, the presence of nitrogen can be

detrimental to the aquatic environment. For example, higher summer temperatures

in a river can shift nitrogen speciation towards un-ionized ammonia which is directly

toxic. The nitrification of ammonia, in addition, causes o{ygen depletion. All

nitrogen compounds, in fact, are nutrients in the process of eutrophication. Nitrates

in water can be directly toxic to infants as evidenced by their production of

methaemoglobinaemia (Bailey and Tomas, 1975).

Historically, a greater emphasis has been placed in the removal of phosphates

from sewage wastewater. However, more recently, the concern has shifted to

nitrogen removal as there is evidence that nitrogen removal from sewage improves

phosphate removal (Barnard, 1975, and Morales et al, 1991). In addition, it has been

stated that nitrogen removal may be required to maximize the benefits of

phosphorous reduction in fresh water areas (Blankenship, 1993).

Denitrification of secondary effluent has been undertaken mostly because of



environmental and health concerns. For example in the cases of the Chesapeake Bay

Agreement (U.S.A.) signed in 1987 (Kunihiro et aL,1992), the Alberta Environment's

Municipal Standards, Canada (Wilson et aI, 1992), and the new permit limits of the

Florida Department of Environmental Regulation, U.S.A. (Refling et al, 1992).

However, because of operational objectives, denitrification has also been

implemented to:

1. Improve the settling characteristics of the nitrified mixed liquor impairing

denitrification in the secondary clarifiers as done in the Hawaiiwastewater treatment

plant, Honolulu, Hawaii (Gorenflo and Cross,1992). 
:.

2. Overcome deficiency in the raw wastewater atkalinity as impiemented in the

Moores Creek wastewater treatment plant, Charlottesviile, Va., U.S.A. (Judkins and

Anderson, 1992).

3. Reduce oxygen consumption as implemented in the Newark, Ohio, wastewater

treatment plant (Miskis and Jamesson, L992).

4. Reduce sludge production as done also in the Newark, Ohio, wastewater

treatment plant (Miskis and Jamesson, L992).

5. Improve the removal of phosphorous in treatment plant in which nitrification is

also required (Barnard, 1975; Morales et al, 1991).

1.. 1. tsTOCF{EMXCÀL TRANSF'ORM,{TXONS OF NTTR.OGEN COMPO{.]-NDS

Biological nitrogen removal involves four biochemical steps: hydrolysation,

deamination, nitrification, and denitrification. The first two steps refer to the

2



conversion of organic nitrogen to ammonia. Hydrolysation is the conversion of the

proteins yielding o-amino acids, and deamination is the transformatien of amino

acids to ammonia and organic acids. Deamination can also produce carbon dioxide

(COJ according to the involved reactants and to the operational conditions under

which the process takes place.

The possible biochemical transformations that nitrogen compounds undergo

in a sewage treatment plant are represented in Figure L.L. In secondary treatment

plants, hydrolysation and deamination take place, thus the effluent total nitrogen

(TN) concentration is still high as nitrogen is removed mairily by assimilation for

production of new cell tissue.

Fig.f .'l; Eiocherr¡ieaåtra¡ls-forrnat¡otÌs of raitrogen cormpousrds im a

rm e.! rüicipaI treatrnent plant

HYDROLYSATION

AND

DEAMINATIOI{

I{ITRIF¡CATIOf{

DENITB¡FICATIOhI



In advanced treatment plants which involve tertiary treatment, either

nitrification or denitrification may be included. If the treatment pþnt involves

nitrification, the effluent TN concentration may be slightly lower than the TN

concentration of the secondary effluent as denitrification may take place to some

extent in the nitriffing reactor and in the secondary clarifier. The biologicai

oxidation of ammonia to the oxidized nitrogen compounds (NO--) is referred to as

autotrophic nitrification, while the biological conversion of ammonia into nitrogen

gas without intermediary accumulation of nitrite is known as heterotrophic

nitrification (Robertson et al, i988). Nitrogen compounds are further removed when

denitrification is one of the step in the advanced treatment plant.

L.2 }{ITROGEN A.T NORTH ENÐ TREATMEÞIT PLANT

The North End Water Poilution Control Centre treatment plant (NEWPCC)

in the City of Winnipeg provides secondary treatment to 332 MLD (avarege flow)

wastewater and discharges into the Red River. The NEWPCC was designed to treat

domestic wastes, and some run-off from rain and melting snow, as about half of

Winnipeg is served by combined sewers. Table 1.1 summarizes the wastewater

characteristics.

The city's largest plant, NEWPCC, treats the wastewater in seven steps as

shown by the flow schematic in Figure 1.2. The main liquid stream is fed to the

preliminary treatment through the pumping station of 826 MLD of capacity with the

largest pump out of service. The preliminary structure has four treatment trains,

4



each consisting of a 12 mm bar screen and an aerated grit chamber. The removed

solids are taken to landfill disposal. The waste activated sludge (WAS) is discharged

to the head of the preliminary treatment. The flow from the preliminary stage is

split into five primary clarifiers, three circular and two rectangular. The primary

sludge is pumped to six mesophyllic anaerobic digesters. The digested sludge flows

to eight holding tanks, then fed to six centrifuges for dewatering, and afterwards is

conveyed to two sludge cake bins from which it is taken to land disposal.

Table tr.1: Characteristics of NEWFCC's Influent (tr), Frimary EfÏluent (FE), and

Final EfÏIuent (FE). Note: From monthly data provided by NEWPCC,

for the year 1989.

The main liquid-stream flows from the primary to the secondary treatment.

The secondary treatment consists of three parallel pure o{ygen reactor systems

(OASES), each consisting of fwo trains with four stages per train. The mixed liquor

(ML) flows through ten circular and sixteen rectangular secondary clarifiers. The

I PE F''E

tsODs, mg/Y, 210 131 23

SS, mg/[, 250 100 t7

T'N, mgN/í, 36 NA 27.1,

TF, rngP/L 5.2 NA 1,.7
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ciarified effluent with the characteristics reported in Table 1.L is discharged into the

Red River

The high rate pure o4ygen activated sludge system, operated by NEWpcc,

successfully achieves carbonaceous BOD, suspended solid, and, to some extent

phosphorous but not nitrogen removal. The discharge criterion is reached at a solid

retention time of 1.5-2.5 days, without noticeable conversion of the ammonia to

nitrates (23.4 of the 27.I mgN/L in the FE is as ammonia). Since there were some

concerns raised about the potential summer toxicity of the un-ionized ammonia in

the Red River, the City decided to study the feasibility of attaining nitrification by
:-

increasing the solids retention time (SRT) in one of the full scale reactors.

Because of the benefits offered by denitrification, and the awareness of the

inhibitory effects of decreased alkalinity and pH level caused by nitrification and

dissolution of carbon dioxide in the ML of the OASES reactors, the City has decided

to study, in small scale, the performance of a pre-denitrification process (Pre-Den),

as one of the methods of maintaining higher alkalinity in the system at NEWPCC.



CE{.&ffiER. 2: @W"}ECTYVÐS

While in municipal wastewater the biological potential exists for both

nitdfication and denitrification without supplemental organic carbon sources, the

operational conditions usually used in aerobic biological processes produce efficient

carbonaceous removal and nitrification but not efficient denitrification (Bishop et al,

7976). On the other hand, the main disadvantage of high rate oKygen processes is

that nitrification is unlikely to be accomplished due to short SRT and low pH level

(Toms and Booth, !982, and Blachford et aI, 1982). This study has thus been

initiated to answer the foliowing questions:

. Is pre-denitrification feasible in conditions of high dissolved oxygen residue in the

return liquid streams fed to the pre-denitrification tank?

" Is pre-denitrification capable of reducing the alkalinity consumption caused by

nitrification?

, Is complete nitrification feasible in conditions of variable, decreasing pH of the

ML?

The study is intended as an introductory research into the feasibility of

biological nitrification and denitrification processes in pure oxygen systems, and there

have been no efforts made to closely duplicate the conditions of the North End

Plant.
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The purpose of this iiterature review is to present an oversiew of the basic

principles and concepts that govern biological nitrification and denitrification. A

general discussion about of the developments in biological nitrogen removal

(abbreviated NR) by conventional and pure oxygen activated sludge will be also

presented.

3.0 tsXOI.OGXC.ÀI. NTTR.TF''XCATTON

Biological nitrification or simply nitrification, is a two step biological process

in which ammonia is oxidized, first to nitrite (NOi) and later to nitrate (NOr-). The

nitrifying bacteria responsible of the former conversion belong to the genera

Nitrosomonas, and Nítrobacter are responsible for the latter. The reactions carried

out by these microorganisms may be represented as follows

2NH; +3Oz+Nitrosomonns =ZNO| +2HzO +4H* +NewCells
[3.U

[3.2]
zNO; +Az+ Nitrobacter =zNO; +NewCeIIs

The stoichiometric requirements for carbon and oxygen in nitrification are

related to the quantities of ammonia that need to be oxidized, and to the alkalinity



consumed by Equation 3.3, which considers both oxidation and synthesis (U.S.EPA

1975):

N H] + 1.83 O, + |.9SHC Q = 0.02LC rH,JiOr+ 0.98t/Oi + 1.041 H zO + I.88H zC O t t3.31

This equation shows that one gram of ammonia nitrogen converted requires

4.18 g of oxygen, and 7.I4 g of alkalinity as CaCOr. The nitrifyer bacteria that are

capable of carrying out the above equations are autotrophic organisms. Most of

these bacteria are obligately lithoautotrophic, even though they can assimilate organic

compounds to a limited extent (Bock et al, L989).

As most research into nitrification and denitrification has involved a limited

grorip of bacteria species, there is a strong belief that successful nitrification requires

autotrophic nitrifuers whereas denitrification can take place under anaerobic

conditions (Robertson et al, 1988). Flowever, some heterotrophic bacteria and fungi

can nitrify if they are supplied with a source of energy. Bacteria which are capable

of both heterotrophic nitrification and aerobic denitrification have been recently

isolated in pure cultu¡e (Robertson and Kuenen, 1984; and Robertson et ai, 1988).

Heterotrophic nitrification is therefore another process which involves the oxidation

of reduced nitrogen compounds. Heterotrophic nitrification may be significant in

atypical environments with either very alkaline or acidic conditions (Randall et al,

1992).

Nitrification may occur in suspended-growth and attached-growth processes,



and two basic forms may be implemented: single-stage (also referred to as combined

nitrification) and separate-stage. In the single-stage scheme (Fig.3.1),_carbon and

nitrogen compounds are oxidized in the same reactor, while in the separate-stage

scheme (Fig.3.2) one reactor removes carbon in the first stage and ammonia is

oxidized to nitrate in a second reactor. The ML clarification of the latter scheme

may be performed either in the same or in separate clarifiers, thus the separate-stage

configuration may be single-sludge or separate-sludge. Sutton et al (L975) has

compared the efficienry of carbon oxidation and nitrification achieved in three

different process configurations under a range of operating temperatures and SRTs

at pseudo steady-state conditions.

Both basic process configurations have advantages and disadvantages which

makes the choice of one over the other dependent on the specific raw wastewater,

site limitations, and economic factors. The two-stage nitrification (separate-stage)

system resists the toxic or inhibitory effects of various compounds and of the

environmental factors better than the single-stage process (Sutton et al, 1975). Bailey

et al (1989) have reported a new means to overcome site limitations, and have

presented a generalized comparison of single and two-stage nitrification

configurations.

As the autotrophic nitrifyers are more fragile and sensitive to environmental

changes and have lower yields and growth rates than the heterotrophic

microorganisms, the SRT is an essential parameter in nitrification. The SRT control

is therefore a necessary tool to achieve efficient nitrification since it ensures the

1.1
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growth and accumulation of nitrifyers in the system.

The kinetics of nitrification for activated sludge processes (ASÐ have been

described by the Monod equation. Several factors affect the nitrification kinetics:

BOD' to TKN ratio, ammonia and nitrite concentrations, toxic compound

concentrations, pH, dissolved orygen concentrations (DO), alkalinity, temperature,

and mixing system in ASP. These factors have been extensively studied. Wild et at

(197I) analyzed the effects of pH, temperature and BOD' on nitrification in a two-

stage configuration. Drtil et al (1993) recently presented a modified respirometric

method to determine the kinetic constants of the first stage of nitrification. These

researchers have also discussed the role of the substrate concentration and activated

sludge ratio on respirometric methods.

Anthonisen et al (1976) have shown that ammonia and nitrite inhibitions of

nitrification occur with municipal, industrial, and agricultural wastes and with

fertilizers in the soil. However, nitrification patterns may be modified by operating

procedures that increase or reduce those inhibitory effects (Anthonisen et al,1976).

A major environmental factor in our system is the pH level in the ML which is

relevant to a successful nitrification. Painter and I¡veless (1983) have studied the

effect of temperature and pH value on the growth-rate constants of nitrifyers in the

ASP, and found that nitrification was not possible at a pH of 6 at any temperature.

These authors also reported an optimal pH range between 7.5 and 8.5; however, they

could not determine a factor representing the effect of pH. Kholdebarin and Oertly

(1977) reported an optimum pH of about 8.5 for the bioiogical oxidation of NOr- to
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NOr- in fresh water. Haug and McCarty (1972) found full acclimation at pH level

of 6 in a submerged filter reactor.

Alkalinity and nitrification relationships in ASP have been aiso investigated

by many researchers. Degyansþ G977) found that neither the amount of atkalinity

nor the oxygen requirement for nitrification are constant values due to their

dependence on the BOD' to NH.*-N ratio, and SRT. Benninger and Sherrard

(1978) stated that an increase in the ratio of alkalinity as CaCO, destroyed to TKN

removed was observed at high SRT (15 d) and low CoD ro TKN ratio (4.18:1).

These authors obtained lower alkalinity values compared to the theoretical value

determined by Equation 3.3.

The importance of the DO on nitrification was demonstrated by severai

investigators (Deryansky, 1977; Stenstrom and Poduzka, 1980; and Stenstrom and

Song, 1991). The relationship between nitrification, mixing intensity of the reactor,

and DO concentrations was shown by Stenstrom and Song (199i). Figueroa and

Silverstein (lggì)investigated the relationship between DO, nitrification, and soluble

and particulate BOD in biofiim processes.

3.X- tsIOLOGTC.AT, ÐENTTR.TFTCAT'ION

Biological denitrification, referred to as denitrification, is the dissimilation

pathway in which nitrates are biologically reduced to gaseous nitrogen-oxides (NO

or Nro) and f or nitrogen gas (Nr) according to the following pathway proposed by

Payne (1973) (from Casey et al,1992)
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Oxidation

State +5 +1+2+J

ldO3'--_+NOr' -----------*Nt + N2O --------* N2

nitrate nitrite nitric nitrous nitrogen

oxide oxide

t3.41

Another biochemicai transformation that can remove nitrogen by nitrate

reduction is the assimilation pathway in which nitrate is reduced to ammonia for

satisfying anabolic needs of the microorganisms. This pathway can be represented

by the following equation adapted from Grabinska-foniewska, (1991)

Oxidation

srate +5 +3 + 1 -1 -3

Nû3' --------* NO2'----* NûF{ 
------'- 

NF{2OF{ --------*NHr 
-r- 

Arnino acids t3.51

nitrate nitrite nitroryl Hydroxyl- ammonia

(?) amine

In Figure L.L nitrate assimilation was not inciuded because: 1) it rarely occurs

in wastewater treatment plant since the intensity of assimilation pathway is rather low

(Grabinska-foniewska,1991,); 2) it occurs when ammonia is not available (Randall et

aL, 1992); and 3) it occurs at high NOr- concentrations (Manahan, 1984) which is

relatively low in municipal wastewater treatment plants. Hence, denitrification is the

widespread biological method used in the NR. The biochemical equation that

involves cell synthesis has been presented also in IJ.S.EPA Manual (1975) as follows

15



NO, + |.}8,CI{,OII +A.241{zCA.=0.A6CrfilrÌ,{Or+0.47N2+ L.68Í{zO * Í{COt tMl

which indicates that one gram of nitrate-nitrogen that is reduced to N, requires 0.93

g of organic carbon, and 0.21 g of inorganic carbon. On the other hand, each gram

of reduced nitrate-nitrogen produces: 0.48 g of new cell tissue, 0.94 g of nitrogen,

2.16 g of water, and 3.57 g of alkalinity as CaCOr.

Nitrates may replace oxygen during endogenous respiration. The proposed

reaction (from Sedlak,1991) is

13.71
C sH TNO, + 4.6NQ = 5 COz + 2.8N2 + 450 H -

This biochemical expression also indicates that for one gram of reduced

nitrate-nitrogen 3.57 g of alkalinity as CaCO, is produced. However, if endogenous

nitrate respiration takes place, a depressing effect of the system on pH level may

occur due to the 3.42 g of CO, produced for each gram of nitrate-nitrogen reduced,

and the net alkalinity generated would drop.

As discussed previously, it was once thought that denitrification couid only

occur in absence of oxygen; however, Bremner and Blackmer (1978) have

demonstrated that nitrification of ammonium ion and urea results in the production

of NrO by the action of many types of bacteria, including Nitrosomonas europaea

(from Manahan,1984). The production of nitrous and nitric oxides may be of some

î^ñ^õtñ ã,ra tn +l'oi- ^^-+i^i^^+i^- i- ^+-.^--L^-:^ ^L^-:^^l ---l-:-l- 
-^--lva¡wvrr¡ uuv rv rrrwtr PcLr Lrvry<¡,LlrJ¡r. ru 4Lr¡ruùlruçrlL urlçlruual pruutrss wluçu ulily
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produce a depletion of the ozone layer (Manahan,1984).

As shown in equation 3.6, an organic source of carbon is required by the

denitrifier bacteria. This source of carbon may be external i.e. methanol, or internal

i.e. sewage. The presence of oxidized nitrogen is essential in denitrification, thus the

denitrification process is always coupled with nitrification. In general, denitrification

may be classified as a single-sludge or two-sludge system. The former system

includes more than one stage and involves only one secondary clarifier, thus the

settled biomass must recycle through all the stages. The carbon source in this

scheme may be internal and external, while the two-sludge system requires an

external source of carbon (Fig.3.3-I). The most cortmon configurations of the single-

sludge systems are the modified Ludzac and Ettinger (MLE), and the Bardenpho or

four-stage biological nitrogen removal systems (Fig.3.3.II A and B). Like

nitrification, pre-denitrification may be implemented in suspended-growth or

attached-growth reactors, so that several configurations are used to remove nitrogen.

The biological kinetics of denitrification have been studied by many

investigators. Some of their findings appear to be in contrast with each other. In the

literature, the denitrification rate has been reported as azeroorder reaction (Stensel

et aL,1973; Bishop et al,1976; Beccari et al, L983; and Sedtak, 1991). However, Tam

et aI (1992) have demonstrated a substrate-dependence of the reduction of NO'-N

using different carbon exogenous sources. According to a graph presented by these

researchers, the denitrification rate was a zero order reaction only when methanol

was the exogenous carbon source. On the other hand, when an internal carbon
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FEg.3.3: DeaÌitntfãaatãoffi systemrs

l) Two-sludge conflguration

I l) Single-sludge configuration

B) Bardenpho

t
WAS
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source is used, the reaction is of an order other than zero, and the nitrification

reaction rate depends on the easily degradable carbon concentration ( Barnard,1975;

Sikora and Keeney,1976; Argaman and Brenner, 1986; McCartney and Oleszkiewicz,

1990; and Wentzel et al, 1990).

Severai environmental and operational factors affect the denitrification process

such as pH, temperature, characteristics of the raw wastewater, HRT and SRT. The

raw wastewater characteristics are important not only for the substrate and nutrient

concentrations but also for the biomass present in the raw wastewater. Henze (1986)

reported that the denitriffing activity varies considerably from one type o_f wastewater

to another type, and from one type of activated sludge to another. Stensel et al

(1973) stated that denitrifiers would be washed out of the system at SRT values of

approximately 0.5 d at 20" and 30oC, and at an SRT value of about 2 d at L0'C.

These investigators also noted that denitrification was affected süghtly when the

temperature decreased from 30" to 20"C; however, the biological activity decreased

significantly when the temperature decreased to 1O'C.

