ABSTRACT

Rl CHARD P. McCOY. Bi ol ogi cal Treatnent of Wastewater from
t he Production of p-Nitrosophenol. (Under the Direction of
Dr. M CHAEL D. Al TKEN)

The biological treatability of p-nitrosophenol
wast ewat er was i nvesti gated usi ng Sequenci ng Bat ch
Reactors (SBRs). Two 2.5 1 SBRs were operated for nore
t han si x nonths and were fed both a raw waste and a
synthetic feed. Renoval of phenol was greater than 93% and
sol uble COD renpbval was 75% or greater. The inhibitory
effects of the phenolic waste were partially overcone by
i ncreasi ng the nunber of treatnent cycl es per day.
Si gni ficant | oading rates were sustai ned t hroughout the
study, the highest being achi eved at two cycl es per day.
Loss of soluble COD by abiotic nmeans was rul ed out. The
use of SBRs for treatnent of p-nitrosophenol wastewaters
will result in significant savings over present cheni cal

oxi dati on processes.
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. I NTRODUCTI ON

The purpose of this research project was to determ ne
the feasibility of biologically treating an industria
wast ewat er usi ng sequenci ng batch reactors (SBRs). This

proj ect was funded by Sandoz Chenicals of M. Holly, NC.

Sandoz Chemicals, |located 6 nmiles west of Charlotte,
NC, is one of the | argest manufacturers of textile dyes and
dye internediates in the United States. The plant enpl oys
approxi mately 350 people and its products are distri buted
t hroughout the US and overseas. The textile manufacturing
processes at the M. Holly plant are all batch processes.
The npbst conmon reactions used to produce dyes are
sul fonation, chlorination, nitration and nitrosati on of
phenol and chl orobenzene. These batch processes result in
a waste streamwi th varyi ng concentrati ons of a w de
vari ety of organic and inorganic constituents. The pl ant
currently treats the najority of its wastewater on site by
neans of chem cal neutralization and biol ogical treatnent.
Sl udges resulting from precipitation of neutralized

cheni cal s are di sposed of on-site by landfilling.
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One particul ar wastestream that the conpany is

concerned about is the wastewater resulting fromthe
producti on of p-nitrosophenol. p-Nitrosophenol ((3;4;N02,
1, 4- benzoqui none nonoxine) is an inportant stock chem cal
used in the synthesis of dyes by Sandoz and ot her dye
manuf acturers. Ni t rosophenol (as p-nitrosophenol will be
referred to in the rest of this report) is produced by the
nitrosati on of phenol using sodiumnitrite in a

concentrated sul furic acid nmedi um 4-Ni trophenol is a

bypr oduct of this reaction.

After the reaction is conplete, the liquid
(approxi nately 50,000 gallons) is drained fromthe reaction
vessel and put through a centri fuge. Si nce ni trosophenol
is arelatively insoluble conpound at acid pH, the ngajority
of the nitrosophenol produced in the reaction is captured

in the centrifuge cake.

The centrate that renmmi ns consi sts of dissolved and
suspended ni trosophenol, 4-nitrophenol, phenol, sodium
nitrite, and sul furic acid. The organic content of the
wast estream on average, consists of 1340 ng/1
ni trosophenol, 1140 ng/1 phenol and 190 ng/1 4-nitrophenol.

However, there is considerable variability in these

concentrations from batch to bat ch.

Though the activated sludge system at the Sandoz pl ant
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currently treats the majority of the wastewaters
generated, the nitrosophenol process wastewater is not sent
to the activated sludge system The discharge pernmit issued
to Sandoz Chem cals has a very strict nass limt on phenol,
so that it is prudent for themto pre-treat wastes that
have a hi gh phenol content, such as the nitrosophenol
wast ewat er . The current treatnent nethod for this
wast estreamis chem cal oxidation in a batch system using
hydr ogen peroxide in the presence of iron (the Fenton
Reacti on):

Fe(l11)

p- Ni t rosophenol + Phenol + 4-Nitrophenol + HO ---->
2 2

CO + HO + NO + ot her products
2 2 3

The opti mum pH for the reaction has been found to be
between 3.5 and 4. 3. This is achi eved by addi ng sodi um
hydroxide to the centrate. The theoretical nolar ratio of
peroxi de to phenol is 14:1. Personnel at the plant use
consi derably nore than the theoretical ratio. The current

cost of treatnent with this systemis very high.

Ferric sulfate is used as the catalyst at 50 | b per
50, 000 gall on batch. The oxidation reaction is highly
exothernic and foam ng is used as an indication of reaction
rate. The reaction is performed at very lowinitial

o

tenperatures (5 F). Analyses of effluent concentrations of
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ni t rosophenol, 4-nitrophenol, and phenol after peroxide
oxi dation showed virtually conplete elimnation of al

three chemcals in 60 individual batches. Data on reaction

products fromthe chem cal oxidation process are not

avai | abl e.

Because of the hazard and expense of using hydrogen
peroxi de (50% reagent is used), Sandoz is very interested
in converting its nitrosophenol filtrate treatnent process
to a biological system |In addition, the current
production rate of nitrosophenol is restricted by the
limted capacity of the chem cal oxidation treatnent

process.

Sequenci ng batch bi ol ogi cal reactors pose significant
advantages to Sandoz in the treatnent of this waste stream
Sequenci ng batch reactors are essentially a set of tanks
that operate on a fill and draw basis. Each tank in the
SBR systemis filled during a discrete period of tine and
then operated as a batch reactor. After desired treatnent,
the mxed liquor is allowed to settle and the clarified
supernatant is drawn fromthe tank. Sequencing batch
bi ol ogi cal reactor design and operation was recently /

reviewed (lrvine and Ketchum 1989), and the follow ng

description of SBRs is fromthat article.

The essential difference between the SBR and a
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conventional continuous-flow activated sludge systemis

that each SBR tank carries out functions such as
equal i zation, aeration, and sedinentation in a time, rather
than a space sequence. One advantage of the tine
orientation is the flexibility of operation. The total

time inthe SBRis used to establish the size of the system
and can be related to the total volune of a conventiona

conti nuous-flow facility.

The cycle for each tank in a typical SBR is divided
into five discrete tine periods: Fill, React, Settle,

Draw, and |dl e.

During Fill, the influent wastewater is added to the
bi omass which remained in the tank fromthe previous cycle.
The Fill period may be either a Static Fill (no mxing or
aerating). Mxed Fill (mxing without aerating), or Aerated
Fill. Fill is typically termnated when the tank is ful
or when the next tank in the sequence is ready to receive

i nfluent.

Reactions that nmay have been initiated during the Fil
period are conpleted during React. React is characterized
by a high concentration of substrate at the beginning of
the period. By the end of React, nost, if not all, of the

substrate has been degraded. The exposure to wde
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differences in substrate concentration thus achi eved can be
an inportant aspect in selection of the mcrobial community
in the reactor, and can lead to the devel opnent of a

culture adapted to transient |oading conditions.

After the React period is over, aeration (and sonetinmes
m xing) is stopped and qui escent conditions are naintained
in the reactor during a Settle period to allow settling of
the biomass. The Settle period is usually between 1 and 2
hours. After Settle, the supernatant is drawn off during
Draw. Supernatant can be drawn by either a floating punp
or adjustable weir or a pipe at a fixed position in the
side of the reactor. Draw typically only takes 5-30% of
the total cycle tinme. After drawing off the effluent, the

SBR may go into an Idle period or it may inmediately begin

a new Fill period.

At the Sandoz plant, three tanks are available near the
ni trosophenol treatment area and would be ideal for use as
SBRs. Wth a mnimumof retrofitting, a two tank SBR
system wusing the third tank as an equalization/storage

tank could be set up with a mninal anount of capita

equi pnent .

One of the objectives of this study was to determ ne

whet her the existing tank vol ume woul d be sufficient to

treat the average daily volune of nitrosophenol wastewater.
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This required an evaluation of treatment efficiency as a
function of loading rate. In addition, Sandoz gave a
stated objective that the biological process should renove

phenol to below 10 ng/1 consistently. Specific objectives
of the study included:

1. evaluate the biodegradability of nitrosophenol
wast ewat er constituents and the treatability of the waste

in a bench-scal e SBR

2. determne nutrient requirenents for optinum
degradati on;

3. evaluate treatnent performance as a function
of reactor operating conditions; and

4. draw conclusions as to the biol ogical
treatability of the waste and devel op a conceptual process
design if treatnent appeared to be feasible.
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M. LI TERATURE REVI EW

Sequenci ng Batch Reactors

The historical perspective, advantages of SBRs over
conventional biological treatnment systens, and design
considerations for using nultiple tanks (since it is
proposed that two or three tanks at the Sandoz plant be
reconfigured as SBRs) are discussed below. This

informati on has been excerpted fromlrvine and Ketchum

(1989) .