3.1.1 TWO-STÁ.GE SXNGT.E-SLUÐGE, PRE-DEÌ{ITRIFXCATION (MLE)

A pre-denitrification system as that shown in Figure 3.4.II.4, consists of an

anoxic reactor receiving primary effluent as carbon source, recycled sludge (biomass-

RAS) and nitrified mixed liquor (electron acceptor). The pre-denitrification reactor

is immediately followed by an aerobic reactor where the process of nitrification and

carbon oxidation occur simultaneously. The characteristic features of the pre-
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denitrification mode treatment are:

" Removal of raw waste\Mater BOD utilizing the oxygen bound in nitrates, thus

decreasing the volume of oxygen required for subsequent carbonaceous and

nitrogenous BOD removal.

" Production of alkalinity, thus increasing the buffering capacity of waste fed to the

aerobic reactors.

. Decrease of the C/N ratio, thus improving nitrification and perhaps controiling

filamentous organisms.

" Rates of denitrification lower than in the two-sludge systems.

The economics of nitrogen removal in a pre-denitrification mode were

analyzed by Randall (1987) and by Brannan and Randall (1987). This researchers

stated that by selecting the MLE system instead of a system achieving nitrification

only, a big advantage from an economic point of view is gained. Ekama and Marais

(1984) pointed out that a MLE system shouid be selected instead of a Bardenpho

system when COD/TKN ratio is lower than 9.5 (From Brannan and Randall, 1987).

Jones et al (1980) studied the effect of the system solid retention time (SSRT

or sludge age) on nitrogen removal using a MLE configuration. The aerobic-

hydrauiic retention time (HRT) was 5 h, and the anoxic HRT 2 h. They have

assumed a zero order reaction for both nitrification and denitrification, and found

that the nitrogen removal increased at higher SSRT at constant temperature. Henze

/1Oa?\ ¡annrroã +hof fho f-o¡tinn ^f .lo-i+.ifior" i" a Êrn¡finn nf fhroa fq¡fnrc. 1\ tha
\a/U, ) LVyVL LVU L¡¡gL LI¡V ¡leWlMM UV¡UIIIUV¡J ¡u 4 IsI¡v!¡v¡I vj' ¡rVv levlvao. Ll L\v
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potential inlet fraction of denitrifiers, 2) the anoxic SRI and 3) the SSRT. Casey

et al (1992) proposed an hypothesis to explain the small growth of ,1. low F/M

filaments in the fully aerobic and fully anoxic conditions. Henze et at (1993)

analyzed the effect of nitrate concentration and temperature on rising sludge

episodes in the secondary clarifier.

There is evidence that single-sludge denitrification systems can achieve

substantial reductions in orygen requirements and high NR at nitrate recycle ratios

ranging from 0 to 1- (Brannan and Randall, 1987). The effect of activated sludge

recycle ratio on denitrification of a high ammonia concentration leachate has been

study by Elefsiniotis et ai (1989).

3.2 I{XGH.PX]R.ITV OXYGEhI,{CT'IVATED ST.UDGE

High-purity oxygen activated sludge system (HOAS) uses high purity oxygen

(90+ percent purity) in place of air to achieve biochemical oxidations. This system

typically consists of covered and staged reactors as shown in Figure 3.4. HOAS

operates at a lower pH level than conventionally aerated systems because the O, that

enters the first stage is reused in the subsequent stages, resulting in the buildup of

CO, released due to biological activity. Model predictions indicate a pH drop in the

fourth stage of HOAS from approximately 6.5 to below 6.0 when the influent

bicarbonate alkalinity decreases from 400 to I00 mglL, and the influent pH is

maintained constant at 7.2 (Clifft and Andrews, 1986).

Several studies compared the efficiency of carbonaceous BOD removal and
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performance of the ASP and F{OAS since the Union Carbide Corporation (UCC)

developed the high-rate HOAS called LINOX in the late 1960's. The benefits of such

systems compared to conventional ASF have been extensively discussJ ehe*h"re

(Kaiinske, 197 6; Chapman et al, 197 6; Parker and Merrill, 197 6; Blachford et al t982;

and Nelson and Puntenney, 1983).

Fig.3.4: High-purity oxygen activated sludge

The decrease in pH in the HOAS appears to be a disadvantage of this

process, mainly if nitrification needs to be implemented. Nitrification in HOAS has

been investigated by Stankewich (1972), Heidman (1915), Braunscheidel and Gyger

(1976), and Toms et al (1982).

Oxygen

X 
vent

I
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Stankewich (1972) analyzed single and two-stage carbon oxidation and

nitrification systems using high purity oxygen as the aerating gas. In the single-stage

system, complete and consistent nitrification was achieved at pH of 5.8 - 6.0 with

SRT of 6 d; pH acclimation was noted in both systems. Heidman (1975) investigated

the effect of low pH on nitrification in a separate stage process using HOAS with

and without pH control, and separate stage nitrification with ASP and HOAS

controlled at pH level of 7, at Blue Plains treatment plant (from U.S.EPA, 1975).

This work demonstrated that the pH of the nitrification could drop as low as 6.0 with

attainment of complete nitrification.

Braunscheidel and Gyger (1g76) reported that the singie-stage-'nitrification

HOAS operating at HRT from 2.5 to 3.5 h at Pensacola, Florida, produced an

effluent with an average ammonia concentration of 2 mg/L. The authors

recommended the single-stage nitrification HOAS for low strength wastewater which

is relatively free of toxic materia.

Toms and Booth (1982) have investigated whether nitrification could be

achieved by raising the pH value in the oxygen reactor. They added sodium

hydroxide to the recycle sludge to increase the pH value above 8.0. Results

demonstrated that it was possible to achieve complete nitrification even at SRT of

only 3.5 to 5 d with a BOD loading of approximately 0.5 Kg/Kg.d.

The potential benefits of pre-denitrification using a single-stage HOAS

nitrification has, to my knowledge, not been reported. However, pre-denitrification

may be an essential tool to ensure nitrification. Moreover, pre-denitrification would
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be an advantageous choice for retrofit FIOAS processes when NR is required. In a

nitriffing-denitrifying activated sludge, whether the raw wastewater enters a tank

which is under aerobic or anoxic conditions is important since it is rlsonable to

assume that if the easily degradable carbon is removed under anoxic conditions, the

result would be a good production of denitrifying biomass (Henze, 1986). On the

other hand, the denitrification activity to the oxygen activity in pure oxygen plant was

found to be relatively low by H.erøe (1986). Consequently, it may be assumed that

denitrification of a ML from two-stage HOAS nitrification would be difficult to

attain.
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CfãÅffiER 4: &ãATWRãAã-.S ÅruÐ emgKãOÐS: PK@CÐSS TPERATY@ru

ÅNÐ C@WÃW'@F,

The aims of this chapter are to describe the operations and process controls

applied to promote the growth of the bacterial populations responsible for

assimilating, oxidizing and stabilizing the carbonaceous and nitrogenous organic

matter as well as the inorganic compounds of NEWPCC's primary effluent (PE).

This chapter presents the background data, the characteristics of PE and

mixed liquor (ML) and the experimental approach. The bulk of the raw data used

for the graphs and tables presented in this chapter is enclosed in Appendix A.

4.0 EWERTMEISIT'AT, E}E SXGN

The study was carried out at the site of NEWPCC's final clarifiers, where the

plant personnel provided all hookups, including the supply of PE and pure oxygen.

The PE, i.e. the raw wastewater of the pilot plant, was fed into a stirred equalization

tank in an attempt to even out the hourly quality fluctuations. Figure 4.1- shows a

generai photograph of the whole arrangement, while figures 4.2 through 4.4 show the

individual arrangement of the treatment trains. Th¡ee parallel treatment trains were

instailed: Train d Train B, and Train C. Trains A and C were designed in the

modified Ludzac-Ettinger mode (MLE), herein named Pre-Den because the aerobic

zone is created by applying pure oxygen rather than air.

The hydraulic retention time (HRT), solid retention time (SRT), and the

rerycle ratio (defined as returned activated sludge plus returned nitrified ML divided



Fig.4.X. Fhotographs of the pÍIot planÉ at NEWtrCC" Trains Ä, Bu and C
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by Qnu*) were determined using the kinetic coefficients from the'literature and the

characteristics of the NEWPCC's PE. The process design procedure applied in this

study followed that of Metcalf and Eddy (1990) for combined nitrification-

denitrification system. The parameters for the pre-denitrifytng reactors were verified

using the method described by De Renzo (1978).

The experimentai design initially called for a comparison of Trains A and B:

i.e., Pre-Den Train A and nitrifying Train B. The comparison was run at a SRT

expected to effect complete nitrification (approx. I d) and at a prolonged HRT.

Unfortunately, the oxygen HRT of the Pre-Den Train was twice the HRT of Train

B because the HRT of former was referred by mistake to the total influent flow

entering the oxygen reactor (RII) instead of to the Q** entering the Train d as is

customary (Metcalf and Eddy, 1990). However, we decided to maintain those

conditions in Train A, to prevent bacterial washout. The third Train C, Pre-Der¡

with the same SSRT as Train A but with haif the HRT (in both biological reactors)

was thus installed. The decision taken was based on the fact that nitrification appears

to depend not only on the SRT but also on the HRT. Braunscheidel and Gyger

(1976) have reported that a single step nitrification in orygen-activated sludge,

operated at low organic loadings, resulted in reiatively long HRT compared to the

conventional carbonaceous removal process.

Poduzka and Andrews (1975) have operated a single-stage nitrification at SRT

of 10 d and HRT of 11 h based on raw wastewater plus the base (NaOH) used for

pH control. Qasim et al (1990) have operated the nitrification reactor of a three-
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Fis.4.4 NITRIFICATIOhü TRAInü B SCHEMATIC

A = 108Ud
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HHT = 6.2 h

SHT = 7.8 d

CT.ARIFIER

HHT = 25h

A=Q-A
Ef RAW WAS
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stage treatment system at F{RTs range between 4.9 and 6.3 h based on Q**.

4.0.X. PN[,OT' T'RE.&TME¡{T T'R,{TN TPER.AT'TON

The raw wastewater from the equalization tank was lifted by three parallel

peristaltic pìlmps into Trains A, B, and C. The Pre-Den Trains (Fig. a.2 and 4.3)

consisted of an anoxic denitriffing reactor (RI, Train A or RfV, Train C) foltowed

by the nitriffing reactor (RII, Train A or RV, Train C). The denitrifytng reactors

were magnetically stirred and covered with a solid cover which, aithough not fully air

tight, eliminated air entrainment due to stirring. The reactors RI and RIV each

received PE and rerycled activated sludge (RAS) as well as recycled nitiate-rich ML

(RNO3) from the respective nitriffing RII or RV. The nitrif ing Train B (Fig. a.a)

consisted of a plexiglass reactor in which the reaction zone (RIII) was separated from

the clarifier by a baffle. The three oxygen reactors were unified reactors at first.

There were essentially three operational periods: the first period from days

0 ro 47, when only two Trai¡s A and B were operating, and the following two periods

when all three trains were operated according to the schedule outlined in tables 4.1,

4.2,4.3. The second period ran from day 48 to day 86, and the last one ran from day

87 to day 122 (Tables 4.2, 4.3).

Train C was initiated on day 40, and operated for 83 days. Therefore, day 0

for Train C corresponds to day 40 for Trains A and B, and day 83 corresponds to day

122. -ftains A and B were started simultaneously, and were run for 122 days. They

we¡e seeded with sludge from the full scale control reactor rather than from the
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?'able 4.tr: Ðesiga pax'arneúers for $he First Feriod (From day 0 to 47).

Table 4.2: Design parameters for the Second Feriod. (Day a8-86)

Qnew &ld)

Q*. (L/d)

Q*or &/d)

TRAIhI.d TR,A.IN E T'RAIN C

RI Rtr RIII RIV RV

x{Rr (h) 3.0 12.0 6.2 1.5 6.2

Qmw Qld) 56.2 NA 108.0 108.0 NA

Q*' G/d) 0.8Qnaw NA 1.1Qnaw L.lQnew NA

Q*Nor(L/d) 0.7Qnew NA NA 1.1Qnew NA

Temp.'C 15 15 15 15 15
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nitriffing reactor. Tables 4.4, 4.5, and 4.6 describe the means of the operational

parameters that were determined daily with the exceptions of SRT and sludge

volume index (SW). After the initial period with F{RT (based on Q,u*) of 12 h in

RII, Train C was started with a decreased HRT of 6.2 h. The concern here was to

test alternative conditions for the Pre-Den process and not necessarily to duplicate

the conditions existing at NEWPCC.

Table 4.3: Design parameters for the third period. Note: the HRT and Q** are the

same as those of the other periods).

4.0.2 PROCESS CO¡{TROL

The process control was implemented in order to accomplish high levels of

treatment performance: complete nitrification in RII, RIII, and RV, and complete

denitrification in RI and RIV. The main factors controlled throughout the

experiment were:

1) Waste Activated Sludge (WAS),

TRAIN,A. TR,{IN B TRAIN C

RI RII RIII RIV RV

Q*' (L/d) 0.4Qnaw NA 1.1Qnew 1.OQnew NA

Q*nrorG/d) 0.5Qnaw NA NA 0.7Qnaw NA

T'emp.oC 15 15 15 15 15
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2) pH, and

3) Dissolved Oxygen (DO).

T'able 4.4: tperational parameters ixr the nitriffing Traira B"

PERIOD

#
SRT

d

svn

rr¡.r/g

HRT'

d

Qnew

r,/d
Qus
\./d

I
(ÈsD)

6.08

(1.31)

2r7.06

(82.60)

0.26

(0.003)

107.97

(t.22)
68.39

(21.37)

nx

(rsD)
8.80

(t.77)
80.95

(38.se)

0.26

(0.00s)

107.37

(1.8e)

120.64

(7.88)

TXI

(rsD)
8.61

(r.23)
64.29

(Le.02)

0.26

(0.003)

108.17

(1,.12)

r04.41

(6.60)

4,8,2,1. WAS Control

The aim of the WAS control was to achieve the design nitriffing SRT of I d,

and, indirectly, to maintain an appropriate settling characteristic of the sludge as

described by the SVI of lower than 150 
^I-/g. 

Randall et al (1992) have stated that

a typical SVI for a well-operated biological phosphorous removal system is 50 ml/g,

and that the addition of nitrogen removal witl typically increase the SVI to about 120

^l-/9. 
Initially, the hydraulic control of sludge age proposed by Garret (1958), and

modified by Burchett and Tchobanoglous (Ig74) was applied. According to

Benefield et al (1975), Burchett and Tchobanoglous (1974) introduced the volume
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T'able 4.5: Controlled operatíonal panametec's Fre-Den T'rain ^4"

Table 4.6: Controlled operational parameters Fre-Ðen TYain C.

PE

RT

OD

#

SRT'

(d)
SW (m[,/g) E{R.T'

(h)
a

R.AW

G-ld)

a
R.es

(v,/d)

a
RNO3

(ï,/d)
R.Í R-[r Rã R.TT Rn R.TT

T

mean
+SD

1.64

0.40

6.57

L.62

121

26

t36

54

3.02

0.06

12.15

0.25

55.3

1.1

32.5

4.0

79.6

12.5

II
mean
+SD

2.23

0.34

8.91

1,.37

92

21

84

18

2.99

0.03

tL.97

0.13

56.2

0.6

63.0

70.7

50.6

72.6

TIN

mean
+SD

2.05

0.33

8.19

1.30

109

32

88

20

2.98

0.03

1_L.92

0.74

56.4

0.7

63.7

20-1,

41.4

19.7

pE,

R-{

tx)
#

SR.T

(d)
s\¡I

(mL/e)
F{RT'

(h)
a

R^ew

(\,/d)

a
RAS

(t /d)

a
RNO3

$./d)RW RV Rnv RV RW RV

NI

mean
+sD

1.95

0.15

7.79

0.61

65

T3

69

32

1.50

0.06

6.r7

0.10

109.0

1.7

109.6

28.7

1,17.6

26.2

xnI

mean

rsD

2.06

0.19

8.24

0.76

53

9.61

53

5

1,.54

0.03

6.27

0.04

108.3

0.76

L13.2

8.4

70.6

9.3
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of clarifier in the determination of SRT using the Garret's equation. The hydraulic

control of SRT is one of the two forms of static control in which the SRT and F/M

are controlled by flow of WAS (Vaccari and Christodoulatos, 1989). As the SRT

and SSRT were controiled by wasting the mixed liquor suspended solids (MI^SS)

directly from reactors II, III, and V into volumetric containers, the WAS flow in the

nitri$ring Train B was determined from day 10 until day 30 as:

in which the solids lost in the effluent are neglected, and

Q*os = Flow of wasted activated sludge, L/d

VN = Volume of nitriffing reactor RIII, L

Vc = Volume of clarifier, L

SRT = Soljd retention time of Train B, d

For the Pre-Den Train the foltowing equation was used

i1 -v**vc*r^-siñ

/1 _V,*+V*+V, [4A]vorr--ffir-

t4.nl

in which the effluent VSS was also neglected and

VoN = Volume of denitriffing RI (Train A), L

VN = Volume of nitrif ing RII (Train A), L
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SSRT = System solid retention time of Train .d d

The SSRT represents the addition of the SRT in RI plus the SRT in RII. The

SRT was split in proportion to the volume of the respective reactor, according to

Jones et al (1980). The formula appiied for its determination was

MMLVSS*Vo*_*
SSRf= [4.3]

WVSS*Qw¿s+EVSS*Q¿¡

in which

MMLVSS = mean VSS in the predenitriffing train, mg/L

Vo*-* = Denitrilnng-reactor volume pius nitri$'ing-reactor volume, L

VWSS = VSS concentration in the WAS that, in this case, is equal to MLVSS

concentration in the nitrifying reactor, mg/L

EVSS = VSS concentration in the effluent

QBr = effluent flow rate = Qnaw - Q*o,

If EVSS*Qu, is neglected equation 4.3 becomes

^SSRT=

MMLVSS*Vo*_r
14.41

WVSS*Qw¡s

In equations 4.3 and 4.4, the volume of clarifier was not considered, following

the proposals of Stern and Marais (1974), and Jones et ai (1980) that nitrification
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does not take piace in the clarifier. Equations 4.3 and 4.4 differ from those proposed

by these researchers in the following ways:

1) Equation 4.3 and 4.4 considered volatile suspended solids instead oiSS

2) Equation 4.4 neglects the solid lost in effluent, and

3) The WVSS is assumed to be equal to MLVSS of the nitriffing reacror since the

sludge is wasted from it. This assumption was validated by determining the VSS not

only in the ML but also in the WAS.

On day 31, in order to unify criteria, we decided to consider only the volume

of the nitrisring reactor, and the sRT in the nitrifying Train was determined by

MLWS*VN
SRf= [4.s]

MLYSSn*Qws+EVSS*Qe¡

in which

MLVSS = VSS in the nitrif ing reactor, mg/L.

and the SSRT in the Pre-Den trains was determined by

SSRf=
MMLVSS*Vo*_* [4"61

MLVSSn*Qw¿s*EVSS*Q¿t

These equations were applied from day 3L and until the end of the

experiment. If the SRT or SSRT had not been equal to the values expected to

produce complete nitrification (SRT = 8d, SSRT = 10d), the equations were solved

for the Q*os to correct it afterwards. The solids control operations were done three

times a week.
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4"8.2"2 pF{ CONT'R.Oí

Since one of the objectives of this study was to demonstrate the feasibiliry of

Pre-Den process to alleviate the expected problems with pH decrease due to H+

production and alkalinity decrease in the process of nitrification, pH in the Pre-Den

Trains A and C was recorded, not modified. However, the pH level in the control

nitrifying reactor RIII was manually maintained at 6.6.

4.0.2.3 ÐO CONTROT,

To assess the feasibility of attaining pre-denitrification under conditions of

high oxygen levels in the aeration tank and of high DO in the refurn liquid streams

(RNO3) fed to the Pre-Den reactor, we tested alternative conditions for the Pre-Den

process by decreasing the RNO3 in the last two operational periods as shown in

Tables 4.I, 4.2, and 4.3. Since the flow of pure oxygen was adjusted to maintain a

DO level of 4 mglL as the lowest level in the ML of RII, RIII, and RV, no

limitation of the nitrification process due to DO concentration and reactor mixing

intensitywas expected. However, limitation of the denitrification process could occur

as oxygen respiration prevails when oxygen and nitrate are present.