1. Historical Perspective: Sequencing Batch
Bi ol ogi cal Reactors were initially studied and placed into
actual service in the early 1900s. Good renoval of
suspended solids and BOD was observed in the treatnment of
donmestic sewage as early as 1914. However, in the 1920s,
research and devel opnent efforts switched to continuous
flow treatment systems due to the high discharge flowrate
relative to that of the influent when one tank is enpl oyed,
cl ogging of diffusers because of periodic settling of the

sl udge, and increased operator attention resulting fromthe

need to switch val ves and clean diffusers. The use of a
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nultiple tank strategy alleviates the first objection and
vast inprovenents made since the 1920s in aeration devices
and control systems obviate the second and third

objections. Today, applications of SBR technol ogy can
focus nore on process advantages over continuous systens,

rather than on factors associ ated with hardware and

operating | abor.

2. Advantages of the SBRs:

a. FEqualization and Dilution: SBRs have two
di stinct advantages over conventional biological treatnent
systems when enployed in the degradation of high strength,
variabl e conposition waste. These are its ability to
equal i ze and dilute wastes. Wen a significant anount of
the total reactor liquid volume is renoved during Draw, and
no aeration is provided during Fill, the SBR acts like a
stepwi se equalization system Wastewater with a highly
variabl e concentration is equalized over the period of
Fill. Wen arelatively small anount of effluent is
withdrawn during Draw, and the liquid level in the reactor
Is high at the beginning of Fill, the effect is to dilute
the influent wastewater. Thus, the SBR provides a

buffering action against rapid changes in concentration of
any conponent in the reactor that could result froma

sudden increase in the strength of influent wastewater.
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b. Popul ation Sel ection: The power of an
unst eady-state SBR cones fromits ability to provide the
m crobial consortiumw th a controlled environnent which
w || select for organisns that have advantageous
characteristics in treating the wastewater. For instance,
Static Fill is frequently used to establish feast
condi tions (high instantaneous substrate concentratations)
inthe SBR Fam ne conditions naturally result during
React, when the substrates are being utilized w thout the
i nput of raw waste. Oganisns that are able to conpete
best for the food supplied under alternating conditions of

feast and famne will be enriched in the system

I n another exanple. Mxed Fill conveniently allows
alternative electron acceptors such as nitrite and nitrate
to be utilized. Thus if oxidized forns of nitrogen are
generated by nitrification in the SBR during Aerated Fil

or React, denitrification wll take place during unaerated

peri ods.

3. Design Considerations Involved with Using
Mul ti pl e- Tank SBRs:

a. In mltiple tank systenms, the tine

avail able for React, Settle, Draw, and ldle nust equal the
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sumof the Fill periods for all other tanks. Therefore as
the nunber of tanks increases, the fraction of tinme devoted
to Fill in any one tank decreases, and an increased
fraction of time during a cycle is available for React,

Settle, and |dle.

b. For a given total tank volune, the |oad
t hat can be handl ed i ncreases as the nunber of tanks is

i ncreased.

Because of the unsteady-state nature of Fill and React,
a kinetic-based definition of sludge age, an inportant
operating paraneter in conventional activated sludge
systems, is not possible. However, an evaluation of the
kinetics and stoichionmetry of the treatnent systemis vita
(lrvine, et al., 1977). A mathenmatical method of
describing the kinetic relationships of nultiple reactions
involved in an SBR has been presented (lrvine, et al.
1980). The rates of various reactions help determne the
relative inportance of each reaction in a reaction scheme.

Because the SBR has five nonaeration-oriented functions

(Static Fill, Mxed Fill, Settle, Draw, and Idle), the
definition of mass loading rate is also obscured. A useful
definition of mass loading rate in an SBR adjusts the tine
factor appearing in the denom nator of the term by
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including only the fraction of tinme the mxed |liquor is

under aeration each day.

The effect of the organic loading rate on the operation
of an SBR treating municipal waste has been reported
(Irvine, et al., 1985). The study was done at the Cul ver,
IN, Wastewater Treatment Plant. Two SBRs had been
retrofitted at the plant. During the two nonth study, one
tank was operated at an organic |oading rate (adjusted for
aeration time) of 0.16 kg BOD5/ kg MLVSS-d, and the ot her
was operated at an organic loading rate of 0.42. The
performance of the SBR at the |ow | oading rate was found to
be better than the SBR at high loading rate in ternms of
ef fluent BOD5, and suspended solids (SS) . However, both
SBRs mai ntained effluent qualities that were quite good.

It was found that the highly |oaded reactor was nore

difficult to operate.

The effect of the loading rate on effluent quality in
an SBR treating donestic sewage was eval uated (Hoepker and
Schroeder, 1979). Because biofloccul ati on has been
associated with extracel lul ar pol yner production occurring
under |ow growth rate conditions, the effluent turbidity
was thought to be related to the maxinumgrowh rate
experienced during the feed cycle. In this study effluent
SS and TOC were neasured as functions of |oading rate.

Ef fl uent TOC concentrations varied wth influent TOC
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concentration. No relationship was found between effluent
quality and growth rate in the reactor. The |ower feed
strength and |lower growth rate systems were found to have

| ower suspended solids concentrations.

A study was performed to determne the effect of the
Fill:React ratio on SBR perfornmance (Dennis and Irvine,
1979). In this study Fill and React tines were varied to
determne the effect on settleability of the mxed |iquor
A loading rate of 0.3 g BOD5/g M.SS-d was used. It was
found that enploying short Fill periods, and consequent|y
| ong React periods, settleability was markedly better than

for long Fill and short React periods.

Treat ment of Hazardous Waste Using Sequenci ng Batch

Bi ol ogi cal Reactors

The treatnent of an industrial wastewater with SBRs has
been eval uated at bench scale (Murthy, et al., 1988). In
this study the wastewater fromthe production of Roundup
(TM, an agricultural pesticide, was treated using batch
flasks and with SBRs. The target conpound for renoval in

the wastewater was gl yphosate (N phosphono-nethyl glycine,
COOH CH2- NH- CH2- H2P03).  The feed to the reactors had a

sol ubl e COD of 3600 ng/1 and a gl yphosate concentration of
1600 ny/ 1.
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Compl ete renoval of gl yphosate was achieved in
prelimnary studies using SBRs up to an initial
concentration of 3000 ng/1. Denitrification was found to
be an inportant mechanismin glyphosate renmoval, so the
Fill period was changed froman Aerated Fill to a M xed

Fill. Wen this occurred, better renoval rates were

obser ved.

The results of bench scale and initial operation of a
full scale SBR systemto treat |andfill |eachate, water
froma groundwater remediation program and bul k hazardous
wast e has been reported (Herzbrun, et al., 1985). The
plant is operated by CECOS International at N agara Falls,
NY. Prior to the SBR study, removal of organics in the
wast ewat er was acconpl i shed by adsorption onto activated

car bon.

Prelimnary studies had confirmed the treatability of
the wastewater (Herzbrun, et al., 1984). Total Organic
Carbon degradation ranged from55 to 81% and pheno
degradation ranged from96.8 to 99.2% Foam ng was
observed during the treatnent of the waste on several
occasi ons, but was easily controlled with a bubble breaking
conpound. A study to determne the effect of a power
failure or mechanical problens showed that with no air

supplied to a reactor for as long as 48 hours, no short-
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termor long termeffects were observed.

During the bench scale testing, the waste treated had
an influent TOC of 1620 ng/1 and influent phenol of
approxi mately 40 ng/1. Two reactors were operated over a
nine-week period. One reactor operated at roomtenperature
(21 - 25 degrees C) and the other operated bel ow room
temperature (5-17 degrees C) to sinmulate cold weat her
operation. Total Oganic Carbon (TOC) renoval averaged 79%
for the roomtenperature reactor and 75% for the cold
weat her reactor. Overall effluent phenol concentrations

averaged 0.4 ng/1 throughout the bench scale study for both

reactors.