4.X. Ð^ATI-Y TPERAT'TON AT{D S.AMPLXNG PR.OGR,AM

At the start of the investigatioq the pilot treatment Trains were monitored

and sampled once a day, 7 days a week (except for the first week when it was

measured 6 days a week). The on-site daily monitoring included temperature, DO,
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pH, and influent, effluent, recycle, and WAS flow rates. Other parameters analyzed

daily on the raw wastewater (RA'W or PE) and on the effluent samples such as

soluble organic carbon (SOC), nitrogen species and phosphorous were performed in

the laboratory of the U of M. The samples were preserved and stored in accordance

with recommendations of the Standard Methods for the Examination of Water and

Wastewater, 1989 (APHA or Standard Methods). PE suspended solid (PESS), PE

volatile suspended solid (PEVSS), MLSS, MLVSS, ESS, EVSS concentrations, and

SVI were determined several times a week, sometimes at the NEWPCC and

sometimes at the University laboratory.

When complete nitrificationwas achieved for more than ten consecutive days,

some of the chemical and biological parameters were monitored according to Table

4.7, which is a summary of the sampling program and analyses performed. The on-

site daity monitoring was maintained throughout the experiment. Biologicai oxygen

demand (BOD'), and alkalinitywere tested on the rawwastewater sampie and on the

effluent samples from day 19. At the beginning both analyses were performed once

a week; however, alkalinity started to be tested three times a week on day 75. On

day 22, SOC, nitrogen species, and phosphorous, were also tested in samples of

influent to Pre-Den reactors and in effluent from these reactors three times a week

in accordance with the schedule of Table 4.7. RAS suspended solid and volatile

suspended solid concentrations as well as those of WAS were also determined on

that date.

Measurements of oxidation-reduction potential (ORP) were started almost at
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Farameters Sun Mon Tues Wed Thu Fri Sat

SS & VSS' + x + X + X +

SVI"' + x x x +

MO"" + X + x + X +

SOC x x X

TKN X X x

NH3-N X x X

NO,.-N X x x

PO4-P + + +

BODs. x

Alk. + X +

OUR-' + +

ORP-" + + + + + + +

T'able 4.7: Sarnpling and analysis schedule.

x: sampling schedule throughout whole experiment.
+: sampling schedule during the first, second, and I or third operational period.
n: anaiyses performed on the same day of sampling.
oo: analyses performed at NEWPCC on the same day of sampling.

the end of the second period on day 72. Initially, the measurements were done on

grab samples and on reactor, once a day. After that, the ORPs were analyzed only

on reactor for long period of time, and finally, they were recorded continuously on
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RI and RIV for several days, and for a couple of days in the oxygen reactors RII and

RV. Towards the end of the study, oxygen uptake rates (OUR) on RII, RIII, and

RV as well as the denitrification rates and SOC rates on the Pre-Den reactors were

assessed in batch experiments.

4.2 ,ANAT,YSES

All samples of PE, influent, and effluent drawn for determination of SOC,

BOD5, phosphorous, and full nitrogen spectrum with the exception of the TKN

samples were vacuum filtered through a 0.45 ¡r,m glass microfibre filter (Whatman

934-AH) to remove particulate matter. Those samples were analyzed in accordance

with the following analytical techniques:

The SOC were measured using a Dohrmann DC-80 Total Organic Carbon

Anaþer equipped with an ultraviolet detector according to technique 5310 C

(Standard Methods, 1989);

The BODr analyses were performed by using the technique described in

Standard Methods under number 5270 B;

The oihophosphate determinations were conducted according to technique

4500-P D of APHA (1989);

The TKN and NH, concentrations were monitored using an Tecator DS 20-

10i5 Digester, Kjeltec Auto Analyzer, and Exhaust System Scrubber following the

revised TKN and NH, analysis. These procedures are based on the standard

methods 4500-Norg, and on the titrimetric method described under technique 4500-
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NH, in APHA (1989);

The oxidized nitrogen (nitrite plus nitrate) was tested according to the

automated cadmium reduction technique 4500-NO3 F using a Technicon Auto

Analyzer II; and

Suspended soiids and volatile suspended solids concentrations were assessed

in accordance with the gravimetric analyses described in the Standard Methods under

number 2540 D and 2540 E, respectively.

pH and temperature of the reactors contents were monitored using a glass

electrode, and a mercury bulb thermometer in accordance with APFIA.

The dissolved o>rygen (DO), oxygen uptake rate (OUR), and spðcific o{ygen

uptake rate (SOUR) were assessed using a probe with an oxygen-sensitive electrode

as specified in Standard Methods (1991).

The microscopic observation (MO) number, a subjective parameter that

enumerates the filament abundance in the floc structure, was performed according

to the examination procedure described in the summary report prepared for U.S.

Environmental Protection Agency (U.S. EPA, 1987). Using a phase contrast or

normal light microscope at 10Ox magnification, the floc is viewed to determine the

MO number (Marstaller, 1992)

The sludge volume index (SVI) was assessed from sludge volume after 30 min

of settling (SV) on ML volumes of 100 mL ( King and Forster, 1990; Marstaller,

1992; and Urbain et al, 1993). As the term SVI has many different meanings

(Randall et al, 1992), it should be noticed that in this study SVI in ml-/grefers to
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the ratio between SV and the dry matter content (MISS) of the sludge. Randall, et

al (1992) presented a brief and excellent argument about the need to standardize the

SVI procedure. Lee et ai (1983) and Koopman and Cadee, (1983) discuss further

this important parameter, but a detailed discussion of their work is beyond the scope

of this study.

The ORP was monitored using a platinum combination electrode

manufactured by Fisher Scientific. The metallic electrodes were calibrated in

accordance with the proposed technique 2580 of APHA (1991).

4.3 NEWPCC'S PRTMARY EFF''[,{JENT: Raw wastewater fed to ttre pitot ptrant

The process operation, control, and performance of the treatment Trains

investigated were dependent upon the fluctuations of the composition, concentration,

and stream flows entering and leaving the reactors. As mentioned previously, the use

of peristaltic pumps and equal izatitontank prevented the raw wastewater flow rate

(Q*o*) variations, so that a nearly constant Q** was achieved in every one of the

treatment trains as shown in Tables 4.4, 4.5, and 4.6. However, the constituent

concentration dampings were not accomplished due to failure of the equalization

tank. Therefore, the pilot piant's raw wastewater composition and concentration

variations reflected the dynamic fluctuations of NEWPCC's PE in the real field.

A summary of the statistical characteristics for PE is provided in Tabie 4.8,

and 4.9. The statistical analyses were determined using the procedure illustrated by

Metcalf and Eddy (1990) and using the sample-statistic functions of Quatro Pro 3.0
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T'abtre 4.8: Raw wastewaten characteristics

$: All the nitrogen species are expressed as mgN/L, and alkalinity (Alk.) as

mgCaCOrlL.

which were used in all statistical analyses (ie.: Tables 4.4,4.5, and 4.6). Figures 4.5,

and 4.6 are closed examples of probability graphs plotted for the constituents of PE

in each operationat period to determine the median value of 36 observations in the

first period, 15 observations in the second period, and 16 observations in the last one.

BOD values are the result of 5 observations in each of the three periods. Alkaiinity

data are average values of 5 observations in the first period, seven in the second

period, and 16 in the last one. The complete data for NH.-N, TKN, SOC, and the
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First period Second period Third period

Median Range Median Range Median Range

NH3-N 20 7-38 22 9-39 23 Lr-39

T'KN 32 r1-63 32 t5-54 32 18-54

T'¡{ 32 1,1,-63 32 15-54 32 18-54

SOC 63 24-112 76 50-100 t8 49-1,10

tsoÐs 93 90-100 92 50-120 122 120-130

A.IK 260 210-310 229 190-280 264 120-340
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relationships between organic carbon and total nitrogen (C/N) can be found in

Tables A.7, A.8, and 4.9, in appendix A. A correlation factor between BOD, and

SOC was derived from BOD, and SoC analyses of the PE. Th" .orr"lation

coefficients found were L.3L, 1.18, and 1..42 for the first, second, and third period,

respectively. The value of C/N based on BOD, \Mas then obtained, and is reported

in Table 4.9.

T'able 4.9: C/N, pF{, and temperature of NEWtrCC'S PÐ (PE)

The low value of C/N was thought to be potentially significant in both

processes: nitrification and denitrification since low concentration of carbonaceous

organic matter enables the growth of nitrifying bacteria, (Hutton and I-a Rocca, 1.975;

Metcalf and Eddy, 1990). On the other hand, low concentrations of carbonaceous

F''irst period Second period Third period

Mean Range Mean R.ange Mean R.ange

C/N

SOC

2.00

1.13 -

3.45 2.62

1.37 -

5.89 2.1,8

1.65 -

2.56

ßûD

2.62

1.48 -

4.5 3.07

1,.62 -

6.95 3.09

2.34 -

3.64

pF{ NA 7-7.9 NA 7-7.6 NA 7.2-7.7

Temp."C NA 15-19 NA 17-21 NA 16-22



organic matter hinders the denitrification rate. Randall et aI (1992) stated that for

successful biological nitrogen removal, the in-fluent BOD'/N ratio should be welt

above 4.0 to ensure that there is sufficient oxygen demand from the carbonaceous

material to utilize the nitrate produced.

The stoichiometric requirement for carbon in denitrification is related to the

quantity of nitrates to be reduced with the use of the sequestered electrons from the

organic carbon present in raw wastewater (in this study PE). Using the analogy for

methanol-supported denitrification in the two-sludge system the need, for the energy

(catabolic), and cell synthesis (anabolic), is given by equation 3.6 which shows a

minimum requirement of 0.93 gram of organic carbon, and 0.24 gra-'of inorganic

carbon for one gram of nitrate-nitrogen removed.

The endogenous respiration-reaction (equation 3.7) also shows that for one

gram of NO,-N reduced 0.93 gram of organis C is required. It could be assumed

therefore that 0.93 gSOC/gNOr-N is the minimum requirement of organic carbon.

Tables 8.1 and 8.2 (in appendix B) prove that SOC/NO3-N values in infiuent to RI

and RIV, Pre-Den reactors, were above of the stoichiometric C/N based on SOC and

nitrate but several times they were below of BOD'/N suggested by Randall et al.

(reez).

The mass ioadings entering the treatment Trains in all three periods are

summarized in table 4.10. They were determined based on the median value

concentrations of specific constituents and the mean Q** values reported in Tables

4.4, 4.5, and 4.6 since Qp,qv/ was nearly constant. The flow-weighted average
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suggested by Metcalf and Eddy (1990) was used to determine'the organic mass

loading expressed in gBODr/gVSS.d to determine the sludge production afterwards,

the average of BOD' mass loading was compared to the flow-weighted average. It

was found that the former average was 8%o, and ZVa higher than the flow-weighted

values in the first and second period, respectively, and no difference between both

averages was found in the third operational period which validates the values

reported in Table 4.10.

Table 4.10: Mass loading to the Filot T'reatment Flant

Mass

loading

s/d

First period Second period fitird period

.A B ,A B C
^A

B C

TT{ 1,.77 3.46 1.80 3.44 3.49 i.80 3.46 3.47

SOC 3.48 6.80 4.27 8.16 8.28 4.40 8.44 8.45

tsoDs 5.1,4 10.04 5.17 9.88 10.03 6.88 13.20 13.21
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CX{APTEK 5: PRtCÐss PÐRg'tK&rÅNCE, REsqjg,g's, ANÐ

Ðrscus$xrru

The following discussion intends to describe the process performance, and to

present a summary of the experimentai results and findings on which the stated

conclusions are based. Atl of the original experimental data could not be attached

because of space constraints; however, the most important to the discussion are

contained in appendices A, B, C, and in the previous chapter.

5.0 PR.OCESS PER.F'ORMANCE

Effluent quality, process efficiency, and ML characteristics will be used to

illustrate the performance of the process in att three treatment Trains. Tabies 5.1

through 5.3 present a summary of the composition and concentration of final

effluents (8f.4 Ef.B, and Ef.c, for Trains A B, and c, respectively). Effluent

BODs, SOC, NHr, TKN, and alkalinity exhibited normal distribution, while NOr, and

total nitrogen (TN) fitted to a log-normal distribution. Figures 5.1 and 5.2 are

examples of probability plots of the experimental results obtained in this experiment.

Tables 8.1 through 8.9 report the effiuent concentrations as well as the removal

efficiencies measured in this study. Figure 5.3 shows a histograph of the performance

of all three Trains. The TN entering the pilot planr was composed by organic

nitrogen (No,s) and NH3-N; their percentage in pE was variable. NH3-N ranged

from 45Vo to 85Vo of TI(N. The high variations were caused by the wet summer with

relatively low temperatures.



T'able 5.1: Quality of the Fredenitrified efTtruent fnom Train ,e @f.,{).

Table 5.2: Quality of the Nitriflred EfÏIuent from Ttain B. (Ef.B).

mg/Y,r

First Feniod Second Feriod Thirè-Feriod

M Range M R.ange M R.ange

N03-N 1.6 5-25 13 6-29 12 5-25

TK¡{ 5 2-1,5 2 1-5 2-6

TN 21 12-36 T6 8-34 18 9-28

SOC 20 1.4-29 22 1.8-26 20 1l-26

tsoÐs J 2-5 1-5 5 3-6

Atk. 110 80-180 110 90-150 1,40 100-200

pF{ NA 7.2-8.1 NA 7.3-7.9 NA 7.5-7.9

mg/Ll
First Feriod Second Feriod Third Feriod

M R.ange M R.ange M Range

NO3-l{ 20 7-40 25 13-39 25 L5-39

TKN À.l 2-1,5 2 1,-6 3 2-5

TN 25 6-52 28 15-45 31. 18-43

SOC 2T 1l-27 22 L9-25 22 75-28

tsoDs 3-7 3 3-5 /l.1 3-10

Atk. 70 50-110 70 60-100 90 40-r60

pF{ NA 6.9-7.8 NA 6.8-7.8 NA 6.8-7.6
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T'able 5.3: Quality of Éhe Fredeniûriflied efTluent from Train a. (Ef.c).

mg/\,r
Finst Feriod Second period

M R.ange M R.ange

NO3-N 1.4 3-29 12 9-24

TKN 3 1,-6 J 2-4

TN 16 9-34 18 1.1.-27

soc 23 19-27 27 1,6-27

EtDs 4 2-7 5 3-7

,alk 100 80-140 130 80-220

pF{ NA 7.1,-7.8 NA 7.3-7.8

1: Al1 chemical parameters with the exception of pH are expressed in mg/! the
nitrogen species as mgN/L, and alkaliniry (Alk.) as mgCacqlL. M is the median
value determined for that period.

The initiai increase in ammonia in Trains A and B ( seeded with non-nitrified

ML) was probably caused by a combination of a predominance of organic nitrogen

hydrolysation over NHr oxidation and a biologicat time iag during which a shift of

microbial populations must have occurred due to longer sludge age (low food to

microorganisms). This period of acclimatization for both Trains was ten days, after

which the decrease of the ammonia nitrogen content produced in the effluents by

ammonia oxidation to nitrate was substantial. This decrease in NH, coincided with

a drop in effluent pH (Figures 5.21., and 5.24). In Train C, the biological time lag
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was as short as two days for nitrification because it was seeded with WAS from the

other Trains which must already have had a good population of nitrifiers, and, to

some extent denitrifiers. As Figures 5.3, 5.4, 5.5, and 5.6 show, a high level of

treatment was achieved in terms of TKN, NH3, SOC but not TN removal. A low TN

efficiency in Train B was expected since it was the nitrifying Train where nitrogen

conversion mainly took place, and nitrogen removal wouid have occurred by

microbial assimilation in the excess biomass produced (72Vo normal presence of

nitrogen in the live cell Eckenfelder et â1, 1976) and, to some extent, by

denitrification in the clarifier (r57o according to Randall et al, rggz).

5.0.1. EFF'XCIENCY OF' PNI,OT TRE,ETMENT T"RAINS

Overall removal efficiencies were calculated taking into account the simplified

mass baiance which results in the fotlowing general expression

g= s**-s"/ 
n r*s**

[s.1]

where

E = overall removal efficienry of substrate (S), %

S*o* = initial concentration of S, mg/L

Se¡ = substrate-effluent concentration, mg/L

The overall nitrification and denitrification efficiencies are discussed next

because of their importance in this chapter.
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5.0.N.X. NTT'R.TF'{C.&T'NON EF'F.NCTENCV

Ammonia temoval, an indicator of bíological nitrification, not onJy includes

NH3-N conversion to NOr, but also nitrogen incorporation into biomass during both

anabolic and catabolic cell needs. In addition, organic nitrogen (No,J and NH,-N

realize during decay are considered. An example of the nitrogen mass balance

considered is given in Figure 5.7 which was adapted from Oleszkiewi cz and.Berquist

(1988). The No,. contained in the raw wastewater was mainly hydrolysed to NH.

increasing the ammonia entering the pilot treatment plant that needed to be

oxidized. On the other hand, ammonia is a product of a biological process itseif so

that the initial concentration of NH, equal to TKN in the raw wastewater minus \,,
in the effluent was considered such that equation 5.1for ammonia removal efficiency

(NH3R) becomes

NH,R - 
w n'qw - N o,err- NH zrf * tao' Trcrl^w-Norgz¡

where

TKNRA*, = TKN in raw wastewater, mgN/L

Norger = Norg in effluent equal to TKN', - NHrup mgN/L

TKNE' = TKN in effluent, mgN/L

NHru, = NHs in effiuent, mgN/L

If organic nitrogen is replaced in equation 5.2, the foilowing expression results

Is.2]
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Nr\R=
TKldRAw-wr¡

x1@ Is.3]
TKNRAW-TKN*+NHru,

Nitrification efficienry could also be defined based on TKN removal efficienry

(TKNR); however, when complete nitrification (as was obtained in this experiment)

is attained, NH3R is underestimated because TKN includes both the biodegradable

and the non-biodegradable nitrogenous organic fractions. Hence, TKNR is a better

indicator of No* removal.

5,0.1.2 ÐE¡{ITR.trF'IC,{TION EFF'NCTENCY

Biologicat denitrification efficiency can be determined based on the compound

that removes (nitrate) only or considering both the nitrate removed and the non-

biodegradable fraction of No,, through TN removed. Since the goal of denitrification

in wastewater treatment is to reduce nitrogen content, TN removal efficiency (fi\fn)

appears to be more representative than nitrate removal efficiency (NO3R). On the

other hand, it should be noted that a high NO,R does not always mean a high TNR.

Nitrate conversion to N, is a multiple step reaction, and nitrogen removal through

it is accomplished only when NOr- is reduced either to gaseous nitrogen-oxides(NO

and Nro) or Nr. Nevertheless, NorR was also determined because of TNR

dependence on nitrate fed to the anoxic reactor. If both complete nitrification and

complete denitrification occur, the nitrate in the effluent of the nitrifying reactor can

be obtained from a mass balance around the Pre-Den reactor (Randall et al, 1,992)
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¡f,*8=ff,*(Q*r*Q¡¡¿¿r*Q) t5'41

where

Nn = nitrogen that will be denitrified in the Pre-Den reactor, in our case is

K**, mgN/L

N, = nitrate in effluent, NOrur, mgN/L

Q*r : rrQ

rr = RAS rerycle ratio

Q*o, = fzQ 
i-

rz = RNO, recycle ratio

Solving for NOrur, and considering rr * 12 = r, the equation 5.3 becomes

Nqrr=ry [s's]

Therefore, equation 5.L can be rewritten for nitrate as:

¡{orn=* u t* ts"6l

Considering the No,gEr that is not hydrolyzed, and according to the simplified mass

balance in Figure 5.7, the nitrogen that must be oxidized is given by TKN*^* minus

No,gEr. The following expression was therefore used to calculate the experimental

or measured NO,-N:
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The theoretical TNR was derived making the same assumptions as those made

for NO'R, and considering that: 1) TNE' = TKNB, + NO3E', 2) TNRA* = TKNRA'¡,

and 3)

TNR = 
Tffi ** - w rr- Nor"r 

* r*

No"R - 
Tffil **- TKN 

"¡o 
NHr"t- NOr"¡ 

u 16g" TKNRA,¡-TKN,+NH,*¡

(1-#) *Tn{n+w-wu¡

w*o
which represents the observed TNR. If equation 5.5 replaces NO3p¡, the calculated

TNR can be determined by

***v-rKNEÍ

4E orKM* *+TKN",

ts.7l

ts.8l

[s.10]

Is.e]
Zly'R = x 100

TKNRAW

Equation 5.9 shows the relationship between the TNR and the overall reryc1e

ratio, and it was validated by plotting TNR versus (TKNET/TKNna*)* 100; i.e. Figures

5.8 and 5.9 (The other periods are attached in appendix B). From this equation, r can

be determined as a function of TKN concentrations in the raw wastewater and in the

finai effluent. solving it for r, the following equation is obtained

T-

60



Equation 5.10 differs from that used to determine the parameters reported in

Tables 4.1', 4.2, and 4.3. As was mentioned in chapter 4, r was determined by using

the equatíon given by Metcalf and Eddy (1990), which is

,=NHr**-NHr"f -,
NOsB¡

[s.11]

In both equations, complete denitrification in the anoxic stage was assumed

and neglected the nitrogen assimiiation. The r must thus become equal to 2.2 for a

wastewater similar to NEWPCC's PE with 25 mgNHr-N/! 36mgN /L or TKN, and

assuming 907o ofnitrification and 7 mgNOr-N /Linthe effluent using equation 5.11.

However, r is 9 if equation 5.10, based on TKN, is apptied for 80To of TNR

(0.8*36+3.6 / 0.2*36-3.6). Hence, r was calculated for each operationai period using

equation 5.L0. It was found that r should have ranged f¡om 29 to 4.6 for 80% of

TNR, and from 6.5 to 2.9 for 70Vo of. TNR for the first period in which the PE was

the weakest and exhibited high variabitity in its composition. This finding shows that

the characteristics and wide range of substrate concentrations of PE were dictated

higher r than those applied to our systems if we wanted TNR about 60 to B0%. It

should be mentioned that r greater than 9 is out of consideration from an economic

point of view due to pumping costs. Brannan and Randall (i989) stated that the

operation of a MLE system at RNO3 ratio (rr) higher than about 2 to 3 appears to

be economically unwarranted unless effluent limitations justiff.

Another insight into the denitrification efficienry dependence on TKN is
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presented in Figures 5.8 and 5.9 which correlates the measured and calculated TN-R

with TKN concentrations for the constant r reported in the previous chapter. A

measured TNR greater than 1,0 mgN/L from the calculated TNR o..*r.d several

times on days when SOCRA* was higher than 75 mg/L. On the other hand, the

measured TNR lower than the calculated TNR were obtained for SOCRA* below of

65 mg/L such as in the case of measured TNR of 20% and,237o on days 54 and 59

(Fig.5.8 and Tables 8.5 and B.9).

The lowest TNR of Train C on day 112 (Fig.5.6) was caused by a failure of

the mixing system of RIV for more than six hours so that this value was not

considered either in the statistical analyses or in Figure 5.9. No lineai correlation

was found between TNR and SOC/TKN in the PE, a moderate linear correlation

(squared error, R2, ranging from 0.4 to 0.55) between TNR and rKN** and

SOCRA,¡/ in the second and third period in Pre-Den Train d and for the other Pre-

Den Train, the correlation was similar to that of Train A for SOCRA* but not for

TKNRAy whose correlation was moderate in the third period only. The fact that the

R2 for the correlation between TNR and SOC/TKN in PE ranged from 0.00 to 0.09

can be explained by the high TKN*, content which coincided with the high

SOCp,{y most of the time, except on days 13,56,and 87, As Figures 5.8 and 5.9 as

well as Table 5.4 show, the median TNRs attained in the pilot treatment Trains were

in the expected range (calculated range).

The low TNR obtained could thus be caused by the constant and low r

applied to our systems, and by the wide range in substrate concentrations. Moreover,
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in periods of low nitrogen concentrations (Fig. 5.8 and 5.9) that require higher r to

achieve the desired TKN and NOr-N effluent concentrations and to maintain a steady

TNR. Those effects do not exclude some inhibition of denitrification which is

understood as a decrease in the rate of NO, oxidation due to external and internal

reasons such as iow C/N ratio, lack of optimization of the RAS concentration, or

NHr accumulation by dissimilatory NO3-NH3 that depends on the nature of the

carbon substrate present in the medium (Akunna et al, 1.993).

As Figures 5.4 and 5.6 show, and considering Tables 4.1 through 4.6, an

overall recycle ratio, r, less than L appears to be inappropriate for Train A since the

medium value of TNR dropped from 53Vo to 43%when r was ,"du."i from 1.5 to

0.9. The criticai r for Train C seems to be 1..5. Those rs (0.9 in Train A and 1.5

Train C) meant RNO3 ratios, rr, of 0.5 and 0.7. Others (Brannan, and Randall, 1989)

have suggested that a r, of 0 to L provides adequate TNR (60Vo to 80Vo) and o4ygen

requirement savings minimizing costs associated with RNO, flows. Argaman and

Bremer (1986) have found that the minimum attainable effluent nitrate is inversely

proportional to the overall recycle ratio ;however, they also observed that effluent

nitrate did not aiways decreased with r due to poor denitrification kinetics associated

with low chemical oxygen demand. The later authors operated four pre-

denitrification units at r between 14.9 and 2.9.

The different rs found for Trains A and C may be explained by the different

anoxic HRT at which these Trains were operated. Those differences may thus imply

that lower HRT needs higher r to achieve the same TNR. However, further

64



investigations, in which equation 5.10 should be applied, are requiied to confirm that

inverse relationship between HRT and r. The iow TNR obtained in the first period

in Train A as well as the low TNR in Train C could be explained by the short time

of operation and lack of steady state in terms of TNR, specially, if we consider that

the Virginia Initiative Plant (VIP) pilot study has required ¡wo months to reach

TNRs averaged approximately 70% (Brannan and Randall, 1989).

Table 5.4: Comparison of the expected and rneasured TN R.emovals in Fre-Den

Trains.

The TNR in the nitrifying Train B was highly variable (Fig.5.5) with a medium

value of.9Va, 1'5% and L4Vo for the first, second and third period, respectively. It

R.ange of the

calculated

Tl.{R,7o

Range of the

measured

TN& 7o

Median

measured

T'l{R, 7o
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should be noticed that, at times, the TNR was higher thanZTVI (value equai to the

sum of TNR by assimilation and T'NR by denitrification in the clarifier). This fact

means that denitrification took place to some extent in RIII (oxygen reactor)

supporting the idea of denitrification occurring in both anoxic and aerobic processes

(Bishop et al, 7918; Daigger et al, 1987).

The high and steady TKNR, BODR, SOCR, and NHrR accomplished in all

treatment trains throughout the experiment (Fig.5.3 to 5.6), prove that the variation

in the raw wastewater organics and ammonia concentrations did not affect these

efficiencies in the conditions under which the experiment was carried out.

Complete nitrification began on day 14 of the pilot study in Trains A and B.

The NHrR was maintained at near 100% level throughout the experiment in these

Trains, with the exception of the two days in Train B and for three days in Train A

(Fig.5.3). In Train C, started latter, there were three days of incomplete NHrR. The

incomplete nitrification on those days is explained by a small aberration in the

quality of the PE and by problems with the o4ygenation system which at times has

provided less than ideal DO (ideal w¿N assumed to be  mg/L) levels in the

nitrification reactors. The 91% NH3R in Train A on day 110 and 607o in Train C

on day 112 (reported in Tables 8.9), were due to the mixing intemrption in the

denitrification reactors which resulted in the decreased MLSS levels in the

subsequent nitrification reactors II and V.

The TKN and SOC removals were incomplete in all Trains because of

incomplete çonversion of the organic nitrogen and organic carbon to NH, and COr,
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respectively, as well as the presence of the organics in the final effluent solids. Since

all ammonia was removed in all Trains there was no blocking of the nitrification

process. However, as complete organic degradation appears to be impossible in a

biological process, the complete removal of ammonia in all Trains meant that there

was room for optimization of the system, i.e. a decrease of the HRT or a decrease

of the SSRT, or both. Optimization was not attempted as it was not within the time-

frame of the study.

5.0.2 MIXED n IQIrOR. ,ANÐ tsIOM.{SS CI{ARACT'OR.IST'ICS 
:.

The heterogenous microbial populations cultured in the pilot treatment plant

are exhibited in Figures 5.10 through 5.12, in which microphotographs of typical floc

f¡om ML of each reactors are presented. Since the reactors of Trains A and B were

seeded with sludge from the fuli scale treatment plant, a healthy sludge in which

ciiiates were the predominant microorganisms was observed from the start up of the

pilot plant.

In the RIII, a typical branching stalk of protozoa i.e. Vorticella or Epístyles as

well as small protozoa resembling the genus Aspídiscq Colpodq Euplotes, and

Pleuronema were noticed apparently in the same proportion at first. On d,ay 12, a

substantial shift to colonial stalked citiated protozoa was observed. Nematodes and

roundworms were found on day 7. The presence of rotifers such as Phílodína and

Proales like were observed on day 35. The last microorganism observed in RIII, not

onJy by microscopic observations but also by macroscopic observations of the sludge
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due to its reddish spots, was the flatworm. Actually, the flatworms were observed in

the ML of RV ( nitrification reactor of the Pre-Den Train c) 01 day 68 by

microscopic observation; however, we thought that they must have been in the ML

of the RV since or before day 65 when a smail reddísh aura was observed at the

upper layer of the sludge blanket in the clarifier of Train C. The flatworm observed

in Figure 5.72.I resembles anAelosomø sp. which was described by Fox et al (1981)

as having burnt orange spots over its surface.

The ML of RII (Pre-Den Train A) differed from ML-RIII in that the big

branches of stalked ciliates, as those shown in Figures 5.10 and 5.LL were not

observed untit day 12. This fact, as well as the later shift of the smalt prot ozoa to

the bigger ones in the reactors of Train d must have been caused by the anoxic

stage at which the populations of microorganisms of NEWPCC's activated siudge

needed to acclimate. The nematodes in Train A were found first in the anoxic

reactor I (day 12) and later on day 51 in rhe orygen RIL

The population observed in the ML from the third nitrification reactor RV

(Fig.5.10.II) were as heterogeneous as the others, and only differed from RII in the

greater abundance of coloniai staiked ciliated protozoa due to higher mass loading

(see Table 4.10). The effect of higher mass loadings was also observed in the anoxic

reactors RI (Train A) and RIV (Train C). Figure 5.11 compares the activated sludge

of both these reactors. As observed in this Figure, branching stalked ciliates in RIV,

which received a double mass loading, were more voluminous than that in RI shown

at the upper microphotograph of Figure 5.11. It should be mentioned that the shift
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of small protozoa to bigger ones was not observed in RI until day 59. fne flatworms

were found on day 93 on both the reactors of Train A.

The microphotograph of RIV in Figure 5.12.II was chosen to show the

presence of rotifers in the anoxic stage, although they are expected in ML with long

aeration HRTs or with SRTs longer than 10 days according to MOP 11 Task Force

(WPCF, 1990). The MI-s of Pre-Den Train C seeded with WAS from the other

Trains appeared to compris e a great abundance of colonial stalked ciliated protozoa

and rotifers. The fact that the pilot plant WAS was used as seed to initiate Train C

ML comprised always a healthy biomass, allowed to shorten the acclimatization
:.

period in Train C.

In general, the pilot plant produced a weli-flocculated ML in which a

heterogenous microbiological community was cultivated. The high removal of

organic matter suggests the presence of heterotrophic and autotrophic bacteria that

play a significant role consuming the organic matter in wastewater.

5.0.2.1. SÐ: TI,NNG CE{AR,{CTERXST'XCS ^ANÐ SL{JDGE,A.GE

The SVI and SRT histographs of both Pre-Den trains (Fig. 5.13 through 5.16)

showed that the fluctuations of SVI and SRT in Trains A and C were lower than

those observed in the nitrifying Train B (Fig.S.17). In the first period, as reported

in Tables 4.4 and 4.5, the mean SW of the nitrifying train B (Table 4.4) was 2I7

mI-/gwith a sample standard dèviation (SD) of 82, while the mean SW for RII (Pre-

Den train A) was 136 mI-/g with a SD of 54. Initially, it was thought that the lower

SVI fluctuations in the Pre-Den process was produced by the anoxic zone ahead of
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the oxygen reactor. The fact that SW in the nitrifying and Pré-Den systems was

lower than that reported by Randall et al (1992) was explained by the use of pure

oxygen instead of air according to the findings reported elsewhere(Chapman et al,

1976; Nelson and Puntenney, 1983). However, comparing equations 4.1. to 4.2, it can

be noticed that there is one other difference besides Vo*, and use of oxygen. This

difference is in the SSRT calculation. The SVI fluctuations decreased substantially

in the last two periods when the WAS control was based on equations 4.5 and 4.6;

furthermore, the SVI in both reactors of train C was practically constant after day 35.

The value of 80 ^L/g in RIV was measured on a day when the DO was well high

L0.8 mg/L, thus the RNO, may have affected the denitriSring reactor RIV. On the

same day, the nitrate removal in RIV decreased from 1.007o to 57Vo and the total

nitrogen removal from 487o to 29Vo. The mean SVI value for RV was 65 and 53

nrl-lg for the second and third period respectively. Table 4.6 summarizes the SVI,

SRT, and SSRT; the complete sample of data used to make the histographs is

enclosed in appendix A.

In Pre-Den Train,4 the SVI variation was slightly higher than that observed

in Train C, mainly in the third period. The higher SVI fluctuation in that operational

period is explained by the reduction of RAS from 0.8 to 0.4 (see Table 4.2 and 4.3),

and by the change of the unified reactor RII in order to improve the VSS

concentration in RAS. On day 61., the clarifier of train A was completely separated

from RII by instaliing a circular final clarifier and installing a pumped recycle from

the hopper. The clarifier worked well for a week and then developed problems in
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the thickening zone, resulting in a recycle concentration which reinained as weak as

it had been before the modification. The inabiiiry to properly concentrate sludge is

a typical shortcoming of the small scale pilot studies (Oleszkiewicz and Caponetto,

reez).

The MO varied from 3 to 4 in the five first days and dropped to 0-2,

afterwards; however, the SVIs in those five first days were 80 and 90 mL/g as Figure

5.13 and Tables 4.1 and A.2repofi proving that no bulking episodes were developed

due either to filamentous or non-filamentous growth. On the other hand, the small

growth of filamentous bacteria supports the idea that the high SVIs measured at the

start up of the experiment was associated with the type of WAS .orrrrol applied at

the beginning of the first operational period. At this point, it should be also

mentioned that high EVSS (higher than about L0 to 15 mg/L) was reiated to

episodes of rising siudge due to high NO,-N concentrations and lack of squeegees in

the thickening zone of the clarifier. The former cause was solved by increasing RAS

from 0.6 to 1.L in Trains B and C at the end of the first period, and the latter by

simulating manually the functions of the squeegees twice a day from day 72 in the

three clarifiers.

Figures 5.18, 5.19, and 5.20 show a decreased fluctuation of SRT as well as

of MLVSS. This appeared to be in contrast to the work of Christodoulatos and

Vaccari, (L993) which suggested that the MLVSS variability increased when mean

celi residence time (SRT) was controlled, and controlling MLVSS increased the

variability in SRT.
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5.8.2.2 MIffi,Ð X,IQ{JOR. ÐO COÌ{CENTR&TIO}d

The DO Ml-concentrations were measured more than twice I duy in all

reactors throughout the experiment. Table 5.5 summarizes the ranges of

temperature, Do, and pH in each reactor. Although the Do value or 4 mgfL was

not always reached in RIII and RV, the NH, removal was 1.00Vo. That value was

chosen based on the findings of Stenstrom and Song (1992) in their investigation of

the effects of oxygen transport limitation on nitrification using soluble substrate in

the ASP. It should be mentioned that higher values of DO measured in the reactors

were usually eariy in the morning, and the lower values were registered in the

afternoon due to higher organic oxygen demand at of the NEWPCC's-PE.

Table 5.5: R.ange of the environmental parameters for the three Trains.

The higher RNO, applied (to analyze the effect of DO) in Train A during the

second period did not affect the capacity of Pre-Den reactor RI to denitrifrT as the

TNR in this Train was higher in the second (53 Vo) than the TNR of 43 Vo in the



third operational period. However, the start up of the deni.t¡ification process

appeared to be hindered by the high RNO, since the lowest TNR for Train A was

achieved in the first period when the RNO, was the highesr (1.5ORA*). The slight

difference of TNR for Train C between that achieved in the second and that TNR

achieved in the third period may also indicate that the start up of denitrification was

affected by the DO concentration in RNOr, so that it could be concluded that the

start up of Pre-Den processes should have been done at very low RNO3 (if none) or

at a variable RNO, based on equation 5.10. Hence, to confirm these facts further

research should be performed.

:

5.1 EFFECT OF pH CONTR.OI, ON THE PROCESS

According to Sedlak, (1991) the effect of pH on nitrification rate is negligible

in the range of pH 7 .0 to 8.0 which is that of municipal wastewater. However, Sedlak

points out that it is essential that there be sufficient atkalinity in the wastewater to

react with the acid produced by nitrification or else alterations in pH might have an

adverse effect on nitrification. Furthermore, if the CO, is not stripped from the

liquid, as can occur in high purity oxygen systems, the alkalinity may have to be as

much as 10 times greater than the amount of ammonia nitrified (Sedlak, i991).

Nitrification can be impaired if the pH drop is too great and chemical addition may

be required to maintain pH levels (Brannan and Randall, 1987).

Several researchers agree that pH should be maintained within a range

acceptable for nitrifying microorganisms (Anthonisen et al, 1916; Braunscheidei and
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Gyger, 1976; Verstraete et aL,7976; Kholdebarin and Ortli, 1977; Reinhart, 1979;

Scearce, 1980; Bran¡an and Randall, 19871, Metcalf and Eddy, 1990; Sedlak, t99r;

Judkins and A¡derson, 1,992). However, the range of pH established by them is

different which reflects the versatility of biologicai nitrification that takes place in

conditions of variable pH. Differences among the optimal pH ranges are also

reported in denitrification. Gaudy & Gaudy (1980) reported an optimal range of 7

to 7.5. Benefield and Randall (i980) mentioned 6.5 to 7.5 as suggested by Metcalf

and Eddy (1973). pH range between 6.5 and 7 is reported as design parameters for

a two-stage nitrification in Metcalf and Eddy (i991). Recently, Cook et al (1993)

investigated the effect of pH on the denitrification of a high-nitrate wastewater using

sequencing batch reactors (SBR). They obtained the most efficient and stable rate

of denitrification when SBR pH was maintained between 7.4 and 8.0 with HCl.

The fact that pH not onJy affects the chemical reactions but also the microbial

growth, can explain the variabitity of the optimal pH range reported either in

biological nitrification or in biological denitrification processes.

pH affects the state of the chemical species, and determines the direction of

chemical reactions associated with the formation, alteration, and dissolution of

minerals in an aqueous system ( Stumm and Morgan, 1,98L; Benefield, et al. 1982).

On the other hand, biological activities such as respiration and decay, and physical

processes such as aeration and stripping influence pH by their abiiity to decrease or

increase the carbon dioxide concentration. Other biochemical reactions such as

oxidation of ammonia, reduction of suiphate and nitrate vary the hydrogen ion
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concentration. These biochemical reactions may also decrease of increase alkalinity

changing the buffering capacity of the system. Hence, as stated by Okey (i978) for

waste generation, waste conveyance, or storage systems, that the presence of buffer

systems is often an incidental property of a system, could be also stated for an

activated sludge process (ASP).

Due to these reasons and due to the relationships among pH, alkalinity,

acidity, and carbon dioxide, the increase or decrease of pH can be expected to

depend to a great extent on the particular wastewater and the treatment system

under investigation. We decided to maintain the pH above 6.6 in the nitrifying

reactor (reference RIII, or Train B) by the manual addition of 10 to 40 mL of 1 M

sodium carbonate to the ML of RIII on severai occasions: ten times during the

duration of the experiment (eight times in the second operational period and two

times in the third one) as Figure 5.21 shows. The pH patterns of these Trains are

shown in fÏgure 5.22 and 5.23. Figure 5.24 ts a comparison of the pH in all final

effluents.

An atypical ML-pH pattern was observed in Pre-Den Train A (Fig.s.zz).