Phenol augnentation was evaluated in both reactors to
eval uate reactor performance at increasing |levels of
i nfluent phenol. The weekly average concentration of
phenol was increased from40 ng/1 to 570 ng/1 over a six
week period. The roomtenperature reactor maintained an
ef fl uent phenol concentration of 0.4 my/1 and the sinulated
col d-weat her reactor experienced two weekly average spikes
of 55 ng/1 and 63 ng/ 1.

Results of the second through the fifth week of ful
scal e SBR operation were reported. The one 1900 nm*S SBR
constructed at the site treated an average of 220nt3/d at
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an eight to nine day retention tine. Phenol degradation in
the SBR averaged 99% and average TOC renoval was 72%

These reductions in phenol and TOC by bi ol ogi cal nethods
resulted in significant cost savings over carbon adsorption
alone. Carbon adsorption was retained, though, as a

polishing step for the effluent.

The treatnent of soils and | eachate froma | andfil

containing typical coal gasification wastes such as

pol ynucl ear aromatic hydrocarbons (PNAs), phenols, coal
tars and oils, and cyani de- and sul fate-containing wastes
was reported (Brenner, et al., 1987). In this study the
overal | goal was to develop a "specialized bacteria" to be
used in a land farmng technique to renediate the soil

The SBR was chosen to devel op the specialized bacteria
because of the unique activities that can occur during its

Settl e period.

During the Settle period, the mcroorgani snms have an
opportunity to performplasmd exchange, in which genera
enri chnent of genetic information is achieved. This was
thought to be an excellent way to devel op a popul ation of
organi sns that woul d be adapted to coal conversion gas by-
product degradation. Once the popul ation was devel oped,

the SBR woul d be used to culture organisns to be applied to
the surface of the contamnated site to maxim ze the rate

of soil detoxification.
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A popul ation of organisns was isolated fromsoils at
the site and were confirmed to degrade phenol, naphthal ene,

and acenapht hene by plating and respironetry nethods. Two
initial SBRs were operated using a soil/leachate mxture as

the feed to one reactor and the [ow COD (100 ng/1 sol uble
COD) |eachate as the feed to the other reactor
Performnce of these screening test reactors showed good
removal of soluble COD and good oxygen uptake rates.

Four bench scale SBRs were then operated. Two of the
four reactors were fed a soil/leachate mxture which had a
sol uble COD of 30 to 75 ng/1 and a total COD of 350 to 900
ng/ 1. Phenol concentrations in the feed m xture averaged
13.1 ug/ 1. The other two reactors received this same feed
suppl emented with glucose (5 ng/1 as COD).

Ef fl uent sol uble COD ranged from15 to 40 ny/1.
Ef f1 uent phenol concentrations were 0.5 ug/1 in one reactor
not supplenmented with glucose and less than 0.14 ug/1 in
the other three reactors. Mderate wasting of sludge
resulted in higher M.SS. The reactors fed gl ucose-
augnented feed had higher yields of solids, though all
reactors achieved high renoval efficiencies for nost of the

feed constituents. The effluents fromthe reactors were

turbid and this was thought to be due to the oily nature of

t he feed.
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Treatment of another landfill |eachate in N agara, NY
was al so eval uated using SBRs (Ying, et al., 1986). The

| eachate was m xed with a small amunt of chem ca
manufacturing wastewaters before treatment. The |eachate
account ed for about 60% of the conbi ned wast ewater vol une,
but 80% of the total organic |oading to the existing
adsorption system The conbined waste feed had an average
phenol concentration of 780 ng/1, COD concentration of 9200
ng/ 1, and total dissolved solids averaged 22,000 ny/ 1.

Previ ous treat nent consisted of activated carbon

adsorption. Poor adsorptive capacities were observed for
many of the organic conpounds present in the wastewater due
to conpetitive adsorption rather than poor bed design or
operational problenms. Any treatment technol ogy capabl e of
reducing this conpetition could extend the adsorption

servi ce cycl e.

Initial bench scal e SBR studies showed reduction of
about 90% of the TOO was achieved. Supplenentation of a
strain of bacteria isolated fromthe landfill.site inproved
the treatment efficiency of the reactor. Subsequent SBR
studies were then perforned using 1, 12 and 500 1 reactors.
Al reactors operated with a M.SS from 8000 to 13,000 ng/1
(an SBR operated with an M.SS of 5000 ng/1 failed early in
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the study). Hydraulic retention times of 1.7 and 1.0 days

were al so evaluated. Good performance was observed during
t hese hi gher hydraulic | oadings.

The 500 1 SBRs were then operated to simulate | ong-
term full-scale operation of the reactor. Good renova
efficiencies were observed with reactors that had M.SSs of
5000 and 10000 ng/1. The SBR resulted in reduction of the
activated carbon requirement by 90% Results obtained in
the 1 1 SBRs was reproduced in 12 1 and 500 1 units. The
experimental data served as the basis for the design of a

full-scal e SBR-adsorption system

Cloudy effluents (SS greater than 250 ng/1), due to
popul ations of dispersed and/or filanentous bacteria, were
observed several times during this study. They were caused
by excessive organic |oading, short React period, Iow D. Q,
nutrient deficiency and accunul ation of toxic conpounds.

Ef fl uent SS was |ess than 100 ng/ 1 except when the feed TOC
was hi gher than 3000 ng/1. The SBR performance was nearly
unchanged when the feeding was suspended on holidays and

weekends.

The integrated wastewater treatment system (biologica
treatment in SBRs followed by carbon adsorption polishing)
produced a better quality effluent at |ower overall cost.
Since the biological treatnent reduced TOC by 90% net
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savi ngs of $526, 000/ year over 10 years was estimted to be

realized if Dbiological pretreatment was inplenented

A novel way to treat a conplex landfill |eachate has
been reported (Smth and Wl derer, 1986). A landfill near
Hanmbur g, West Germany had a | eachate containing organic
sol vents, phenol, several chlorinated hydrocarbons and
heavy netals. A two-stage SBR treatnent strategy was
tested. This strategy involved treatnent of the nore
readi |y degraded compounds in a first stage SBR fol | oned by
treatment of |ess concentrated, but nore refractory
conpounds in a second stage "fixed filmSBR " A fixed film
reactor was chosen for the second stage because, due to | ow
concentrations of substrate, doubt existed as to whether

bi ol ogi cal sludge floes woul d devel op and settle.

A silicone-nenbrane oxygenation systemwas used to
provi de oxygen transfer to the reactors. This system was
enpl oyed to prevent the formation of gas bubbles and
t hereby reduce the amount of volatile organics released by
stripping, so that nmore of the volatile organics would be

avail able to the m croorgani sns as substrate.

The first stage SBR was a conventional 15 1 glass

bi ol ogi cal reactor. The second stage reactor was

constructed the sane as the first, except there was no
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mxer and it was filled wth expanded-clay aggregate.

A synthetic |leachate feed was fed to the reactors which
had a sol uble COD concentration of 1170 ng/1 and the phenol

content was 15 ng/1l. The sludge used to seed the reactors
was obtained froma |ocal wastewater treatment plant and

was augmented with water that had been filtered through

soil obtained fromthe landfill. The suspended solids of
t he reactor was 3000 ng/ 1.

During the initial stage of operation, the reactor
performance deteriorated appreciably over the 5 weeks of
operation. The fraction of flocculant organisms in the
first stage reactor consistently decreased and the effl uent
COD and suspended solids increased. These effluent
suspended solids then becanme trapped in the second stage
reactor. By the end of the initial seven weeks of

operation, effluent suspended solids were appearing from

t he second stage reactor.

To correct these problens, a different strategy was
enpl oyed in the next phase of operation. After a React
period was conpl eted, the normal anount of reactor volume
was decanted fromthe second stage reactor. The remnaining
vol une in the second stage reactor was placed in the first
stage reactor. The contents of the first stage reactor,
again after the React period, were then placed in the
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second stage reactor. This resulted in a decreased
hydraulic retention time for the stage one reactor to

sel ectively favor floccul ant organi sns.

This operating strategy performed well over the 70 days
of operation. Effluent quality, evaluated by measuring
sol ubl e COD and suspended solids, steadily inproved over
time. However, three weeks into this phase of the
experiment the MLVSS of the first stage reactor was noted
to have decreased to virtually zero, despite the fact that
the reactor was performng consistently well. This was
expl ained by the fact that the organisns in the reactor had
becone trapped between the reactor wall and the silicone
tubing structure. So the first stage reactor was, in

essence, also operating as a fixed filmreactor.