Although autotrophic denitrification produces H+ (Batchelor and l-awrence, I97B),

we expected that the pFI of the denitrified ML would be higher than that of the

nitrified ML as occurred in Train C (Fig.5.23) since nitrification itself decreases the

pH of the medium due to production of H*, and denitrification increases pll due to

production of OH-. However, the pH in RI (Anoxic reactor) was lower than that of

the nitrification reactor RII. This atypical pattern can be explained if a fast
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consumption of COrby an autotrophic population in RII had taken place and raised

the pH of the ML RII. Consequently, a greater production of biomass should have

occurred in RII than in RV. This possibility is supported by the greater observable

yield (Y"0,), i.e. 1'.6 g/g.d in Train A and 0.6 g/g.d in Train c, obtained in Train A

which was operated at double HRT which must have allowed a higher growth of

autotrophic bacteria (Fig.6. 13).

The effect of increasing pH due to CO, assimilation also depends on the

initial alkalinity in the system (Manahan, 1984). The higher pH in RII coincided

with lower alkalinity consumption in Train A and indicates that the inorganic carbon

consumed by autotrophic microorganisms was CO, dissolved in the ML rather than

HCO3-. This finding could be of great relevance for wastewater treatment plants

which like NEWPCC operate high purity-orygen activated sludge systems, as their

main disadvantage for nitrification is the accumulation of CO, in its covered-head

_-
space. Hence, the addition of an anoxic tank prior to the oxygen reactor would

produce not only an increase of the buffer capacity of the ML entering the oxygen

reactor but also a decrease of the depressing effect on ML pH caused by CO,

accumulation in the reactor head-space. Higher pH levels in the nitrified-Ml than

in the denitrified-Ml have not, to our knowledge, been reported in the published

literature.

Barth and Ryan (1978) reported a slightly higher pH in the nirrified effluent

than in the denitrified effluent by large media denitrification towers with addition of

methyl alcohol in the period of November, 1974. Brannan and Randall (1937)
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reported 7.5 as a typical pF{ of a VIP pilot plant effluent for an'in-fluent pH of 7.3

and 82 mgCaCO3 /L of alkalinity drop. In both these studies, phosphorous was also

removed by chemical precipitation in primary clarifiers in the former study, and by

the addition of an anaerobic stage prior to the anoxic in the VIP pilot plant. Judkins

and Anderson (1992) also reported that the effluent pH level at times, was higher

than infiuent pHs using a pre-denitrification mode in which the anoxic zone took

place in the same basin as the aerobic one. According to these authors, the Moores

Creek Wastewater Treatment Plant in Charlottesville,Va., U.S.A., achieved complete

nitrification throughout the summer and fall of 1987, and 50 Vo of thepH effluent

data reported by themwas lower than the pH influent entering the pre-dðnitrification

zorLq for example an influent pH of 6.7 and an effluent pH of 7.2 with an alkalinity

consumption of 77 mg CaCOr/L on Juiy 19,1987. It should be noticed that the

influent alkalinity at the Moores Creek treatment plant was relativeiy low ranging

from 89 to 140 mgCaCO, lL inJuly, 1987.

Both Pre-Den treatment Trains A and C produced compietely nitrified

effluents with pHs higher than those of the NEWPCC's PE pH most of the time

(Figures 5.22 through 5.24). Figure 5.24 shows that the lowest effluent pH was

always produced by Train B, the nitrifying Train; however, its nitrified effluent pH

was always greater than ML pH (Fig.5.21) proving that denitrification also occurred

in RIII and the clarifier. The alkalinity consumption in the pilot treatment Trains

is further discussed iater in the following chapter.
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In this section, the Pre-Den mode process of the systems operated in the piiot

plant will be compared to the nitrifying mode process apptied in Train B in terms of

sludge production, o{ygen requirement, and alkalinity consumption. The observed

sludge production, oxygen and alkalinity consumptions in the nitrit¡ing Train B were

greater than those observed in the Pre-Den Trains A and C.

6.0 SLUDGE PRODUCT'IO}d

Sludge production (SP) was determined in each of the treatment trains for

each operational period using the equation 6.1 given by Mercalf and Eddy (1991)

Sp=yo^x(s,_Ð oe** t6.ll

where

SP = sludge production, g/d,

Yob,= observable fleld, gVSS/gBOD,

So = Raw wastewater BOD', mglL (glm3),

S = Effluent BOD5, mg/L (g/m3), and

Q** = as defined in chapter 4

The Yoo,s were obtained by using the following equation



w -Q*rMLVSS 
*Q,*EVSS 16.2l'rat-@

where

MLVSS = vss concentrarion, mgfL (g/^t); equal to MLVSS RIII for Train

B, and to mean VSS concentration in the Pre-Den Trains considering

the volume of both reactors.

So, S = as defined previously, and

Qw, QBp EVSS = as defined in chapter 4.

The food to microorganism ratio (F/M) was calculated by the following

equation

FIM = 'so [6'3]
HRT * MLVSS

where

F/M = Food to microorganism, gBOD/gVSS.d,

HRT = hydraulic retention time, d; equal to HRT of oxygen reactor for

Train B, and to the sum of anoxic HRT and o4ygen HRT for the P¡e-

Den Trains, and

MLVSS = as defined in previously.

The mean values of F/M, Yoo' and sP are summarized in Table 6.1 The

histographs of these parameters are enclosed in Appendlx C. The comparisons of
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the values of Yoo, and values of SF in each Trains are depicted'in Figures 6.1 and

6.2, in which a decreasing trend of both Yoo. and SP with time can be observed for

Train B. The decreasing trends of Yoo, and SP during the experiment can be

explained by a better performance of Train B achieved (Fig.5.17 and 5.5) due to the

increase of RAS recycle ratio (rr) from 0.6 to 1..1, and to a better control of SRT in

the last periods. On the other hand, the trend followed by You, and Sp in the pre-

Den Trains were opposite to each other. Yoo, followed an decreasing trend white Sp

followed an increasing pattern which can be related to the decrease of r in the third

period.

The higher You. of a low loaded system, as occurred in our Train A, may

imply an increase of nitrification rate in the system due to fixation of inorganic

carbon in cell synthesis by the autotrophic nitrifying bacteria (Siiverstein and

Schroeder, 1983). The specific nitrification rate (SNR) was calculated, and compared

to Yoo, (Fig.C.21) showing a decreasing trend of SNR with the decrease of yoo,. The

SNR in the Pre-Den trains was higher than in Train B.

The SP in the Pre-Den systems was lower than in the nitrifying Train B

(Fig.6.2 and C.4), and the difference between them is higher when r is high. This

fact may be explained by: 1) high r which implies a longer stay of the biomass in the

system resulting in larger microbial auto-oxidation and leading to lower net yoo' and

2) high r also implies larger fraction of aerobic biomass which is exposed to anoxic

period that may also increase the auto-oxidation with lower Yorr. The iower Sps in

the systems achieving nitrogen removal (Trains A and C) is consistent with those
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reported in the literature. The F/M in each treatment trains was almost constant.

The F/M values were close between each other, as shown in Table 6.1,, and Figures

C.L through C.3.

T'able 6.1: Mean values of F/M, \0., and SF. (Values in brackets are standard

deviations)

6.L SAWNGS ON OXYGEN COI{S{IMPTXON DUE TO PR.E.

ÐENTTR,IFIC.{TION

The anoxic use of carbon in the Pre-Den reactor can be a source of savings

in the o)rygen required for subsequent carbon and nitrogen oxidation. Assuming the

characteristics of the PE of the third operational period (Table 4.9) with mean

concentrations of 34 mgN/L and74 mgSOC/L, and considering that the nitrogenous

oxygen demand is 4.2 mgor/mgN while carbonaceous oxygen demand is 2.7

Train A T'rain E Train C

I II ru I II m II u

F/M

s/e.d

0.11

(0.01)

0.L4

(0.04)

0.16

(0.04)

0.15

(0.03)

0.15

(0.03)

0.19

(0.04)

0.17

(o.os)

0.16

(0.02)

You,

sle.d

1.01

(0.22)

0.82

(0.1e)

0.77

(0.13)

1.18

(0.28)

0.89

(0.1e)

0.59

(0.11)

0.6

(0.1e)

0.52

(0.0s)

SP

s/d

4.5r

(1.32)

3.47

(o.eo)

5.09

(0.76)

10.26

(2.41)

8.77

(2.26)

7.48

(r.77)

6.08

(1.26)

6.64

(0.t4)
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mgOr/mgC, the total theoretical use of oxygen for combined nitrification and carbon

removal for 90Vo removal efficiency, is

(34 * 4.2 +7 4 *2.7) * 0.9 =309 m g O rl L

The combined process that includes nitrification, pre-denitrification, and

carbon removal ciaims 1 mgSOC/mgN in the pre-denitrification reactor, therefore

the oxygen requirement is

13 4 * 4.2 + (7 4 -3 4) *2.71 *0.9 =226 m g O 
" 
I L

The difference between the two values (83 mg/L) is the saving in the

theoretical oxygen required for complete (90%) nitrification and carbonaceous BOD

satisfaction in the third period. The difference represents the savings of approx.27%

when compared to straight SOC and NH3-N oxidation, without pre-denitrification.

The specific oxygen up-take rate (SOUR) measured in accordance with the

Standard Methods gives erroneous results when it is used to quantify SOUR in pilot

plant studies (Randall et al, 1992). However, the SOUR measured in the third

operational period will be used only to compare the oxygen consumption in the

nitrification reactors II, III, and V. In our case, the measured SOUR may be lower

than that of the nitrification reactors (RII, RIII, and RV) since SOC and NH3-N

\¡/ere no longer supplied during the time the tests were performed. As the DO
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concentrations in those reactors were always over 3 mgOrfL, no measurement higher

than the SOUR of R II, III, and V would be expected. The SOUR average values

of three dupiicate nitrified-Ml samples were 8.6, 11.6, and 9 mgO2/Lfor Trains A

B, and C, respectively. Those averaged vaiues mean an observed savings of about

26Vo and 22Vo for Pre-Den Trains A and C, respectively when compared with Train

B, which was operated in the nitrification mode. The higher savings in orygen

consumption correspond to the Pre-Den Train A which had a better denitrification

efficiency.

6.2 EF'F'ECT' OF PRE-DEN ON,Atr,KÂN,INITV CONSTIMPTION

The process of nitrification destroys alkalinity in proportion to the amount of

ammonia oxidized. The theoretical relationship for both catabolic and anabolic

needs is given by equation 3.3. The theoretical alkalinity consumption can thus be

calculated by using the stoichiometric factor of 7.1,4 gCaCor/gNH3-N. Figure 6.3

correlates the measured alkalinity consumption with the calculated one for the

Nitrifying Train B during the third operational period. The straight line represents

the stoichiometric requirement of alkalinity based on nitrogen mass balance. It can

be seen that the measured consumption of alkalinity due to nitrification is lower than

that determined stoichiometrically confirming that denitrification has taken piace in

both the reactor and clarifier of Train B.

The denitrification could have occurred in the oxygen reactor because of the

lack of O, into the biological floc, and in the clarifier because of the high NO,-N

93



FEg.6.3 Aåkaü!m ãty eomsu rnptÍon
Nitnãfyimg Tnaim ts- T'hind period

Calculated alkdrop, mgCaCO3/L

+ Measured alk drop 
- 

Calculated alk.drop X Calcul.alkdrop-DN

Fig.6.4 Alkalin ity consu rn pt¡on
Fne-Ðe¡r T'nai¡r A- T'hird per¡od

+ Measured alkdrop 
- 

Calculated alk.drop

200 æo 240 260 280

Calculated alk.drop, mgCaCO3/L

94



concentration as well as the lack of O, in the sludge blanket. This finding could also

be explained by heterotrophic nitrification which may be favoured due to low pFI or

low pO, (from Robertson et 41,1988). In light of this finding, the theoretical

alkaliniry requirement was calculated based on the effect of the denitrification

process which produced alkaliniry proportional to the amount of NO, reduced

(NorJ. The stoichiometric factor of 3.57 gCaCor/gNOr* from equation 3.6 was

used.

The calculated alkalinity consumption ( calculated alk.-DN) values based on

the nitrogen mass balance and considering both oxidized NH3-N and reduced NO3-N

are also depicted in Figure 6.3, and still shows a difference with th'e measured

consumption of alkalinity. The low measured consumption of alkalinity supports the

idea that both CO, and HCO3- were the source of inorganic carbon to the

autotrophic microorganisms, since COr= may not have been in the ML of RIII due

to the iow pH.

The fact that the 7.1,4 gCaCO, of alkatinity consumed per gNH.-N oxidized

'tras not achieved agrees with those values reported in the U.S.EPA Nitrogen Control

Manual (1975) and Benniger and Sherrad (1978). These researchers have reported

that a value of alkalinity destruction lower than7.1,4 was obtained when nitrification

of a prepared feed solution with COD/TKN higher than 4 was performed in a

conventional continuous-flow activated sludge. However, they explained the

difference of alkalinity destruction by a) shifts in predominance of microbial species,

b) a change in microbial chemical consumption, and.for c) loss of nitrogen via
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denitrification in the sedimentation basin. In our case, we also considered

denitrification in the nitrification reactor, and a possible consumption of the dissolved

CO, (see item 5.1).

The measured aikalinity in the Pre-Den Trains A and C were also below the

calculated aikalinity consumption as shown in Figures 6.4 and 6.5. The measured

consumption of aikalinity was compared with TNR and NO'R for the T¡ains A and

C. Figure 6.6 is an example of those comparisons, and illustrates that the low loss

of alkaiinity not always coincided with high TNR, proving that the increase of pH in

the ML of RII could be produced by the utilization of COr.

Figure 6.6 also shows no blocking of No, reduction to Nro ana wr, since

NO3R and TNR follow the same pattern and their values are slightly different, with

the exception of those vaiues on day LI2, when there was a failure of the mixing

system of RIV. This mixing failure apparently impaired complete conversion of NOr-

N to the Iowest reduced state of N; however, the NO3-N content decreased due to

the anoxic conditions in RIV.

The effect of accomplishing denitrification ahead of the oxygen reactor is

illustrated in Figures 6.7 and 6.8. The former Figure depicts the medium alkalinity

in the raw PE and in the final effluents from the piiot plant during each period, and

shows higher alkalinity in the effluents from the Pre-Den Trains A and C. The

effluent that had a greater denitrification efficienry also had the higher alkatinity in

the final effluent. The highest effluent alkalinity in all three Trains coincided with

the highest RAW alkalinity for rhe third period.
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Figure 6.8 compares the alkalinity gained due to Pre-Den, and allows to

correlate the effect of Pre-Den to the RNO3 (rr) and the overall rerycie ratio (r).

The averaged alkalinity gained in the second period was 21-,53, and 70 mgCaCOr/L

for Trains B, C, and d respectively. Despite the lowest PE alkalinity in the second

period, Train A achieved the greatest recovery of alkalinity due to denitrification

when r was 1.5. The lower alkalinity gained for this Train in the first period can be

explained by 1) the high variability of PE composition, 2) the lowesr C/N ratio of pE,

and 3) the highestrr(1'.5, see Tables 4.1 through 4.3) that could have delayed the

acclimatization of denitrifiers due to inhibition of denitrification caused by the o)rygen

concentration in rr. On the other hand, when r was decreased to 0.9 *ith ,, of 0.5,

the denitrification efficiency of Train A diminished, so that the alkalinity gained in

the third period was lower, despite of the highest pE alkalinity.

The slight difference between the aikalinity gained in the second period and

that gained in the third period for Train C (when r? was decreased ft.om 1.1 to 0.7)

and the low TNR in the first period for Train A may indicate that denitrification

required a longer period of acclimatization, therefore the change of the operational

r, should have been practice later.

The low loss of alkalinity achieved in the pilot treatment Trains may be

significant since there is an additional loss of alkalinity (on top of that due to

nitrification) due to carbonaceous oxidation and due to slightly higher than

atmospheric CO, content in the head space of the experimental reactors. Although

not comparable to the full scale system the head space has been covered, however
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the gas \ilas not recycled. Perhaps, the higher CO, dissolved due to the higher partial

pressure could be one reason why the finding in our experiment differs from that of

Daigger, et al (1986), in which the measured alkalinity consumption .Ãpur"d u"ry

well with that calculated based on the same stoichiometric factors. On the other

hand, the lower measured alkatinity consumption than the calculated drop of

alkaiinity, atteined in our experiment, agrees with works of Degyansþ (1977) and

Benninger and Sherrard (1978).

The histographs of effluent alkalinity and of alkalinity consumption as well as

the comparisons of measured and calculated alkalinities for all three Trains

throughouttheexperiment,areenclosedinAppendixC.

6.3 COMPAR.TSON OF'THE PR.E-DEN TR,ATNS

Even though Pre-Den Train A was compared to Pre-Den Train C during the

previous discussion, this section intends to analyze the oxidation-reduction potential

(ORP) effects on the denitrification process, and the specific denitrification rate

(SDNR) in the Pre-Den Trains.

6.3.1. OXTÐ,{TTO¡{.REDUCTXON POTE¡{T'TAI,

In the second operational period, the measurements of ORP were started

twice a week by monitoring the ORP directly in RI and RIV for long intervals.

Figures 6.9 and 6.10 are examples of the ORP readings done for an interval longer

than five hours. Due to the pattern followed by the ORPs through the day in both
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reactors, it was thought that they may exhibit diurnal variation as did the composition

of the raw wastewater. To prove or disprove this hypothesis the ORPs were recorded

continuously from day 103 in RI (Train A) and from day 105 in zuv tTrain C).

The hourly ORPs recorded were loaded to a PC computer for processing by

the spreadsheet program of Quatropro 3.0. The diurnal variation of ORP was

discharged since the ORPs in both anoxic reactors exhibited slight variation for

several days (approx.I2 out of 17 days recorded). Figure 6.11 shows the typical

pattern of ML ORPs in RI. The ML ORPs in RIV followed a similar pattern to

those of ML RI but the values were approximately 100 mV higher in RIV as shown

in Figure 6.12.

The variations of ORP observed at first (Fig.6.9 and 6.10) may be caused by

the composition of PE as shown in Figure 6.13, in which the ORPs decreased

substantially at time. Moreover, positive ORPs were recorded. This decrease of

ORP appears to be related to a shift of chemical and microbiological activities in the

raw wastewater since the range of those variations was most of the time the same for

both reactors RI and RIV, as Figure 6.13 depicts. Figure 6.1.4 was included to show

the failure of the RIV mixing system, marked with the arrows on day 1L2, supporting

the explanation of the difference between NO3-N and TNR depicted in Figure 6.6.

The low ORP, which reached -300 mV, may account for the absence of NO,-N in the

ML of RIV and the low TNR, since the reduction of NOr- to NHn* is enhanced at

that oRP (Charpentier et al., 1987). The hourly oRPs were averaged, and the

ranges found were -210 to -150 mV for RI, and -190 to -70 mV for RIV.
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6.3,2 DENNTR.TF'TC^AT'XON R.A,TE

The SDNRs for the anoxic reactors were determined by equation 5.15

.ÍDzuR = No"f-No'o*"r
MLVSSDN+HRTou

where

SDNR = specific denitrification rate, mgNOr-N/gVSS.h,

NOrrn NOru, = nitrate concentration in the influent to the anoxic reactor, and

the denitrified effluent from the anoxic reactor, mgNOr-N/L,

MLVSSDN = VSS concentration of the anoxic ML, gfL, and

HRTDN = hydraulic retention of the anoxic reactor based on Qnew.

The SDNR was correlated to the substrate utilization rate (Uo*) in the

denitrifying reactor. The Uo* was calculated using the following equation

t6.41

rr _ særr-socDNEf
vDN- 

MLVSS*.HRL^-
[6"s]

where

IJ'N = specific utiiization rate, gSOC/gVSS.d,

SOC6, SOCEr = SOC concentration in the influent to the anoxic reactor, in

denitrified effluent from the anoxic reactor, mg/L (gl^\,

MLVSSDN = VSS concentration of the anoxic ML, mgfL (gfm3), and
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FIRTDN = Anoxic hydraulic retention time, d.

The correlation between the SDNR of Pre-Den Train A and the Uo* was

strong (tt : 0.87) and (? = 0.8a) in the second and third period, respectively ;

however, the SDNRs of Train C showed a weaker correlation to Uo* (r2 = 0.4). The

equation for the correlation lines for Train A depicted in Figures 6.15 and 6.16, are:

a)

SD¡{R2 =0.28 + 11.58 o Unw
t6.61

16.71

b)

SDN& =0.05 + 10.2I o Uo*

where

SRDN2, SDNR3 = sDNR for RI in the second and third period, mgNor-

N/gVSS.h, and

Un* = as defined previously.

The lower values of SDNR coincided with low NO3-N (s7 mg/L) and/or low

SOC (<30 mg/L) in the influent; however the most important factor appeared to be

the availability of carbon (Caponetto et al, 1992). To establish the effect of

availability of carbon on denitrification, batch works were performed by taking a
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sample of ML from the denitrifying reactors I and IV, and stirring it under anoxic

conditions, while manually collecting samples every 30 minutes. The volumet¡ic rate

(DNR in mgNOr-N/L.h) of removal of nitrates, that is the rate of ¿eoitrin.ation, was

thus found by plotting the NO, concentrations versus time, and by determining the

slope of the line. Figures 6.17 and 6.18 show the results of the batch srudies on day

1'17 and 122 on RL The plots for RIV as well as those performed after day I22 are

attached in Appendix C. During the two days chosen for Figures 6.17 and 6.18 there

were similar levels of solids in both experiments, thus making it possible to compare

the SDNR expressed in mgNOr/gVSS.h. These rates were 2.4 and \.2for RI and 2.5

and 1.0 for RIV, on day 117 and I22, respectively. It should be mentioned that the

SDNRs determined by equation 6.4 were 2.30 and 1.30 for RI, and for RIV, 3.0 and

1.49 for those days, which validates the use of that equation.

The above SDNR were determined on days of low SOC and relatively low

NOr. The rates for high SOC and high NO, were determined after day I22, and in

those occasions the MLVSS was aiso higher, mainly in RIV. The DNR was

proportional to the amount of sludge present, increasing with the increase of MLVSS

and with the concentrations of SOC. The SDNR was 3.8 mgNOr-N/gVSS.h for Train

A (Fig.6.19). Figure 6.20 illustrates the variations of SOC and NOr, and shows rhat

the DNR can be described by two distinct lines. The values of SDNR are 5.4 for the

higher DNR and 2.4 for the lower one.

The graphs in figures 6.17 throu gh 6.20 demonstrate another characteristic of

denitrification in the Pre-Den mode. At low SOC the decrease is linear, that is the
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reaction is zero order. This means that the rate of denitrification is independent of

the concentration of the species remaining (SOC or NOr). With the stronger primary

effluent, and hígh-loaded Train C, the reaction becomes concentration-dependent,

that is of an order other than zero. The reaction rate was concentration-dependent

for both Pre-Den Trains when the SOC was even higher (ie. on October L, see

graphs in Appendi* C). This finding appears to be in contrast to the literature which

suggests that denitrification is a zero order reaction down to very low concentrations

of nitrate (Beccari et al, L983). However, it is consistent with the works of Barnard

et al (1975), Sikora and Keeney (1976), and Aragman and Bermer (1986).

The SDNR values obtained are similar to those in the literature ( Metcalf and

Eddy, 7997; and Randall et al, 1992). There were only eight measurements made of

the denitrification rate, and the average ratio of carbon used to nitrogen reduced was

1.09 gSOC/gN reduced. A somewhat higher than the prior theoretical calculation

of 0.93 can be explained by the adsorption of the soluble and supra-colloidal SOC

on the flocs of the biomass, thus moving from the liquid to the sotid phase; however,

a simple error due to small number of samples can¡ot be excluded.

6.3.3 REI,&TXONSHIPS AMONG ORFs, R.AW WASTEWAT'8R., AND PRE-DEN

PR.OCE SS EF'F'TCIE¡{CY

The averaged ORPs in the nitrifying reactors RII and RV are compared with

their respective anoxic ORPs in Figures 6.21(TrainA) and 6.22 (Train C). The oxic

ORP appears to be slightly more steady than the ORP of the anoxic reactors, and
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follows a similar pattern to those of RI and RIV, but, as expected, in the positive

range. The ORP of RII was 160 mV, slightly higher than that of RIV (1a0 mV).

The highest nitrification ORP was measured in RIII of the nitriffirrg moOe Train B

and was about L90 mV.

The averaged anoxic ORPs were correlated with the raw wastewater SOC

concentration for the third operational period. Figure 6.23 depicts that correlation

and shows more negative ORP values in the ML of RI and RIV for the stronger PE,

supporting the discussion of the previous section.

Fi9.6.23 Conrelatlon of ORP to FE-SOG
in the third peniod

++

+ ML.BI Tf ML-BM +

70
RAW SoC (mg/L)

The highest denitrification efficiency measured has coincided with an ORP of
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day 1,17 with lower ORP, in Pre-Den Train A; however, for the other Pre-Den Train,

the higher SDNR and TNR were for the higher ORP, as sum.marized in Table 6.2.

This fact may indicate that the optimat ORP for denitrification is ãriable and

depends on the operational parameters applied to a specific treatment. The optimal

ORP appeared to range between -180 and -200 mV for Train A and between -90 and

-L00 for Train C. Ilowever, further studies are required to confirm the ORP that

could optimaliy favour the denitrification process.

Table 6.2 Comparison of SDNR, ORP, and TN-R. in the Fre-Ilen Trains

.-

Day 117 Day LlT

AnoxÌc ORP, mV

SDNR.

mgl{Or-N/L

Tl{-R,7o

1.14
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A pilot study was commenced to demonstrate the feasibility of pre-

denitrification in offsetting the negative effects of alkalínity destruction caused by

nitrification, and in decreasing the oxygen consumption produced by anoxic removal

of SOC. The study, carried out at anoxic HRTs of 1.5 and 3 h and o{ygen HRTs of

6.2 to 12 h, based on Q*w, has contributed to the knowledge of the conditions

governing nitrogen removal in pure oxygen systems, and attempted to determine the

potential for complete nitrification of the NEWFCC's primary efTluent. It has aiso

been demonstrated that the overall recycle ratio correlates better with the TKN

influent and effluent concentrations than with the NH'-N concentrations; therefore,

a new equation based on TKN has been proposed. The following conclusions have

been reached:

1. Complete ammonia removal from the NEWPCC's primary effiuent

through nitrification is feasible. Nitrification, carried at SRT of 6.1 to 8.9 d and

HRT of 6.1 h and L2 h appeared independent of the inft¿snt fluctuations.

2- The effluent pHs were above the level expected because

denitrification has taken place in the oxygen reactor and ciarifier, and, probably

because dissolved CO, must have been an important source of inorganic carbon to

the autotrophic microorganisms.

3. The effect of rising pH is greater when denitrification is controlled

and applied ahead of the nitrification process. The pH level was well above the level

expected from OH- produced by denitrification at anoxic HRT of 3 h based on raw



wastewater flow.

4. An increase of the nitrified mixed liquor pH was obseived, due to

a greater utilization of dissolved CO2 in the Pre-Den mode, when it was operated at

HRT of 3 h, and due to the initial alkalinity of the influent to the nitrification

reactor.

5. The process efficiencies in terms of BOD, SOC, NHr, and TKN

were independent of the raw wastewater variability.

6. The denitrification efficiency in terms of NO'-N or TN was highty

dependent on in-fluent composition and concentration, and on the overall recycle

ratio. It appeared to depend also on the applied process control.

7. Biological denitrification in the pre-denitriffing reactors I and IV

at times produced a fully denitrified effluent. The denitrification around the anoxic

reactors was well correlated to the specific utilization rate based on SOC and raw

wastewater flow.

8. The averaged denitrification around the whole treatment T'rains A

and C was 3L to 53Vo,with periods of 55 to 75 % lasting one to three weeks. The

difference between the whole Train efficienry and the Pre-Den reactor efficiency is

due to lack of optimi zation of the return mixed liquor from the aeration

compartment matched with the return activated sludge.

9. The higher denitrification efficiency was attained for an overall

rerycle ratio of 1.5 for Train A and 2.2 for Train C suggesting an inverse relationship

between r and HRT.

1,1,6



10. The ove¡all rerycle ratio correlated well with the TKN influent and

effluent concentrations. Hence, the foltowing equation is proposed for the

determination of the overall recycle ratio:

ffiEozffi/*¿ 
w*w"f

tr-ff1 *Tlm,ç¿w-wr¡

11. Whereas, once initiated, the denitrification process was not

hinde¡ed by the residual oxygen concentration in the return nitrified-mixed liquor.

Denitrification startup appeared hindered by the residual o4ygen concentration in the

return nitrified-mixed liquor.

12. The pre-denitrification ¡eactors have contributed to the removal

of soluble organic carbon at a ratio of 1.09 gSOC removed per g of N reduced. This

meant an observed saving in orygen consumption of 26 Vo for Train A and 22 Vo for

Train C. These values are close to the 27 Vo decrease in theoretical orygen demand

at 34 mgN/L and 74 mgSOC/L in the primary effluent, tf 90 Vo nitrification is

implemented.

13. The alkalinity gained by Pre-Den mode was 70 mgcaco, /L for

Train A and 54 mgCaCOt/L for Train C in the best operational period. In the

nitrifrTing mode, a recovery of alkatinity due to denitrification inside of the mixed

liquor bio-flocs and in the sludge blanket of the clarifier has also been observed.

The averaged value was 2L mgCaCO,lL for the same operational period reported

r17



above.

1'4. The observed consumption of alkalinity was lower than the

theoretical calculated value based on nitrogen mass balance and considering

denitrification in both treatment mode investigated.

15. Measurements of the oxidation-reduction potential in the Pre-Den

reactors suggested that specific denitrification rates and denitrification efficiency in

the high-loaded Train C decreased at lower ORP, suggesting that there is an optimal

ORP for denitrification.

16. Denitrification appeared to be faster at a range of ORP between

-l-80 and -200 mv in the Pre-Den mode operated at anoxic HRT of 3 h, and

between -90 and -100 mv in the mode operated at anoxic HRT of 1.5 h.

17. There was a strong correlation between the lack of easily available

carbon in the weak primary effluent and decreased denitrification. Denitrification

rate was up to 5.4 mgNOr*-N/gVSS.h at high SOC concentration in the primary

effluent. The denitrification rates were comparabie to those reported in literature.

18. Complete nitrification has been achieved at an ORP range from

L40 to 210 mV. The nitrification rate was up to 4.34 mgN/gVSS.h. The nitrificarion

rate in the Pre-Den systems was higher than in the nitrit/ing Train B.

79. Pre-Den mode Trains that achieved biologicai nitrogen removal

have produced lower sludge than the nitriffing Train B. The averaged sludge

production for the best operational period was 3.5, 6.0, and 9.8 g of volatile

suspended solids per day in Trains A" C, and B, respectively.
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20. The observable yield, expressed in g of volatile suspended solids

per g of biological oxygen demand, has been hígher in the Pre-Den Trajn A than in

Pre-Den Train C, proving a higher microbial activity in the former Train, which may

account for the higher CO, consumption and higher pH in the nitrified mixed liquor.

1,19
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This study has answe¡ed as many questions as it has raised. Futl nitrification

was demonstrated and an effluent pH level higher than the expected level was

produced. It was found that the use of pre-denitrification can raise the pH level well

above the level expected from the alkalinity contributed by this process. The study

suggested the possibiiity of the use of combined nitrification and carbon removal by

a pure oxygen activated sludge system; and it has shown the expected'dependence

of nitrogen removal on the overall rerycle ratio. In addition a new relationship

between this recycle ratio, the influent TKN, and the desired effluent TKN has been

proposed.

However, several unanswered questions that warrant further research have

been formulated. The most important concerns the relationship bet'ween CO, and

nitrification under siightly higher than the atmospheric CO, content in the head space

of covered reactors. In particular, it is important to demonstrate whether there is a

potentíal for acclimation to low pH of the nitrifr/ing cultures because of the low pH

level of ML in a covered reactor. This would also complement the full scale tests

which showed the potential for low pH nitrification but could not (due to the nature

of the fulI scale testing) elucidate factors affecting it.

Another question concerns the optimizationof the Pre-Den mode with proper

overall rerycle ratio under variable C/N ratios in the range of temperatures

encountered during Winter/Spring to fit the existing situation at the North End



Plant. It would also be important to find the relationships between the rates of

nitrification and denitrification, the C/N ratio, and the head space COr-levels in the

covered reactor.

It would also be useful to study the efÏects of the species and concentrations

of carbon and nitrogen on denitrification rates, and to determíne the reiationships

between oxidation-reductionpotential, species of substrates, and denitrification rates.

It is recommended the use of a variable RNO, ratio based on TKN, as is

suggested in the proposed Equation, which would allow higher nitrogen removal from

a Pre-Den system, mainly in period when the raw wastewater is weak, and the start

up of the process.
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Table Á"1: SRT & SVI in the ñrst operationaj period

Table A2: SRT & SVI ¡n the s€cond p€riod

DAY

Train A Train B Train C
Anoxic Rl Orygen Rll Orygen Rlll Anoxic RIV Orygen RV

sRr
d

svt
mUg

SRT

d

SVI

mUg
SRT

d

svl
mUg

SRT

d

svt
mUg

SgT

d

SVI

mUg
10

11

12

13

14

17

18

19

21

24

25

¿0

31

s
35

s
39

42

47

1.2

1.2

1.2

0.8

1.1

1.8

1.4

1.3

1.6

2

1.7

1.4

2

26
1.6

1.08

2

276

2æ

180

160

110

160

130

120

110

130

110

125

110

80

100

120

110

90

r00

4.7

4.7

4.7

3.1

5

7.1

5.3

5.5

7.6

6.4

7.9

6.8

5.5

8.2

10.8

6.1

9.5

7.1

8.1

35t)

180

270

m
160

150

170

150

1n
130

130

90

110

80.

140

sol
I

110 |

,ol
sol

6.2

6.2

6.2

5

3.6

6.1

5.3

7.5

7.5

6.3

6.2

6

5.7

6.3

7.4

6.9

8.8

9.3

240

1 110

240

270

250

270

2æ

2æ

280

350

330

280

100

90

'120

1 ¿t0

20
170

70

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

1.6

0.9

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

90

90

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

6.2

4.0

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

80

80

Day

Train A Train B Train C
Anoxic Rl Orygen Bll Oxyqen Flll Anoxic BIV O¡/qen BV

SRT

d

svt
mUo

sFr
d

SVI

mU9
SHT.

d

svt
mUo

SHT

d

svt
mUg

sFr
d

SVI BV

mVq
4A

53

54

56

59

60
g
67

69

71

7sl
75 I

nl
80 1

82 I

84 I

87 I

3

z1
1.3

z1
2

26
3.2

2

2

2.4

z4
z4
2.1

1.9

z3
at
3.4

80

80

90

70

80

60

70

90

90

so

100

r30

110

1m

130

110

190

12

8.3

5

8.4

I
10.4

128

I
I

9.6

9.3

9.3

8.4

7.7 
)

s.2 I

8.8 I

13.6 I

80

70

80

70

70

60

70

1n
100

80

100

90

80t

1ml
110 I

801

110 I

4.3

11.6

10

9.8

10.7

1 1.4

7.8

10

6.6

9.2

10.2

8.1

7.'l

9.9

9.5

7.4

8.4

80

70

70

50

.t0

80

40

50

50

50

60

æ
60 1

*i

rrl

0.9

0.9

0.9

z2
1.7

4.4

1.9

z1
2

2.1

1.8

1.7

1.9

1.9

z1

2

90

70

80

90

70

60

50

60

90

70

50

60

TU

60

60

bU

60

4.0

4.0

4.0

8.7

6.7

17.6

7.5

8.4

I
r.r 

]

7.2 I

u.8 
I

ru 
I

,., 
I

7,s I

8.4 I

8l

90

100

70

160

80

60

50

50

60

50

50

50

60

60

60

60

4a-IJJ



Table A3: SHT & SVI in the third period

Table 4.4: Suspended solid and volatile suspended solid concentratÍons.

Day

Train A Train B Train C

Anoxic Fll Oxvqen Rll Oxvqen Rlll Anoxic BIV Oxvqen RV

SHT

d

svt
mUg

SBT

d

svt
mUg

SRT

d

svt
mUg

sFt
d

SVI

mug
strf

d

SVI RV

mUg
89

91

s4

95

98

101

103

105

108

110

112

115

117

119

12.

2.4

2.3

2

1.6

1.9

29
2.1

1.5

1.9

2.6

2

NA

1.9

2.4

170

160

130

130

110

1æ

90

90

80

90

70

90

90

100

90

9.6

oo

8.2

6.3

7.8
't 1.8

8.6

6.1

7.4

10.2

7.8

NA

7.4

s:6

120

100

110

100

90

so

80

80

80

60

50

90

90

90

110

10.5

8.7

8.2

8.1

I
8.6

9.3

I
8.5

I
4.2

7

8.6

120

170

90

80

70

50

50

50

50

60

50

60

80

100

60

z1

1.8

2

1.8

2-3

1.9

2.1

1.8

2

2.1

z2
2

22

2

60

80

60

50

40

50

50

50

50

50

æ
50

50

40

8.4

7.9

7

9.2

7.6

8.3

t.ó

8.2

8.8

I
8.8

8.8

8.1

8.1

60

50

60

50

50

60

50

50

50

40

50

50

50

60

50

Day

#

Train A Train B Train C
Hl, mq/L Rll. mqiL Rlll, msil RlV,mq/L RV, mg/L

ML ML RAS ML RAS ML ML RAS

12

13

14

17

18

19

21

24

25

26

27

31
qa

35

\)ö

40

42

+t

1250

970

970

750

920

1û20

980

820

960

770

700
740

1010

980

1220

980

910

€0

1940

1450

1s60

1370

1140

1290

1 180

970

1030

1320

11 10

920

1410

800

1570

1260

1220

690

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

27æ
2740

270
m
2310

2300

1930
't700

2380

2390

2370

1750

2060

1800

2020

2030

20s0

21 10

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

730

680

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

1 150

970

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

t34



Table 4.5: Suspended solid and volatíle suspended solid concentrations in the second period.

Table A'6: Suspended solíd and volatÍle suspended solid concerïtrations in the third period,

48

50

53

54

56

59

60

63

bb

68

70
tó
75

77
80

82

84

87

1930

990

10'10

720
850

800

1 130

1720

1360

1300

1 670

1540

1250

12s0

1290
'1200

'1630

1900

950

1300

1620

1470

1540

1 140

1600

1480

1010

æ0
1290

700

ffi0
1280

1330

1 090

1410

NA

1340

1610

1040

900

1000

1320

1370

391 0

980

1400

730

5360

1330

2.40
3360

2860

1580

2150
2590

2380
24æ
2s60

2æ0
2670

2420

n70
2780

251 0

2290

2550

2510

2830

æ60
2700

NA

2070

2æ0
2460

2500

3580

2970

2e0
281 0

2670

2000

2900

2080

2760

2720

3220

3430

2890

s10

1430

2590
'1430

1620

1 780

1 490

1 760

1 660

1590

1900

1710

1 660

1 930

201 0

1740

21 10

2520

710
1 850

1 540

1540

2410

2410

1 370

2500

1 660

2410

2590

2440
1 880

2460

2250

2490

2940
2440

NA

1790

1970

2290

2130

2140

2370

2320
7)20

2070

1890

7Ð0
2080

2680

2620

4090

3140

2790

89

91

94

96

98

101

103

10s

108

110

112

115

117

119

12.

1m
1890
't110

1380

1530

1600

2U20

1650

1430

4240

1400

4250

1 160

1020

1280

1010

1420

720

1080

1220

1270

1500
'1560

14'10

790

1s50

1290

970

990

870

1980

æ90
3540

u20
4440

4070

3680

2660

1770

2470

3680

1820

5640

43s0

3170

2900

æ80
244Ð

3150

2820

3140

2180

2850

2s20

2570

2670

2120

2000

2090

1 990

444.0

5280

304t)

3160

2850

2550

3s50

343t)

3410

3s20

2930

3070

2980

2540

2570

1940

1820

1530

1930

3630

1600

1880

2070

1900

1 9s0

2320

1 700

1780

1790

1790

2810

3100

2430

2680

2800

2090

2760

2970

2320

2800

2740

2s60

2140

2330

2800

2800

2780

2360

3100

3360

æ50
4020

6720

æ20
4360

3500

4620

3720

2900

2390

135



Table 4.7: NEW?CC'S PE characterisrics in rhe first operátionalþeriod

DAY # NH3-N, mg/L TN, mgl[- SOC, mgll CN

i
2

J

4

5

7

8

9

10

11

T2

73

14

15

t6
t7
18

79

21

22

24
25

26

27
28

3L

JJ

35

38
39

42

44

47

22

22

20

28

29

24

20

21

27

28

28

9

t3
12

15

1.4

26

15

31

20

24
38

32

26

?ß

24

34

27

29

36

8

7

14

38

37

41

48

41

5t
JJ

30

38

47

41

16

20

24
'20

21.