Bench scal e studies were then perforned by taking the
| aboratory apparatus to the landfill site. Effluent
concentrations of COD and TSS in all reactors steadily
I ncreased over tine and were nmuch higher than in the
initial studies. Fromthese results, it was apparent that
none of the operating strategies investigated resulted in
stabl e performance of the suspended growth SBR process,

i ndicating that the suspended growth activated sl udge

process is not a suitable method of biological treatnment of

the | eachate in question.
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St udi es Done On Ni trosophenol

Very little literature is available on nitrosophenol or
treatment of wastewaters containing nitrosophenol. One
article of particular interest to this research study
described a nmethod of anal yzing phenols in water sanples by
first converting the phenols to nitrosophenol (Hassan, et
al., 1987). This method was purported to have several
advant ages over the comonly used 4-am noantipyrine method.
These advantages include a | ower detection limt for

phenols (4 ug/1 as opposed to 10 ug/1) and the capability

of detecting para-substituted phenols.

The nethod involves converting all phenols and
substituted phenols in a water sanple to their respective
ni trosophenol derivatives by the nitrosation reaction.
These reaction products are then coupled with resorcinol to
produce a chronophore whose optical absorbance can be
measured at 480 nm The col or devel opment obeys Beer's Law

in the concentration range from4 ug/1 to 40 ug/1.

| n another reference to nitrosophenol wastewaters, a
patent has been issued (U S. Patent # 4,391, 715) concerning
an inmprovement on the treatnent of the raw waste resulting
from production of nitrosophenol using sodiumsulfite
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{Coat es, 1983).

During the peroxide oxidation of the nother |iquor,
| arge amounts of dark-col ored foamare created which, at
treatnent facilities in the U K, have hanpered the
oxi dation of the wastewater. Coates (1983) has found that
this foamng is due to the presence of a stable diazonium
salt in the nitrosophenol raw wastewater. This salt is
bel i eved to cause the foamng by formng a co-polyner with
ot her nmonomer units in the liquor, such as the phenolic
conmpounds, and at the sane tine rel ease nitrogen which

causes the polyner to float up to the foam

The foam ng can be prevented by reacting the salt with
sodiumsulfite prior to chemcal treatment of the raw
waste. Treatment of the raw waste with sulfite under
preferred conditions has been found to substantially

decrease the toxicity of the liquor by breaking down the

phenol i ¢ conpounds.

Sinms (1981) has reported the successful treatment of a
ni trosophenol wastewater using chemcal oxidation. 1In this
process a pharnaceutical wastewater containing 6,000 ng/1
of nitrosophenol was oxidized using hydrogen peroxide and
iron. The resulting effluent was found to consistently

meet a discharge limt of 50 my/1 nitrosophenol.
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St udi es Done on Phenol Degradati on

Problens created in receiving waters by the presence of
phenols in effluents include toxicity to aquatic life,
i ncreased BOD, and taste and odor problens in water

subsequent|ly used for potable purposes (Sins, 1981).

Met hods of treating phenolic effluents include
bi ol ogi cal oxidation, chemcal treatment, incineration, and
physi cal treatment, such as carbon adsorption. Biological
oxidation is the method commonly applied to | arge vol umes

of bi odegradabl e phenolic effluents.

Chem cal oxidants which are effective for the oxidation
of phenols are hydrogen peroxide, chlorine dioxide, ozone
and potassi um permanganate. O these chem cal methods,

hydrogen peroxide is the nost cost effective nethod of

treating effluents containing phenols.

\When phenol or phenolic conpounds are treated by

bi ol ogi cal processes, an inportant consideration that nust
be accounted for is substrate inhibition. Substrate

inhibition occurs as a result of the substrate binding with

t he enzyme-substrate complex as well as the free enzyme
(Gady and Lim 1980). When this occurs, an enzyne-
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substrate-substrate conplex is forned which cannot undergo

further reaction to yield the product.

Wth a nontoxic substrate, a higher substrate
concentration results in a higher specific growmh rate.
Wth a toxic substrate, an increase in substrate
concentration results in increased growh rate over a nuch
nore limted range. Beyond a critical substrate
concentration, the toxicity of the substrate causes a
decrease in growmh rate, so that the peak specific growth
rate is below the theoretical maximumgrowh rate for the

syst em

Sonme debate exists as to whether inhibition exists when
a culture has been acclimated to phenol. Rozich and Gaudy
(1984) have concluded that in the great majority of cases,
wi th thoroughly acclimted popul ations, definite evidence
was found that an inhibitory function nore accurately

depi cted the behavior of a systemtreating phenol.

The kinetic relationship for biological treatment of

non-i nhi bitory substrates is described by the Mnod

equati on:

u=(Umx * S)/(Ks + S)

where u = specific growh rate, 1/tine,
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umax = nmaxi mum specific growh rate, 1/tine,
S = sol ubl e substrate concentration, ng/1,

Ks = saturation constant, ng/1l.

For inhibitory substrates, the Hal dane rel ationship has
been found to nost accurately describe the kinetics of

bi odegr adati on,

u=(umax * S)/(Ks + S +(S"2/Ki))

where Ki = inhibition constant, ng/l.

Rozi ch and Gaudy (1985) have reported the val ues of these
ki netic constants which were determned with over 100 batch
grow h curves. These values are: unmax = 0.194/hr, Ks = 48
ng phenol/1, and Ki = 62 ng phenol/1. In addition, the

bi ol ogi cal decay constant, b, was determ ned to be

0. 0195/ hr.

Loadi ng rates successfully achieved when treating
phenol have been reported by Khararjian and Smth (1979).
Usi ng aerated | agoons and activated sludge to treat coke
oven wastes, loading rates up to 0.86 g phenol/g M.SS-d
were achieved. At this high |oading rate, excessive
foam ng and sl udge bul ki ng were encount ered occasi onal |y,
but at loading rates below 0.7 g phenol/g M.SS-d, the

system operated snoothly. In another study using single
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and nmulti-stage activated sl udge processes for treatnent of
hi gh strength phenolic wastes (phenol concentration
averaged 3270 ng/ 1), bench scal e studi es showed t hat

ef fl uent concentrations of less than 0.1 ng/1 could be

achi eved 40% of the tine at loading rates of 0.1 to 0.3 g

phenol / g M.SS-d.

Rozi ch and Gaudy (1985) have studied the effect of
shock | oadi ng on a phenol -accli mated acti vat ed sl udge
cul ture. In this study a bench scal e acti vated sl udge
system was operated at an i nfluent concentrati on of 500
ng/ 1. When the influent concentrati on was i nstantaneously
increased to 1000 ng/1l, the system adjusted very well. The
system was operated for 11 days at 1000 ng/1 and then the
i nfluent concentrati on was i nstantaneously increased to
2000 ng/ 1. Si x days after the shock was adm ni stered, the
system had not achi eved steady state. An increase in
di i spersed organi snse was evi dent soon after the increase to
2000 ng/ 1. By the ei ghth day, washout of the activated
sl udge had begun to occur and the experinent was stopped.
Thi s experi nent was then repeated and after 3 days of

operation at 2000 ng/1l, washout had occurred.

In a recent article, the variation of pH during phenol
degradati on was reported (Lallai and Miura, 1989). In this
study it was found that the pH first decreased and t hen

i ncreased during the bi odegradati on. The initial
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concentration of phenol determ nes the extent of the pH
drop during the degradati on. The mi ni num pH neasured was
found to coincide with the point at which the phenol had
been exhausted, which is due to the production of organic
acids. After exhaustion of the phenol, the pH was noted to
ri se again, but never back to its original pH before being

f ed phenol .

Uncoupl i ng

A phenonmenon that may or may not be applicable to the
degradati on of nitrosophenol production wastewater is
uncoupling (OCkey and Stensel, 1989). The uncoupl i ng of
oxi dati ve phosphoryl ati on causes substanti al oxygen use
W t hout substrate assim|l ati on. The term al so refers to
t he uncoupling of the energy-yielding electron transport
sequence fromthe energy-requiring formati on of adenosi ne

tri phosphate (ATP).

The production of ATP regul ates cell respiration rate

t hrough the cytochrone system Wen uncoupl ed, regul ati on

is lost and the cell respiration rate continues to increase
until intracellular reserves are exhausted. Synptons of
uncoupling are increased rate of respiration, limted or no

synt hesi s, and reduction in cell nass.
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Any refractory al cohol with roughly the same di nensions
as phenol appears to be capabl e of uncoupling. 4-
Ni t rophenol has been found to be a strong uncoupler (C owes
and Krahl, 1936) and nitrosophenol has the classic
characteristics of an uncoupler. Uncouplers are generally
al cohol s roughly the size of the benzene ring in overal
di nensi on, and are substituted with materials that normally
i npede netabolismor which incidentally increase the acid

strength of the nol ecul e.

M tchell recognized that certain |lipid soluble weak
acids can cross a nenbrane in either the ionized form or
the intact form (Mtchell, 1963). When crossing in the
intact (non-ionized) form they transport a proton which is
then pronptly released in the al kaline environnent to react
with a hydroxyl group. In the presence of proton-
conducti ng nol ecul es (uncoupl ers), the biosystemis
uncoupl ed. More substrate is utilized to augnent the now

limted ATP production and the cell literally runs down.

Unexpected findings in biodegradati on research
i nvol ving chlorinated and nitrated phenols nay have been
due to uncoupling. These findings include Iow cell yield
and i nhibition at high concentrati ons which nmay or may not
be related to uncoupling. Cearly, the hal ogenated and
nitrated phenols have been shown to be bi odegraded by

acclimted cultures, but are not degraded by unaccli nat ed
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acti vated sl udge whi ch apparently experiences only the
uncoupl i ng phenonmenon even when acclinmated to the carbon

skel et on.

The response of activated sludge to the presence of
uncouplers falls into one or nore of the four categories
dependi ng on the rel ative concentration (concentration
rati o) of uncouplers and sludge, the chenical nature of the
uncoupl er and the presence of usable substrates. These
four categories are: i ncreased rate of endogenous
respiration, reduced synthesis when netabolizing an
exogenous substrate, reduction in the rate of usabl e

substrate uptake, and toxicity at high concentration

rati os.
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I1l. Experiaental Methods

Several paraneters were nonitored during operation of

t he batch reactors. These included Chem cal Oxygen Denand
(CAD), phenol concentration, M xed Liquor Suspended Soli ds
(M.SS), M xed Liquor Volatile Suspended Solids (MVSS),
nitrate nitrogen (N0O3-N), nitrite nitrogen (NO2-N), and
phoshporus. High Performance Liquid Chronotography (HPLC)
was al so attenpted to identify the extent of nitrosopheno
degradation. In addition, the oxygen uptake rate was
nmeasured in a nunber of experinents to gauge the netabolism

of the m xed |i quor.

The COD, phenol, nitrate nitrogen, nitrite nitrogen
and phosphorus tests were all based on formation of col ored
speci es and were neasured with a Bausch & Lonb Spectronic

70 spectrophot onmeter.

Chem cal Oxygen Denmand

The chem cal oxygen demand of an industrial wastewater
is often used as a neasure of degradation of a m xture of

organi ¢ conpounds. The COD test is based on the chenica
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oxi dati on of the organic conpounds in a wastewater to
car bon di oxi de and water, and the results are expressed on
a nmass basis in terns of the anopunt of oxygen required if

it were the terninal el ectron acceptor.

In this study COD was neasured using the Hach COD
React or (Model #45600) with high range COD vials, which
neasured COD in the range 0 - 1500 ng/ 1. In the Hach
net hod, test reagents are pre-nixed in vials. Reagents in
the vial include potassiumdichronmate, silver sulfate,
concentrated sul furic acid, and nercuric sulfate. Silver
sulfate is added as a catalyst and nercuric sulfate is
added to suppress interference fromchloride ions.
(Interference fromchloride occurs at a chloride ion
concentration of greater than 2000 ng/1. The sanpl es
anal yzed in this study had only traces of chloride in
them ) Potassiumdichromate is the oxidizing agent and
oxi di zes the avail abl e carbon and hydrogen to carbon
di oxi de and wat er. The production of reduced chroni um
Cr(lll) as a result of the oxidation is proportional to the
COD of the sanpl e. This nmethod i s approved by the EPA

(Federal Register, 1984).

Two ni of a sanple or an aliquot of the sanple is
pipetted into a vial, the cap is put on the vial and m xed
wel | . The vial is then placed in the COD reactor, which is

a heating block that nai ntains a tenperature of 150 degrees
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C for two hours. After the two hour digestion period and a

one hour cool down, the absorbance of the solutions in the

vi als are neasur ed.

A standard curve was prepared for each lot of vials
recei ved. Pot assi um hydr ogen phthal ate was used to prepare
a 1500 ng/ 1 COD sol ution. In this study, 4 lots (150 vials
per lot) were received fromHach. A typical COD Standard
Curve is shown in Figure 1. As can be seen from Table 1 on
t he sane page, correlations of the standard curves was
al ways good. Initially all COD neasurenents were done in
duplicate and the standard devi ati ons were al ways found to
be Il ess than 5% of the nmean. As a result, single

neasurenents were used subsequently for routine nonitoring

of COD.

Phenol Concentrati ons

Tot al Recover abl e Phenolics were neasured usi ng EPA
Met hod 420.1 (Federal Register, 1984). In this procedure,
phenol reacts with 4-am noanti pyrine in the presence of
potassium ferricyanide to forma stabl e reddi sh brown
colored antipyrine dye. The anount of col or produced is a
function of the concentration of phenolic material. This
met hod cannot neasure para-substituted phenols, so the
concentrations of nitrosophenol and 4-nitrophenol were not

neasureable with this test. An experinent with a
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Regression Line------- >

(00 Concent ration, g/l
Q COO Measurenent s

Figure 1. Typical COD Standard Curve. Measurenents were taken with vials
recei ved 26 September 1989. r"2 - 0.9999

Dat e
Vials
Recei ved r-2
6Feb 0. 9997
28 Mar 0. 9998

22 May 0. 9999

Table 1. COD Standard Curve Correl ations
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ni trosophenol standard confirmed that nitrosophenol did not

react with the am noanti pyri ne.

A standard curve was prepared for each batch of 4-
am noanti pyrine and potassiumferricyanide nade. A 10 ug/1l
phenol solution was freshly prepared for each standard
curve by dissolving 1 m of liquid phenol in 1 liter of
distilled water. This solution was then diluted 100:1 to
give a 10 ug/1l standard. Though the EPA nethod calls for
maki ng a standard curve in the range of 0 - 1 ng/1, the
standard curves were found to be linear up to 0-10 ng/1.
The standard curve was then broken up into a high and | ow

range. A typical standard curve for the phenol test is

shown in Figure 2.

The anal ytical nethod requires a distillation to renmove
interfering materials that may be present in a sanple.
Since the phenol test was used in this study as a daily
nmeasure of reactor performance, it was deened infeasible to
performsuch a | arge nunber of distillations. The nethod
of standard additions was perforned on the reactor effluent
to determine if interfering species were present to
confound the data. The results of the standard additions
test is also shown in Figure 2. The slope of the standard
addition curve (0.151) is alnost equal to the slope of the
standard curve (0.148). |In addition, the concentration

neasured in the standard addition sanple is alnost equal to
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1. 30-

1. 00- Std. Add tions Line

St andard Curve
. 60-

00 Qo
o

o

Phenol Concentration, nyll .
D  Std Cunre Points +  Std. Addftions

Figure 2. Typical Phenol Standard Curve Shown VWAth Standard Additions

Test. Standard curve neasurenents are for H gh Range val ues (1-10 ng/l)
taken on 3 March 1989. Concentration measured in standard addition

sample: 0.59 ng/l. X intercept: 0.60 my/l.

Low Hh 1
Range Rgnge
r-2

Dat e r'2

29 Aug 0. 9954 0. 9962
1 Dec 0. 9997 0. 9969
3 Mar 0. 9999 0. 9987
26 Apr o.9008  (,9998 1

Tabl e 2: Phenol Standard Curve Correl ations
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the concentration read fromthe x-intercept of the standard
addition curve. Consequently, there were very few, if any,

interfering conmpounds in the reactor effluent.

Al phenol concentrations neasured on reactor effluents

were performed in duplicate. Typical standard deviations

were |l ess than 1% of the nean.