34

24

42

35

32

46
4)
36

54

47

60

47

40

46

11

18

19

91

72

91

80

L12

80

75

63

67

77

81

50

47

60

42

44

65

71

61

60

55

78

68

57

77

68

68

60

59

75

38

36

47

I

2.39

1.95

2.22

7.67

2.73

2.16

2.27

2.1.0

1.76

1.88

1.98

3.13

2.35

2.50

2.10

2.10

1.91.

2.96

1.45

1.71

t.72
1.70

1.62

1.58

1.37

1.45

L.13

1.28

1.48

1.63

3.45

2.00

2.47

Mean
Median
Min
Max
STDS

z5

20

7

38
o()

35

3¿

11

60

12

66

63

36

772

16

2.00

NA
1.13

3.45

0.54
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Table 4.8: NEwPcc's pE characterisrics in the second operarionar period

Table 4.9: NEwPCc's pE characteristics in t"be third operational period

49
52
54

56

59

61

63

66

68

70

73

75

77

80
82
84

87

1.4

16

9

¿o

19

36

23
a^

20
)1
)<
32
20
39

"511

¿J
a/

15

53

22

54
44

31

40

36

30

36

47
30
50

35

18

76

72

50

100

64

74

81

68

7L

84

60

86

89
78

96

87

106

3.00
???
3.03

2.9t
7.37

1.84

2.19

7.78

¿.JJ

2.00
2.39

1.89

2.60
7.E2

2.49

5.89

23

22

9

39
I

JJ

J¿

15

54

11

79

76

50

106

15

91

94

96

98

101

103

105

108

110

172
115

717

119

722

?ß

25

15

27

39

17

31

33

19

27
26
?5
)2
t)
77

36

23

33
51

26

50
43
t'f

35

30

35

29

25

88

85

49

81

84

51

99
86

60

88

59

69

78

6
64

2.32
2.36

?.13

2-45

1.65

r.96
1.98

2.00
)))
2.51

r.97
2.16
) )7,

aaa

2.56

25

15

39
7

34

32

/J

5i
I

74

78

49

I
15



Tabl6 À10: pH in all reactors and raw wastewater. First operatÍonal period.

1

2

3

5

7

I
I

10

11

12

13

14

15

16

17

18

21

23

24

25

¿o

27

28

æ
30

31

32

ffÌ
34

35

7.3

7.3

7.4

7.7

7.4

7.6

7.8

7.3

7.4

/-J

7.1

7.3

7.1

7.2

7.2

7.2

7.2

t.¿

7.4

7.5

7.3

7.5

7.7

7.6

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.7

7.7

7.6

7.8

7.4

7.6

7.8

7.8

7.7

7.5

7.3

7.3

7.3

l.é

7.4

7.5

7.2

7.A

7.7

7.5

7.8

7.6

7.5

7.4

I
I

o-¿

8.2

I
I
I

7.8

7.7

7.7

7.7

7.5

7.3

7.2

7.2

7.4

7.5

7.6

7.4

7.4

7.4

7.4

7.5

7.5

7,5

7.4

7.4

7.5

o.¿

8.2

8.2

8.2

8

8.1

7.9

7.9

7.9

7.8

7.7

7.3

7.3

7.2

7.3.

7.4

7.2

7.6

7.s

7.4

NA

NA

NA

NA

7.7

7.7

7.7

7.4

7.8

7.6

7.9

7.9

7.6

7.A

7.9

I
7.5

7.6

I-O

7.3

/.J

7.2

7

7.2

7.2

7

7.5

6.9

6.8

6.9

6.8

7.1

7.1

7.1

8

I
I
I
I
I
I
I

7.4

7.8

7.8

7.2

7.2

7.1

7.'l

7.2

7.5

7.2

6.9

NA

NA

NA

NA

7.4

7.4

7.5

7.4

7.4

7.7

7.3

7.4

7.4

7.2

7.2

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
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Table A 1 1: pH in all r€actors and raw wastewater (second operaùona.l pe riod).

Ðay pH FAW pH-Rl pH-Bll pH Ef.Rll pH-Rlll EfRill pH-RlV pH-RV pH-Er.FV

41

4f

5{

5i

54

56

57

58

59

60

61

62

N

64

65

66

67

68

69

70

71

72

73

75

76

T7

78

79

80

81

82

&!
u
85

I

86 1

87 I

7.

7.

7.1

7.1

7.t

7.1

7.t

f.t
7.:

7.a

7.f

7.f

7.3

7.3

7.4

7.2

/.ó

7.4

7.3

7.3

7.4

7.4

7.5

7.4

7.2

7.2

7

7.3

7.1

7.2

7.3

7.3

7.3

7.1

7.1

7.1

7.t

7.!

7.1

7.(

7.4

7.e

7.5

7.6

7.4

7.6

7.6

7.4

7.6

7.5

7.5

7.5

7.6

7.6

7.4

7.6

7.6

7.7

7.7

7.6

7.5

7.4

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.3

7.1

7.r

7.!

7.S

7.(

7.t

7.i

7.1

7.Ê

7.t

7.7

7.5

7.3

7.5

7.6

7.7

7.5

7.7

7.5

7.5

7.4

t.Ò

7.7

7.6

7.7

7.7

7.5

7.4

7.5

7.6

7.5

7.6

7.3

7.4

7.5

7.6

7.7

76 ]

7.1

at

7.1

7.t

7.t

7.t

7.(

7.t

7.i

7.2

7.e

7.5

7.7

7.7

7.6

7.8

7.8

7.7

7.5

7.5

7.5

7.6

7.6

7.6

/.o

7.8

7.A

7.5

7.6

7.5

7.8

7.5

7.5

7.4

7.7

7.7

7.7
l

7.7 1

7.1

7.t

7.f

7.4

7.1

7.3

7.4

7.3

7

6.8

7

7

7.1

7.3

7.2

6.9

7

6.8

7

7.1

7.1

7.1

7.1

7.1

6;.7

6.7

6.9

7.1

7.1

7

6.8

6.8

7

7)
7.1 

I

7.1 I

t-t

7.1

7.i

7.Í

7.(

7.!

7.4

7.3

7.3

7.4

7.4

7.2

7

7.3

7.1

7.2

7.4

7.6

7.1

7.1

6.9

7.1

7.1

7.2

7.2

7.2

7.3

6.8

6.8

7

7

7.2

7

7

7.1

7.2
1

7.2 I

7.

7.'.

7.t

7.1

7.t

7.i
7C

7.4

7.5

7.3

7.4

7.4

7.4

7.5

7.4

7.4

7.5

7.5

7.4

7.4

7.6

NA

7.3

7.4

7.3

7.4

7.4

7.4

NA

7.4

7.4

7.1

7.!

7.t

7.¿

7.t

7.t

7.1

7.4

7.a

7.5

7.2

7.1

7.2

7.4

7.3

7.2

7D

7.3

7.4

7.3

a1

7.3

7.4

7.1

7.1

7.2

7.3

7.4

t.¿

7

7.'l

7.3

7.4

7.8

7.8

7.A

7.7

7.7

7.6

7.6

7.6

7.5

7.4

7.5

7.6

7-2

7.3

l: l/.J I

7.41

ül
7.21

7.rl
73||
z).ol_tt-4 I

7.41

iil
7.21

::l

i,:;l
,.r l

i:^l
,.0I

::l
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Table 412: pH ¡n all reactors and raw wastewater (fhird operational period).

Day pH FAW pH-Rl pH-Rll pH Ef.Rll pH-Rlll Ef.Rilt pH-RlV pH-BV pH-Ef.RV

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

''115

116

117

118

119

120
'121

122

7.3

7.2

I .,5

7.6

7.6

7.4

7.4

7.4

7.5

7.3

7.7

7.6

7.6

7.5

7.5

7.6
at

7.5

7.4

7.7

7.5

7.6

7.4

7.5

7.4

7.5

7.5

7.3

7.6

7.4 )

1

7-4 I

7.41

7.6

7.6

7.5

t.ö

7.6

7.5

7.5

/.t)

7.5

7.5

7.6

7.4

7.4

7.5

7.6

7.5

7.6

7.4

7.5

7.5

7.6

7.5

7.5

7.6

7.5

t-ò

7.5

I.è

7.5

/. t)

7.5

7.6

7.5

7.5

7.6

7.5

7.6

7.6

7.5

7.6

7.6

7.6

7.7

7.6

7.4

7.5

7.6

7.6

7.6

7.5

7.4

7.4

7.6

7.6

7.6

7.6

r.r 
]

7.6 I

7.s I

761
_^t/-b I

761
7.6 I

7.s I

7.6 I

7.s I

7.71

7.71

761

7.6

7.7

7.6

r-ô

7.6

7.5

7.6

t-õ

7.6

7.5

7.5

7.5

7.6

7.6

7.6

7.5

7.6

7.6
l

/.b l

7.8 |

7.8 I

7.71

7.6 I

7.6 I

7.8 I

7.6 I

7.s I

7.71

7.6 I

761
7.6 I

7.71

7.81

7.5 I

7

6.9

6.9

7

7.3

NA

7.3

NA

6.7

7.2

7.4

7.2

7.1

6.9

7.1

7.4

7.3 I

7.3 I

7.3 I

7.3 I

7.1 I

7.3 I

73l
t'I
7il
7.11

7.1 I

7.21

7.s I

7.41

7.41

7.2

7

7

7.1

7.1

7.2

7.3

7.3

7.1

6.8

7.1

l-J

7.6

7.4

7.2

7.1

7.2

7.6

/.t)

7.4

7.4

7.5

7.5

t.õ

7.5

7.6

7.5

7.4

7.4

7.4

7.6

7.6

7.4

7.4

7.4

7.5

7.4

7.4

7.5

7.5

7.6

7.5

7.4

7.4

7.3

7.5

7.5

7.5

7.4

7.5

7.4

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.4

7.4

7.5

7.5
aÊ

t-ó

7.3

7.2

7.4

7.4

7.3

7.5

7.3

7.2

7.3

7.2

7.5

7.3

7.1

7.4

7.5

7.5

7.4

7.5

7.4

7.2

7.4

7.5

7.4

7.2

7.3

7.3

7.4

7.5

7.7

7.4

7.4

/.o

7.3

7.3

7.4

7.5

7.4

7.4

7.3

7.4

7.5

t-6

7.5

7.5

7.4

7.5

7.6

7.6

7.6

7.5

7.5

7.5

t.õ

7.5

7.8

7.6

7.4

7.4

7.4

7.6

t-ô

7.5
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EF.RIII
BOD5.nrs/L

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

1

NA
NA
NA
NA

3

NA
NA
NA

3

NA
NA

3

NA
NA

4

RAW
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
90

NA
NA
NA
NA
90

NÀ
NA
NA
100

NA
NA
39

NA
NA
60

Alk.û

ETf-RIII

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
110

NA
NA
NA
NA

50

NA
NA
NA
60

NA
NA

60

NA
NA
140

Eff-RIII
SOC,ms/L

l3r
I137
l.o
loe1..
lzst,,l*
I

138
2A

27

2t
19

23

2t
24

20

2t
21

2t
2t
)',
')',

1B

2l
20

20
)1

2l
2t
l7
19

20

RAW
9L

7Z

9T

BO

112

BO

75

63

67

77

B1

50

47

60

42

44

65

71

61

60

55

78

6B

57

7t
6B

6B

60

59

75

3B

36

4'l

Eff.RIII
TN-N, ms/L

36

3B

3',1

44

3B

37

28

28

L9

77

34

5

4

19

2l
17

ZL

2t
33

35

29

40

39

33

52

41

41

34

30

¿s

1B

15

23

First opcrational period.

RAW
t38
lt
I ot

l¿e
I ot

ltt,,lso
lr*
| ,t
l¿t

16

20

24

20

2t
34

24

42

35

32

46

42

36

54

47

60

47

40

46

ll
1B

19

Eff-RIII
NO3-N. msn

0

0

0

0

0

0

0

0

0
0

0

0

I
l6
l6
l4
1B

IB
25

32

26

37

36

22

37

28

2ß

30

26

40

16

13

1B

Table 8.1: Characteristics of raw wastewter and effluent - Train B.

RAW
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Eff-RIII
NH3-N. ms,

27

27

27

32

u
30

2t
20

12

72

26

0

0

0

0

0
.0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

RAW
22

22

20

28

29

24

20

2L

27

?ß

28

9

l3
t2
t5
t4
26

15

3l
20

u
3B

32

26

28

u
34
11

29

3ó

B

7

14

Eff-RIII
t.KN. me/l

36

38

37

44

38

37

2ß

?ß

l9
t7
34

5

3

3

5

3

3

3

8

3

3

3

3

l1
15

13

13

4

4

5
.)

2

5

RAW
38

37

4t
48

41

37

33

30

38

4t
4t
t6
20

24

20

2t
34

24

42

35

32

46

42

36

54

47

60

47

40

46

15

IB

19

DAY #

1

2

3

4

5

7

8

I
10

11

12

l3
t4
15

tó
t'I
18

l9
21
,)
24

25

26

27

28

31

33

.tl
æl
39 1

orl
ool
orl

DATE

123-s-92

fiu-s-oz
lzs-s-e2
126-5-92
lzt-s-sz
lz,t-s-n

læ-s-rz
l3r 

-5-ez
i-s-qz
lzn-ot
á¿-,t
44-92
5-6-g2

64-92
74-92
84-92
94-92
t0-6-92
t24-92
13-6-92

t5-6-92
t6-6-92

t74-92
r8-6-92
194-92
224-92
24-6-92

26-6-92

29-6-92

t04-92
3-7-92

5-7-92

t-'7-92

lJè
b.)

U(JmgGas



Table 8.2: Measured removal efficiencies in Train B. First operational period.

DAY
L
tf

SOC-R BOD-R NII3-R TKN.R TN, VO NO3.R
Vo Vo 70 Vo Observed Vo

)
J

4

5

7

8

9

10

11

12

t3
1.4

15

t6
77

18

79

2L
))
24

25

26

27

2ß

31

JJ

35

38

39

42

44

47

-4

13

11

11

0

19

9

61

67

21.

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100
l

100 ì

100 I

5

-3

10

I
7

0

15

7

50

59

77

69

85

88

75

86

9L

88

81

97

9t
93

93

69

72

72

78

9r
90

89

87

89

74

5
n-J

10

8

7

0

15

7

50

59

t7
69

80

2T

-5

19

38

13

21.

0

9

13

7

I
4

13

28

25

"l
-r;ltl

-21,I

100

100

100

100

100

100

100

100

100

100'

100'

100

94

24

)')
42)
,ol
26 I

0l
10 I

14 I

,: I

';l40 I

30 I

28 I

2l

ïl
-2s I

6I NA
4sl NA
63 I NA
ßl NA
Tl NA
6eI NA
641 NA
$l NA
$l NA
64l| NA
67l. NA
s8 I NA
60I NA
62l NA
so| NA
4sI NA
6sl NA
7ol sz
66 I NA
6sI NA
62l NA
7zl NA
6sl s7

6sl NA
7ol NA
7rl NA
Tl s7

ogl NA
64'. NA
nl yz

ssI NAIql NA i

s7l n, I

1,43



EF.RIIT

BOD5.mr/L

NA

NA
3

NA
NA

5

NA
NA

3

NA
NA

4

NA
NA

-5

NA
NA

RAW

NA
NA
50

NA
NA
r00

NA

NA
85

NA
NA
120

NA
NA
100

NA
NA

Alk.+

Eff.RIII

NA
NA

90

NA
NA

60

NA
NA

70

NA
NA

70

NA
70

60

BO

70

Eff-RIII
SOC.ms

26

22

?3

25

25

22

23

21

22

21

19

2t
23

2l
24

22

20

RAW

16

72

50

00

64

74

81

68

7t
84

60

86

B9

7B

96

87

06

Eff-RIII
TN-N, ms/L

Table 8.3: Characteristics of raw wastewter and effluent - Train B. Second operational period.

11

15

18

22

22

43

44

2ß

32

33

31

25

33

2I
35

30

2t

RAW

23

24

15

33

22

54

44

31

40

36

30

36

47

30

50

35

1B

Eff-RTII

NO3-N, me/L

7

13

16

20

20

39

39

24

ZB

29

25

23

31

18

29

27

19

RAW

I

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Eff-RIII
NI{3-N, mdl-

J

0

0

0

0

0

0

0

0

0

0

0

0

0
,
0

0
1

RAW

14

16

9

2Ã

19

36

33

23

24

20

21

25

32

20

39

25

11

Eff-RIII
TKN, m/L

4

2
.,

)
2

4

5

4

4

4

6

2
)
3

6

3

2

RAW

23

24

l5
33

22

54

44

3l
40

36

30

36

47

30

50

35

18

DAY#

49

52

54

56

59

61

63

66

68

70

73

75

77

BO

82

B4

87

DATE

l0-7-92

t3-7-92

15-7-92

|t-7-92
20-7-92
))_7_O)

24--t-92

27-7-92

29-7-92

3t-7-92
3-8-92

5-8-92

7A-92
l0-B-92

na-92
14-8-92

t7-B-92



Etr.RIII
BOD5,mcil-

3

NA

NA
4

NA
NA

6

NA
NA

10

NA
NA

6

NA
NA

RAW
120

NA
NA
130

NA
NA
120

NA
NA
120

NA
NA
125

NA
NA

Alk.*
Eff-RIII

BO

70

60

óo

90

90

40

110

110

80

120

100

140

160

120

Eff-RIII
SOC.mc/L

20

22

r5

24

IB

23

22

23

18

27

21

20

24

20

28

RAW
B8

8.5

49

81

84

51

99

86

ó0

BB

59

69

78

66

64

Eff-RIII
30

26

1B

29

43

23

29

4t
24

30

31

28

34

29

29

TN-N, ms,

Table 8.4: Characteristics of raw wastewter and effluent - Train B. Thircl o¡rcrational period.

RAW
38

36

23

33

51

26

50

43

27

35

30

32

35

29

25

Eff-RIII
NO3-N, me/L

26

22

15

25

39

19

26

37

21

28

2ß

24

3l
26

24

RAW
0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

NH3-N, ms/L
Eff-RIII

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

RAW
28

25

15

2t
39

t7
31

33

l9
27

26

?5

23

22

77

Eff-RIII
TKN, mc/L

4

4

3

4

4

4

3

4

3

2

3

4

3

3

5

RAW
3B

3(t

23

33

51

26

50

43

27

35

30

32

3-t

29

25

DAY
#

89

91

94

96

98

0t
03

05

08

10

12

t5
t7
19

22

DATI]

19-B-92

2l-8-92
u-8-92
26A-92
28.8.-y2

3t-8-92
2-9-92

4-9-92

7-9-92

9-9-92

1t-9-92
t4-9-92

16-9-92

t8-9-92
21-9-92



Table 8.5: Measured removal efficiencies in Train B. Second operational period.

Table 8.6: Measured removal efficiencies in Train B. Thfud operarional period.

DAY # SOC.R BOD-R NH3-R TKN.R TN,VO NO3-R
% E % Vo Observec E

49

52
54

56
59

6T

63

6
68

70
73

75

77

80

82

u
87

66

69

54

75

6I
70

72

69

69

75

68

76

74

IJ

75

75

81

NA
NA

94

NA
NA

95

NA
NA

96

NA
NA

97

NA
NA

95

NA
NA

90

100

100

100

1m
100

100

100

i00
100

100

100

100

100

96

100

100

83

92

87

94

9i
93

89

87

90

89

80

94

96

90

88

91

89

52

38

-20

JJ
0

20

0

10

20

8
-J

31

30

30

30

74

-17

67

4I
-23

35

0
))

0

t1
22

9

-4

32
31

JJ
5t
L6

-19

DAY # SOC-R BOD-R NH3-R TKN.R TN,VO NO3-R
Vo Vo v Vo Obsewec %

89

91

94

96
98

101

103

105

108

110

772
115

rt7
1t9
722

77

74

69

70

79

55

78

73

70

69

ú1

7t
69

70

56

98

NA
NA

97

NA
NA

95

NA
NA
yz

NA
NA

95

NA
NA

100

100

100

1m
100

100

100' 
100

100

100

100

100

100

100

100

89

89

87

88

92

85

94

91

89

94

90

88

91

90

80

21

28
22

12

76

12

42
s

i1
L4

-3

13

J

0
-t6

.A

31

25

t4
77

t4
45

5

T3

15

-4

l4
3

0

-20

146



Table 8.7: Mesuared removal efficiencies in the Pre-Den Trains.