M xed Li quor Suspended Solids (M.SS)

M xed |iquor suspended solids were measured using EPA
Met hod 160.2, Non-Filterable Residue (Federal Register
1984). A known vol ume of m xed liquor was filtered through
glass fiber filters that had been pre-rinsed with distilled
wat er, placed in alum num wei ghing pans, dried in a drying
oven at 103 degrees C, and pre-wei ghed. After filtering
the mxed liquor, the filters were again rinsed with
distilled water to renove any filterable solids and the
filters were again placed in the drying oven. Al
suspended solids filters were allowed to dry for at |east
one day before the first weight was taken. Each filter was
wei ghed three times on consecutive days to determne the
suspended solids. The difference in the filter's weight
before and after filtering the mxed |iquor was divided by

the volume of mixed liquor filtered to determ ne the M.SS.

Al'l suspended solids performed on the reactor m xed
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liquors were done in triplicate. Standard deviations were

found to be | ess than 5% of the nean.

M xed Liquor Volatile Suspended Solids (MVSS)

Vol ati |l e suspended solids were neasured using EPA
Met hod 160.4, Volatile Residue (Federal Register, 1984).
After the M.SS was determ ned as described in the previous
section, the filters were placed in a nuffle furnace and
heated to a tenperature of 450 - 500 degrees C for at |east
two hours. These filters were then placed back into the
drying oven at 103 degrees C and allowed to cool overnight.
Three daily weights were also taken on the volatile
suspended solids. The weights of the filters fromthe
nuf fl e furnace were subtracted fromthe M.SS wei ght to give
t he anount of volatile solids in the mxed |iquor.
Standard deviations for volatile suspended solids were al so
l ess than 5% Typically, mxed |iquor suspended solids

were found to be greater than 85%volatile, ranging from

82% to 97%
Nitrate Nitrogen (NO3-N)

The raw waste recei ved from Sandoz was found to have

high levels of nitrate (1150 ng/1 NO3-N). This high
nitrate concentration is due to the oxi dati on of excess

sodiumnitrite to sodiumnitrate over tine.
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Initially, the concentration of nitrate nitrogen was
neasured with an ion specific electrode (Orion Research
Model 930700). However, interfering species in the
effluent matrix, such as sulfate, caused inaccurate
readi ngs when verified with the method of standard

additions. Consequently, an alternative nethod of nitrate

anal ysi s was sought.

Appr oxi mate concentrations of nitrate nitrogen were
nmeasured using the Hach Cadm um Reduction Method. Pre-
packaged NitraVer 5 nitrate reagent powder pillows were
added to 25 nm dilutions of sanples. The sanples were

shaken for one mnute, allowed to react for 5-15 m nutes,

and absor bance was neasur ed.

This nethod of analysis is a nodification of the
cadm um reducti on method using gentisic acid in place of 1-
napht hyl am ne. Cadmiumnetal in the pillows reduces
nitrates to nitrites. The nitrites then react in an acidic
mediumwith sulfanilic acid to forman internedi ate
di azonium salt, which when coupled with gentisic acid,
forms an anber col ored compound. Color intensity of the

conpound is in direct proportion to the nitrate and nitrite

concentrations of the water sanple.

The NitraVer 5 powder pillows can be used to neasure
nitrate nitrogen in a "high" range (0-30 ng/1 NO3-N) and
“medi unt range (0 - 4.5 ng/1 NO3-N) by measuring the
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absorbance of the sanples at 500 and 400 nmrespectively.
Interferences can be caused by the presence of strong
oxi di zing and reducing agents. Ferric ions cause false
positive results. Chloride concentrations above 100 ng/1
as Cl- wll cause false negative results. None of these
interfering species were believed to be present in
concentrations high enough to affect the results.

Al nitrate nitrogen tests were performed using the
sane | ot of powder pillows. The standard curve for the
high range nethod is shown in Figure 3. The standard curve
for the mediumrange nmethod is shown in Figure 4. A
nitrate nitrogen tests were performed in duplicates and the
standard deviations were found to be |less than 5% of the
mean. Checks of the veracity of the nitrate nitrogen tests
were performed using the nethod of standard additions. The
results of these tests are included in the calibration
curve figures. As can be seen fromFigure 3, sone
interferences were present in the mxed |iquor matrix,
whi ch caused the slopes and actual concentrations nmeasured
In the standard additions curve at high range to differ
fromthose in the standard curve. As shown in Figure 4,
interferences were considerably less of a problemat higher
sample dilution (lower nitrate concentration).
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Figure 3: Nitrate Ntrogen Standard Qurve (Hgh Range) Shown Wth
Standard Additions Test. Concentration measured in san})le wth no nitrate
standard added: 9.0 ng/l. Actual concentration: 114 ng/l. Correlation
coefficient of Standard Curve: 0.9940. Correlation coeff ICI ent of

Standard Additions Line: 0.9700.
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Figure 4 Nitrate Ntrogen Standard Curve (Mediunn Range) Shown Wth
Standard Additions Test. Concentration neasured in standard addition

sanpie: 1.52 ng/l. Actual concentration: 1.50 ng/i. Correlation
coefficient of Standard Curve: 0.9980. Correlation coefficient of
St andard Additions Line: 0.9896
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Nitrite Nitrogen (NO2-N)

Nitrites were present in the raw waste due to
unoxi di zed excess sodiumnitrite and possibly as a result
of degradation of nitrosophenol. N trites were neasured by
the Hach Diazotization Method. NtriVer 3 nitrite reagent
powder pillows were added to 25 ml dilutions of sanples.
Sanpl es were then shaken for one mnute, allowed to react
for 10 - 15 mnutes and the absorbance was neasured at 500
nm The detection |evel of this test is 0 - 0.2 ng/1 NO2-
N. Inthis test, nitrite ions react wth sulfanilic acid
to forman internediate diazoniumsalt. This salt reacts
Wi th chronotropic acid to produce a red-orange conpl ex
directly proportional to the amount of nitrite nitrogen

pr esent.

Al nitrite nitrogen nmeasurenents taken during this
study were fromone |lot of Hach Nitriver 3 reagent pillows.
A standard curve was prepared using a 0.2 ng/1 nitrite
nitrogen standard solution. This standard curve i s shown
in Figure 5 along with a test for interferences by the
nmet hod of standard additions. As can be seen, there was

slight, if any, interference caused by the effluent matrix.

Phosphat e

Phosphorus was added to the raw waste and synthetic
feed as a nutrient for biological gromth. The phosphate
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Figure 5: Nitrite Nitrogen Standard Curve Shown Wth Standard
Additions Test. Concentration neasured in standard addition sanple

0.015 my/I. Actual concentration: 0.016 my/l. Correlation coefficient
of Standard Curve: 0.9982.  Correlation coefficient of Standard

Additions Line: 0.9993.
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was added as a phosphate nmonobasic and dibasic buffer (O 1M
KH2P04/ K2HP04) .  The concentration of phosphate in the

effluent was nmonitored to determne the amount of phosphate

required to achi eve bi odegradati on.

Phosphat e was neasured by the Hach Ascorbic Acid
Met hod. The first step of this analytical procedure
I nvol ves reaction of orthophosphate with nol ybdate in acid
solution to forma yellow col ored phosphonol ybdate conpl ex.
The phosphonol ybdate conplex is then reduced by ascorbic
acid, causing a characteristic nmol ybdenum bl ue speci es.

Al'l phosphate measurenents were perforned using one | ot
of PhosVer 3 powder pillows. A standard curve for this |ot
of reagent pillows is shown in Figure 6. Measurements of
reactor phosphate concentrations were all done in
duplicates. Standard deviations were found to be | ess than
5% of the mean. A test for interferences was done by the
met hod of standard additions. This test is also shown in
Figure 6. Again, sonme interfering species were present in
the effluent matrix. However, if standard curve val ues
above 1.5 ng/1 P are omtted, the slopes of the standard
curve and standard additions curve are nearly parallel. O
84 phosphate neasurenents taken during this study, only 2
sanpl es had phosphate concentrations greater than 1.5 ng/1

P.
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Figure 6: Phosphate Standard Curve Shown Wth Standard Additions Test.

Concentration neasured in standard addition sanple: 0.388 my/l. Actua

concentration: 0.438 ny/l. Correlation coefficient of Standard Curve:
0.9764.  Correlation coefficient of Standard Additions Line: 0.9977
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Hi gh Performance Liquid Chronot ography (HPLC)

Limted HPLC data was collected during this study due
to many equi pment problens and the limted amount of tine
that a post-doctoral student was available to work with the
HPLC unit. HPLC was performed on an | SCO HPLC (Mbdel 2350
punp and 2360 gradient programmer, with UV detection at 254
nm using a C analytical reversed phase col um (Supel cosi l
LC-8, 5 un1pazking, 15 cm X 0.46 cm. Gadient elution
consi sted of nethanol:H20 at 35:65 (initial) to 100:0 over
20 mnutes, then returned to 35:65 over 5 mn., at a flow
rate of 1.5 m/mn. Calibration curves were prepared for
phenol , nitrosophenol, and 4-nitrophenol. Retention tinmes
were 1.0 to 1.5 min. for nitrosophenol, 1.9 to 2.2 mn. for

4-nitrophenol and 2.7 to 3.3 mn. for phenol.

Ni t rosophenol standards gave a second peak at about 2.2
mn. Based on the known retention time of 4-nitrophenol
and the known presence of 4-nitrophenol as a by-product of
ni trosophenol synthesis, this second peak was assumed to
represent 4-nitrophenol. Fromthe standard curve for 4-
nitrophenol and the known addition of nitrosophenol, 4-
ni trophenol was determned to be approxi mately 12% by

wei ght of the nitrosophenol reagent.
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Bi ol ogi cal Oxygen Uptake Monitoring

Bi ol ogi cal oxygen uptake was nonitored using a YSI
Model 5300 Biological Oxygen Monitor with a YSI Mdel 5331
Oxygen Probe. The Mnitor is essentially a dissolved
oxygen neter that is capable of neasuring real tine
depl etion of dissolved oxygen in a sanple of mxed |iquor.
The probe was placed in a water-jacketed chamber (Gl son
Medi cal Electronics, Mddleton, W) fitted with a ground
gl ass stopper that contained a capillary bore hole for
I njection of reagents by syringe. The chanber was kept at
a constant tenperature with a constant tenperature

circulator. A schematic of the oxygen uptake systemis

shown in Figure 7.

Oxygen Uptake was neasured as follows: Approximtely
1.6 m of mxed liquor was placed in the chamber. The
stopper was placed in the top of the chanber to exclude air
fromthe mxed |iquor sanple. The probe and sanple were
allowed to cone to thermal equilibriumand the baseline
oxygen uptake rate (representing either endogenous uptake
or in-situ uptake, depending on the status of the m xed
l'iquor sanple) was recorded on a strip chart recorder. A

known vol une of a known concentration of substrate was then

injected into the chamber with a mcroliter syringe.

The initial increase or decrease in the oxygen uptake

rate after injection of substrate conpared to the
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endogenous rate is a neasure of the metabolic activity of
the mxed |iquor at that substrate concentration. Thus the
bi ol ogi cal oxygen uptake rates neasured at various
concentrations can be used to estinate various Kkinetic
paraneters such as umax (maximumspecific growh rate), Ks
(hal f-saturation constant), and Ki (inhibition constant).

React or Description And Operation

Two i ndependent batch reactors were operated during
this study, designated as Reactor | and Reactor II. The

reactors were operated in Fill, React, Settle and Draw
modes to sinulate operation of an SBR

1. Reactor I|: Reactor | consisted of a 4 1 Pyrex
reaction kettle which received a feed solution by neans of
a peristaltic punp (Masterflex Mdel #N-07520). Feeding
periods were controlled by an electronic tinmer (Chrontrol
Mdel CD). Oiginally, afritted disk was placed in the
bottom of the reactor and used as the aeration device.
Laboratory conpressed air passed through a flow neter and
was then humdified by passing it through a gas washing
bottle prior to entering the reactor. After about four
weeks of operation this systemwas found to be inadequate
for providing enough air to the reactor for proper mxing
and suspension of the mxed [iquor. A maxinumof 800 ms
per mnute of air could be delivered to the reactor with
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this system The fritted disk was replaced with a standard
aquarium aeration stone, and the gas washing bottle was

replaced with a stoppered flask configured to allowair to
bubble through it. This configuration allowed air flow
rates to the reactor of 1.5to 2 liters per mnute, which
was found to be adequate for proper mxing during the react

peri od.

The m xed liquor used for the reactor cane fromthe
Sandoz activated sludge basin. Two liters of mxed |iquor
were taken fromthe plant on 17 March 1989. One liter of
the mxed liquor was aerated from17 March until 3
Septenber 1989. The mxed |iquor was fed approxi mately 10
m of raw waste every two to three days during this period.
The other liter of mxed liquor was frozen. On 5 Septenber
the mxed liquor that had been aerated and the thawed m xed
|iquor that had been frozen were placed in the reactor and

dai |l y operation began.

The M.SS concentration in Reactor | varied greatly
during this study. The concentration ranged froma | ow of
161 ng/ 1 when mxing was acconplished by aeration at a | ow
rate to 8519 ng/1 when the contents of Reactor |l was added
to Reactor | near the end of the study. The average M.SS
concentration found in 102 neasurements was 1870 ng/1 with
a standard deviation of 1690 ny/1.
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Originally the React period was controlled by opening
and closing the air line manually. After 4 nonths of
operation, a solenoid valve was placed on the air line
followng the humdifying flask. The sol enoid val ve was

controlled by the tiner.

M xing of the mxed liquor was performed with a
| aboratory stirrer (Cole Farmer Stirpak Stirrer, Model
4554-00) and a high efficiency paddle. After only a few
nmonths of operation the stirrer became unreliable at mxing
at a constant speed. The stirrer was taken out of the
reactor and a magnetic stirrer with a large stir bar was
used instead. The magnetic stirrer was operated only

during the feed period by being plugged in to the same
timer circuit as the feed punp.

The reactor vessel was normally operated at a liquid
volume of 2.5 1. Gaduations were placed on the side of
the reactor at 0.1 1 increnents to aid in the wthdrawal of
the proper anount of mxed liquor or settled effluent each
day. Wthdrawal of reactor liquid (either mxed |iquor or
settled supernatant) was performed by opening a clanp on
Tygon tubing that was attached to a hose barb at the 2.0 1

mark in the side of the reactor.

Poor settling of the mxed iquor was observed fromthe
onset of reactor operation. During nost of the operating
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period, the effluent sanples fromthe reactor were
centrifuged and the solids returned to the reactor.
Centrifuging was acconplished by placing the reactor
effluent into 50 m plastic tubes and centrifuging at 2000

rpmfor 20 mnutes (centrifuge used was an Internationa
Equi pnent Conpany Model WV).

The reactor was initially operated using one cycle per
day. The feed period consisted of a four hour Aerated
Fill, followed by a 19 hour React period and a 1 hour
Settle period. Draw only lasted for a few mnutes and
consisted of slowy draining the reactor fromthe 2.0 1
mark by opening the clanmp on the hose barb. On 26
Septenber, the Aerated Fill period was increased to eight
hours due to poor effluent quality. This node continued
virtual 'y unchanged until February 7, when we began feeding
a synthetic feed. The Fill period was changed to an eight
hour period of mxing with no aeration. On 17 February,
the Settle period was increased to two hours in order to
decrease the effluent suspended solids. This mode of eight
hour Fill, 14 hour React, two hour Settle l[asted until 27
March with only mnor changes in cycle times for short

peri ods.

From 27 March until 1 My, the reactor was operated

using two cycles per day. Each cycle consisted of a four
hour Fill with mxing, no air, six hour React, and a two
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hour Settl e.

On 2 May, the number of cycles was increased to 3 per
day. In addition, the solids fromReactor Il were
centrifuged and placed in Reactor |I. The node of cycle
operation was a one hour Fill with mxing, one hour Fil
with aerating, five and one-half hours React and a one and
one-half hour Settle. This node continued until 23 My,
when the React period was increased to six hours and the

settle period was decreased to one hour.

2. Reactor Il: Reactor Il consisted of a 41
Erl ennmeyer Flask which was also fed by using a peristaltic
punp. Air was piped directly to an aeration stone at the
bottomof the flask. Distilled water was added at the end
of the react period to account for water |ost due to
aeration. The reactor was mxed during the feed period
with a magnetic stirrer. The magnetic stirrer was plugged
into the sane tiner circuit as the feed punp. Effluent was
wi thdrawn by means of a second peristaltic punp (Masterflex
Model N-07553). Care was taken to draw fromthe top of the

m xed | i quor.