First operational period

Day

#
SOCR

%

BODR
ô//o

NH3R
o//o

TKNR
ô//o

TNR

%

N03R
o//o

21

22
24
25

26

27

¿ö

31

35

38
âo

42
44
47

64

65

64
74
71

65

70
6B

72

67

66
73

47

44

NA

NA

NA

NA

89

NA

NA

NA

98

NA

NA

9B

NA

NA

87

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

95

94

91

89

B3

67

7B

74

80

89

8B

91

87

89

79

57

31
'16

37
29

17

.1J

32

40

43

25
39

-20

17

11

60
t'.t

17
41

34

25
43
43
50

48

29
43

-¿é

19

13

L47



Train C

85

32

31

56

14

41

33

26

39

&
31

52

55

B9

57

69

44

NO3R, %

[rain A

52

41

23

59

24

41

44

44

55

s8

62

65

61

79

72

63

63

Train C

57

29

27

55

14

37

30

23

35

5B

27

47

51

70
52

63

39

TNR, %

Irain A

48

38

20

58

23

37

41

39

53

53

53

61

57

73

6B

57

50

Train C

Second operatlonal perlod.

70

92

87

97

95

91

89

87

90

92

87

92

94

80

92

91

89

TKNR, %
Train A

91

92

87

97

95

91

93

87

95

92

87

94

94

93

94

91

B3

lrain C

100

100

100

80

100

100

100

100

100

100

100

100

100

89

100

100

100

Table 8.8: Mesuared removal efficlencles ln the pre-Den Trains,

NH3R, %
Train A

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

94

Train C

NA

NA

B6

NA

NA

93

NA

NA

94

NA

NA

9B

NA

NA

98

NA

NA

BODR, %
Train A

NA

NA

92

NA

NA

93

NA

NA

96

NA

NA

9B

NA

NA

97

NA
NA

Train C

57

68

46

73

64

68

72

69

70

75

68

76

75

69

76

71

82

SOCR, %

frain A

74

69

52

74

64

70

72

71

69

70

70

T7

76

74

77

76

B1

Day

#

49

52

54

56

59

61

63

66

68

70

73

75

TI
80

82

84

87



Train C

74

72

35

62

63

36

74

40

3B

41

56

57

47

23

48

NO3R, %

Train A

79

B4

50

57

74

43

67

40

25

41

33

54

50

38

40

ïrain C

66

64

30

55

59

31

68
37

33

37

13

50

43

21

40

TNR

Train A

6B

72

43

48

69

38

64

37

22

29

30

47
46

34

32

Train C

89

89

87

8B

94

B5

92
93

89

91

50

88

91

90

84

Table 8.9: Mesuared removal efficiencles in the Pre-Dsn Tralns, Thlrd operatlonal perlod.

TKNR, %

Train A

87

86

87

B8

92

88

96

93

B9

83

90

B8

91

90

80

Traln C

100

100

100

100

100

100

100

100

100

100

60

100

100

100

100

NH3R, %

Train A

100

100

100

97

100

100

100

100

100

91

100

100

100

100

100

Traln C

97

NA

NA
98

NA

NA

94

NA

NA
95

NA

NA
95

NA
NA

BODR, %

Train A

97

NA

NA

96

NA

NA

97

NA

NA

95

NA

NA

96

NA

NA

Train C

74

73

67

72

79

69

79

73

72

75

61

61

TI
59

73

socR, %

Train A

74

69

6s

T7

77

59

79

74

70

75

71

67

76

67

72

Day

#

89

91

94

96

9B

101

103

105

108

110

112

115

117

119

122
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C.1 Oxygen up take rate on Aug.27, 1gg2
Time DO Rlll First sample

Regression Output:
0 5.3

0.25 4.8S Constant 4.909583
0.5 4.55 Std Err of y Est O.17742g

0.75 4.15 R Squared 0.967761
1 3.9 No. of Observations 15

1.25 3.7 Degrees of Freedom 1g
1.5 3.4

1.75 3.3 X Coefficient(s) -0.æZb6
2 3.15 Std Err of Coef. 0.042414

2.25 3
2.5 2.8

2.75 2.6 -.

3 2.45
3.25 2.3
3.5 2.2

time DO Rlll second sample

0 4 Regression Output:
0.25 3.4 Constant 9.599744
0.5 3.1 Std Err of y Est 0.175146

0.75 2.85 R Squared 0.950017
1 2.6 No. of Observations 12

1.25 2.4 Degrees of Freedom 10
1.5 2.25

1.75 2.15 X Coefficient(s) -0.90269
2 2 Std Err of Coef. 0.058586

2.25 1.85
2.s 1.65

2.75 1.5

153



C.2 Orygen up-take on Sept. 3, 1992
ïme DO Rlllfirst sample

0 4.5
0.25 4.'15

0.5 3.8
0.75 3.65

1 3.5
1.2s 3.3s
1.5 3.2s

1.75 3.1

23
2.25 2.9
2.5 2.8

2.75 2.75
3 2.6s

3.25 2.6
3.5 2.5

3.75 2.4

4 2.3
4.25 2.25
4.5 2j5

4.75 2.1

52
5.2s 1.95
5.5 1.85

5.75 1.7s

ïme DO Rlll Second sample

0 4.5
0.25 4.15
0.5 3.8s

0.75 3.7
1 3.5

1,25 3.4
1.5 3.3

1.75 3.1s
2 3.05

2.25 3
2.5 2.9

2.75 2.8

3 2.7
3.25 2.65
3,5 2.55

3.75 2.5
4 2.4

4.25 2.3
4.5 2.2

4.75 2j5
5 2.1

5.25 2.05
5.5 2

5.75 1.9

Regression Outpú:
Constant
Std En of Y Est
R Squared
No. of Observations
Degrees of Freedom

3.984333
0.160022
0.955702

24
2.

X Coeffìcíent(s)
Std Err of Coef.

X Coefficient(s)
Std En of Coef.

4,411?2
0.018875

Regression Outpú:
Constant
Std En of Y Est
R Squared
No. of Observations
Degrees of Freedom

4.001167
0.15685

0.953871

24
æ.

{.æ461
0.018s01

1.54



C.3 Orygen up take on Sept. 10, 1992
ïme DO Rlll First sample

0

o.2s
0.s

0.75

1

1.25

1.5

1.75

2
2.25

2.5
2.75

\'
3.25

3.5

3.75

4

4.25

4.5
4.7s

5

5.2s
5.5

5.75

6

b.5

6.75

7

7.25

7.5

7.75

8

ó.¿c

8.s
8.75

o

9.25

9.5
o aÊ.

10

5.1

4.75

4.6
4.45
4.35
4.2
4.1

4

3.95
3.85

3.8

3.7

3.65

ó.o

3.5
3.4

3.35

3.2
3.1s

3.1

3.05
.t

2.9s
2.75

2.7
2.6s

¿-o

2.5s
2.4s

2.4
¿.!tc

2.3

2.25
2.2

2.1s
2.0s

2
{oÃ

1.8

-0.28272

0.0064s9

4.s86021

0.122055
0.980555

40

3B

Regression Output:
Constant

Std Err of Y Est

R Squared

No. of Observations
Degrees of Freedom

X Coefficient(s)

Std Err of Coef.

155 Conttl



//Cont.C.g
Time DO Rlllsecond sample

Sept.10
0

o.25

0.5
o.75

1

1.25
1.7s

2

2.25

2.5
ã

\).¿C

3.5

4

4.5

5

5.25

5.5

5.75

6

6.25

b.5

6.75

7
7.25

7.5
7.75

ö

8.25

8.7s
9.25
9.7s

10

10.15

5

4.9

4.8

4.75

4.5

4.4
4.3

4.25

4.05

4

3.95
3.85

3.8

ð.o

o.c
3.4
\t. !t

\t.Zo

\).¿

3.15

3.1

3

2.9
2.85

2.8

1.t 3
¿.oÐ

2.6

2.s5
2.4s
2.3
2C

2.15

2.1

4.808441
0.079646

0.991A3s

34
32

Regression Output:
Constant

Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s)

Std Err of Coef.
-0.27541

o.oM472

1.56



llCont.c.4
Time Rll DO Second sample

0 7.3
0.25 7

0.5 6.85
0.75 6.75

1 6.6s
't.25 6.55
1.5 6.45

1.75 6.4
¿ Þ.\t

2j5 6.25
2.5 6.15

2.7s 6.'l

3 6.0s
3.25 6

3.5 5.9

3.75 5.85
4 5.8

4.25 5.7
4.5 5.6s

4.75 5.6

5 5.55
5.25 5.45
5.5 5.4

5.75 5.35

6 5.3
6.5 5.25

6.75 5.15

7 5.1

7.25 5.05
7.5 5

7.75 4.9s
8 4.9

8.2s 4.8s
I 4.7

9.25 4.6s
9.5 4.55

9.75 4.5
10 4.4s

10.5 4.4
10.75 4.35

11 4.3

11.25 4.25

11.5 4.2
11.75 4.15

Regression Outprrt:
Constant 6,S219
Std Err of Y Est
R Squared

0.1124
0.9836

No. of Observat¡ons 45
Degrees of Freedom 43

XCoefficient(s) -0.23S

Std En of Coef. 0.0047

r57



C.4 Oxygen up take on Aug.27, 1992
Time DO Rll First sample

0 7.2
0.2s 6.9
0.75 6.8

I b.55

1.25 6.45
1.5 6.3

1.75 6.2

2 6.1

2.25 6.0s

2.5 6

2.75 5.9s
3 5.9

3.5 5.8s
3.75 5.8

4 5.75

4.25 5.6s
4.5 5.6

4.75 s.55
ð 5.b

5.25 5.45

5.5 5.4
5.75 5.3

6 5.25

6,25 5.2
6.5 5.15

6,75 5.1

75
7.25 5

7.5 4.95

7.75 4.9

8.25 4.85

8.5 4.8
8.75 4.75

I 4.7
9.25 4.6s

9.5 4.6

9.75 4.55
10 4.5

10.25 4.4s
10.75 4.3
11.2s 4.25

11.s 4.2

Regression Output:
Constant

Std Err of Y Est

R Squared
No. of Observations
Degrees of Freedom

X Coetficient(s) 4.2s
Std Err of Coef. 0.0122

6.6471

0.2s83

0.8928

43

41

llCot¡t.
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C.5 Orygen up take Sept3, 1992
ïime DO Rll First sample

06
0.25 5.8
0.5 5.6

0.75 5.5
1 5.4

1.5 5.35
1.75 5.2

2 5.1

2.25 5
2.75 4.9

3 4.8
3.5 4.75

3.75 4.7
4 4.65

4.25 4.6
4.s 4.55

4.75 4.5
5 4.4

5.25 4.35
5.5 4.3

5.75 4.2
6 4.15

6.5 4.05
6.75 4

7 3.95
7.25 3.9
7.5 3.85

7.75 3.8
I 3.75

8.25 3.7
8.75 3.65

I 3.6
9.25 3.55

ôÃ ?tr

9.75 3.45
10 3.4

10.25 3.35
10.5 3.3

10.75 3.25
11 3.2

11.25 3.15
11.5 3.1

11.75 3.05
12.25 3
12.5 2.95

12.75 2.9
13 2.85

13.25 2.8
13.75 .2.7
14.25 2.65
14.5 2.6

14.75 2.55
15 2.5

Begression Output:
Constant 5.54&1
Std En of Y Est
R Squared
No. of Observatlons
Degrees of Freedom

X Coefficient(s) {.213
Std Err of Coef. 0.0O35

0.1115
0.9861

Êã

51

IlCont,

t59



//ConLÇ.5.lìme 
Hll DO Second sample

06
0.25 5.9

0.5 5.75

0.75 5.65

1 5.55

1.25 5.45

1.5 5.4

1.75 5.35

2 5.3

225 5.2

z5 5.15

z.75 5.05

35
3.25 4.95

3.5 4.85

3.75 4.8

4 4.7

4.25 4.65

4.5 4.6

4.75 4.55

5 4.5

5.25 4.45

5.5 4.4

5.75 4.35

6 4.3

6.25 1.25

6.5 4.2

6.75 4.1

7 4.05

7,25 4

7.75 3.9

I 3.85

8.25 3.8

8.75 3.7

I 3.65

9.25 3.6

9.5 3.55

9.7s 3.5

10.25 3.45

10.5 3.4

10.75 3.3

11 3.25

11.25 3.2

11.75 3.15

12 3.1

12.25 3.05

125 3

12.75 2.95

13 2.9

13.5 2.8

14 2-75

14.25 2.7

14.5 2.65

14.75 2.6

15 255
15.2s 25

F€gression OuÞut:
Constant 5.6756
Std EnofY Est 0.0997

R Squared 0.9901

No. of Observations 56
Degrees of Freedom 54

X Coefficient(s) 4.217
Std En of Co€f. 0.0029
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C.6 Oxygen up take rate on Sept. 10,1992
TIME RII DO

06
o.25 5.8

0.5 5.5

0.75 5.4

1 5.3

1.25 s.2
1.5 5.15

1.7s 5.05

25
2.5 4.95

3 4.9
3.25 4.85

3.7s 4.8
4.25 4.75

4.5 4.7
5 4.65

5.2s 4.6

6.25 4.55
6.75 4.5

7 4.45

7.25 4.4
I 4.35

8.25 4.3
8.75 4.2s

9 4.2

9.7s 4.15
10 4.1

10.75 4.1

11 4.0s
1'l.25 4

12 3.9s
12.25 3.9

13 3.8

14 3.7s
14.5 3.7

Regression Output:
Constant 5.409

Std Err of Y Est 0.1586

R Squared 0.9289

No. of Observations 35
Degrees of Freedom gg

XCoefficient(s) -0.128

Std Err of Coef. 0.0062

Fig.C_.I5 Oxygen up take rate (OUR)
Pre-Den Train A First sample

J
o
E

oo

I 10
Tlme, mln

X M@d@r-tr6ct OO 
- 

R€grqôe¡on In€
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C.7 Oxygen up take rate on Au9.27,1992
Time DO RV First Sample

0 5.1

o.25 4.75
0.5 4-4

o.75 4.15
1 3.95

1.2s 3.75
1.s 3.6

1.75 3.45
2 3.3

2.25 3.25
2.5 3.15

2.7s 2.9
3 2.8

3.25 2.65
3.5 2.s5

3.7s 2.45
4 2.35

4.25 2.25
4.5 2.15
4.7 2.05

Regression Output:
Constant
Std Err of Y Est

R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s) -0.sss67
Std Err of Coef. 0.02231

4.594289
o.177156
0.967256

23
21

s 1.9s
5.25 1.8s Ë5.5 1.7s E

oô

Flg.C.16 Oxygen up take rate (OUR)
. Pre-Den Traln C First Sample

4.5

4

3.5

= {1.56 mg/Lmln R = o.97

t*
01 3466

Tlme, mln

X l¡ød€l.a6d DO 
- 

Rê€raasiofl gn€

1,69



C.8 Oxygen up take rate on Sept. 10, 1992
Time DO RV Second sample

0 5.6 Regression Output:
0.25 5.35 Constant 5.2609
0.5 5.25 Std Err of y Est 0.086948

O.75 5.15 R Squared 0.98695g
1 5 No. of Obseryations 34

1.25 4.9 Degrees of Freedom 32
1.5 4.8
2 4.7 X Coefficient(s) -O.2gSBz

2.25 4.65 Std Err of Coef. O.OO47I4
2.5 4.6

2.75 4.55
3 4.s

3.25 4.45
3.5 4.4

3.75 4.3
4.25 4.2
4.5 4.1

54
5.5 3.95

5.75 3.9
6 3.85

6.5 3.7 s

7 3.6s +
z.1s -;.ã 

B 4's

7.5 3.5 o 47.75 3.45 0
B 3.4 3.s

8.15 3.3

t

Fig.C,l7 Oxygen up take rate (OUR)
Pre-Den Traln C Second Sample

La
ì\r rySlope = 4.24 mg/Lmin R = e.

Tlme, mln

X Measured DO 
- 

Begresslon llne

g.25 3.1 2s
9.5 3.05 0 1 2 3 4 s 6 7 8 I 10

8.7s 3.25 3

I 3.2

9.75 3
10 2.9s
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C.9 Denitrification & SOC rate determinations on day 117

Time

min

RI-'I'rain A RIV- Train C
NUJ-N
meNlL

5O(-
ms/r-

N UJ-N
msN/L

SOC
mgll-

0 7.8 30.8 9.3 29.5
30 6 28.1 6.75 27.1
60 4.95 26.8 5.4 25.3
90 4.77 25.9 4.2 24.9

t20 a
J 24.1 2.5 24.5

150 2.25 24.2 2.2 24.r
180 1.35 23.6 1.5 24
270 1 23.1 0.75 23.2

Regression Output: NO3-N RI, 16-lX-92 (Day 1.17)
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s) -0.03203
Std Err of Coef. 0.002242

Regression Output:
Constant
Std Er¡ of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s) -0.03389

Std Err of Coef. 0.004044

7.253333
0.435806
0.971456

8

6

SOC RI, 1,6-r,-92 (Day 117)
29.45833
0.786165

0.9213
8

6
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Regression Output: NO3_N RIV,16_IX-92 (Day 1Constant g.13333

Std Err of Y Esr 035732
R Squared 0.94256
No. of Observaüons g

Degrees of Freedom 6

X Coefficient(s) -0.0387
Std E¡r of Coef. 0.0039

Regression Output: SOC RIV, I6_IX_9Z (Day 117Constanr Zj.g75
Std Er¡ of Y Est 0.92537
R Squared 0.82414
No. of Observations g

Degrees of Freedom 6

X Coefficient(s) -0.0252
Std Er¡ of Coef. 0.00476

c.10 Denitrification & soc rate determinations on day rz2

Iime

min

RI- Train A RIV- Train C
NO3.N
rngN/L

SOC
melL

NO3-N
rngN/L

5UC
ms/I-

0 6 37 5.25 )ad
30 4 28.7 4.75 27.5
60 3.7 27.7 3.25 27.5
90 J 25.8 2.5 25.6

720 7.7 24.5 1.25 25
150 1,.25 23.8 0.5 22.4
180 1 23.4 0.25 20.5

Regression Output: NO3-N RI, 21_IX_92 (Day IZZ)
Constant 5.360'114
Std En of Y Est 0.478465
R Squared 0.94046I
No. of Observations 7
Degrees of Freedom 5

X Coefficient(s) -0.02679
Std En of Coef. 0.003014

t72



Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s) -0.04262
Std Err of Coef. 0.004078

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s) -0.02893
Std Err of Coef. 0.001705

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s) -0.0469
Std Er¡ of Coef. 0.004531

SOC RI, 27-IX-92 (day 122)
30.25

0.647412
0.956219

7

5

NO3 RIV, 27-IX-92 (day 722)
5.053577
0.270581.

0.982938
7

5

SOC RIV, 27-IX-92 (day 122)
29.6357I
0.719325
0.9s5416

7

5

t73
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FIg.C.21 .Conrparison of SruR to yobs,
Throughout the experiment Train B

Fig.G.20 Speeifía h{Etríficatiora ffiate-['h 
rou g hout the experirnent

Operatlonal Perlod
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Throughout the exþeriment-Traín,A

Alk drop calculated, mgCaCOs/L

FiE C.23 Alkalinity consumption
Throughout the experlment Train B

+ Measured alkdrop 
- 

Calculated alkdrop X C"rcrf"ar"p ,f L_Oll

X
vÂ+X^ + ++ +

Alkdrop calculated, mgCaCO3/L
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FiEÆ"24 Ålkatin"lity eonsumptiom
Throughout the experlment Train C
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Fig.G.ZS !-{istograph of Atkatinity
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Alk drop calculated, mgCaCO3/L
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