The mxed liquor used for Reactor |l was al so obtained
fromthe Sandoz activated sludge basin. Three liters of

m xed |iquor was collected on 10 Novenber 1989 and taken to
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the lab. It was aerated for 7 days and fed 10 my of phenol
each day. Normal feeding of the reactor started on 17
Novenber. Again, due to poor settling of the mxed |iquor,
ef fluent sanples were centrifuged and the solids returned
to the reactor. The M.SS in Reactor Il varied from 1498 to

6536 ng/ 1. The average of 29 M.SS neasurements was 4110
mg/1 with a standard deviation of 1450 ng/ 1.

Preparati on Of Reactor Feeds

At the beginning of this study the reactors were fed
raw nitrosophenol filtrate waste provided by Sandoz. |In
February, 1990 we ceased using this raw waste because of
i nconsi stent reactor performance (effluent quality) and
swtched to a synthetic waste prepared in the lab. The
rationale for using synthetic feed was that individual
conmponents coul d be varied independently to study their

effects on reactor performance. These two feedstreans are

descri bed bel ow.

1. Raw Waste: Two separate batches were received
from Sandoz and were found to have quite different
conpositions. The characteristics of interest are
tabul ated in Table 3. The raw waste was kept refrigerated
to inhibit natural degradation of the waste, but as can be

seen fromthe table, the phenol and COD of the waste

nevert hel ess decreased over tinme.
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Tabl e 3:

Dat e

1 Sep

12
18
26

Sep
Sep
Sep

3 Cct
8 Cct
16 Cct

22

Cct

8 Nov

16
24

Nov
Nov

2 Dec

10
11
16
23
30

Dat e

Dec
Jan
Jan
Jan
Jan

7 W©NMar
8 Mar

28

NMar
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Characteristics of Raw Waste Recei ved from Sandoz

Raw Wast e Recei ved 31 August

sol ubl e
CcOobD

(mg/ 1)

6842
6031
6476
5645
5331
5727

Raw WAst e Recei ved 5 Decenber

Sol ubl e
CcOoD

(mo/ 1)

8490

7505

Phenol
(rmg/l)

1021
1010
1019
986
967
979
973
937
965
992
984
921

Phenol

(no/ 1)

245

143

195

1989
Tot al
Di ss. Suspended
Sol i ds Sol i ds
(no/1) _ (no/l)
49000 800

1989
Tot al
Di ss. Suspended
Sol i ds Sol i ds
(mo/1) (mo/l)
63200
50

pH

pH

Ni trate
Ni t r ogen

(mo/ |
NO3- N)

1160
1100
1150
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Before feeding the raw waste to the reactors, it was
neutralized to a pH of 6.5 using a 0.2N magnesi um hydroxi de
slurry. Magnesi um hydroxi de was used as the neutralizing
agent because the magnesi um coul d be used by the
m croorgani sms as a nutrient and because magnesi um
hydroxide is currently being used by Sandoz. Neutralized
waste was filtered with qualitative filter paper (Watman
#1) to renove a black grainy insoluble residue that formed

during the neutralization.

Phosphorus, ammonia, and trace el ements were then added
to the waste before feeding to the reactor. The amount of

nutrients added is shown in Table 4.

2. Synthetic Feed: On February 8, 1990, the feed was
changed to a synthetic mxture prepared in the |ab. The
concentrations of phenol, nitrosophenol, and 4-nitrophenol
used were based on the average concentrations of these
constituents found in 60 batch runs of nitrosophenol
filtrate waste. The anal yses were perfornmed by Sandoz
using HPLC. This data is contained in Appendix A

Frequency distributions were performed on the data and
are shown in Tables 5 6, and 7. The frequency

di stribution of phenol appeared to follow a [og norna
distribution as shown in Figure 8.  The nitrosophenol
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Table 4. Nutrient Concentrations of the Feed

Reagent |
Cone. In
Feed
El ement Sour ce (mol/ 1)
Fe FeS04* 7H20 1.4
Zn ZnSHA* 7H20 0.8
Co CoCl 2*6H20 0.12
Cu CuS04* 6H20 0. 008
Mo (NH4) 6Mb7024* 4H20 0.12
Ca CaCl 2 10
EDTA Na2EDTA* 2H20 7.4
P KH2P04/ K2HPO4 90
K KH2P04/ K2HPO4 85.5
N NHACI 200 1

Note: EDTA was added as a chelating agent to insure
the nnetal s were dissol ved.
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Table 5: Data Distribution Table 6:  Data Distribution
For Phenol For Nitrosophenol
% of % of
Cone. # of Obser vs. Cone. # of Cbservs.
(ng/ 1) ©Observs. < Cone. (ng/ 1) Cbservs. < Cone.
400 1 1.6 700 4 6.7
500 1 3.3 800 (0] 6.7
600 3 8.3 200 1 8.3
700 5 16.7 1000 4 15.0
800 6 26.7 1100 5 23.3
9200 4 33.3 1200 6 33.3
1000 7 61.7 1300 8 46. 7
1100 3 50. 0 1400 6 56. 7
1200 6 60. 0 1500 3 61.7
1300 3 65. 0 1600 9 76.7
1400 3 70.0 1700 5 85.0
1500 4 76.7 1800 5 93.3
1600 5 85.0 1900 1 95. 0
1700 5 93. 3 2000 3 100. 0
1800 3 98. 3
1900 1 100. 0
Table 7: Data Distribution Table 8: Data Distribution
For 4-Nitrophenol For Nitrosophenol : Phenol
Rati o

Ni tr oso—

% of phenol : Nunber of Percent

Cone. # of Cbservs Phenol Val ues of Val ues

(ng/ 1) Observs. < Cone. Rati o < Ratio < Ratio
100 4 6.7 0. 50 0. 00 0. 00
120 9 21.7 0.75 3. 00 5. 00
130 8 35.0 1. 00 10. 00 21.70
140 9 50. 0 1.25 21. 00 56. 70
160 8 63. 3 1.50 11. 0O 75. 00
180 9 78.3 2. 00 11. 00 93. 30
200 5 86. 7 3. 00 2. 00 96. 70
300 3 91.7 4. 00 1. 00 98. 30
500 1 93. 3 5. 00 1.00 100. 00
900 4 100. 00
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Figure 8: Frequency Distribution Plot of Phenol Data Supplied by Sandoz


NEATPAGEINFO:id=B1ACFF1F-3D7A-4641-8EDE-EF56ED0F9182


62

distribution fit a normal distribution plot best, as seen
in Figure 9. The 4-nitrophenol data did not seemto fit
any frequency distribution since nost of the concentrations

nmeasured centered near 200 ng/ 1.

Conparing the phenol concentration in the second batch
of raw waste for this study (Table 3) to the distribution
curve, this batch of waste was highly unrepresentative of

typi cal waste production.

Tabl e 8 shows the data distribution for the

ni trosophenol : phenol ratio found in the data. The average
ratio was 1.3 (std. dev. = 0.6) and varied from0.66 to

4. 1.

The average concentrations of the raw waste are 1340
ng/ 1 nitrosophenol (std. dev. = 330 ng/1), 1110 ny/1 phenol
(std. dev. =390 ng/1), and 190 ng/1 4-nitrophenol (std.
dev. = 160 mg/1). The theoretical average COD of the raw
wast e based on the constituent concentrations of phenolic

conpounds was 5660 ng/1 (std. dev. = 1380 ny/1).

Synthetic feed was prepared by first dissolving
ni trosophenol (Aldrich Chemical Co.) in 0.1 N NaCH The
phenol was then added froma 50 g/1 phenol stock sol ution.
This stock solution was prepared by dissolving 50 m nelted
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phenol (Al drich Chemcal Co., density of reagent = 1.071
g/m) inal1volumetric flask. The 4-nitrophenol was
added froma 10 g/1 stock solution prepared by dissolving 1
g 4-nitrophenol reagent (Al drich Chemcal Co.) ina 100 m
volunetric flask. The synthetic feed was then neutralized

to a pHof 6.8 with 1.2N HCO .

Since My(OH) 2 was no |onger used as a neutralizing
agent, MySO04 was added to the feed solution to a final
concentration of 150 ng/1l, which is the approxi mate
concentration used in the preparation of the raw waste
feed. Nitrate was al so added in the formof sodiumnitrate.
The neasured | evel s of COD, phenol, and nitrate-nitrogen
are shown in Table 9. The nitrate | evel was incrementally
increased with each batch of synthetic feed nade to bring
the concentration up to that of the raw waste. Nutrients

were added to the synthetic feed prior to feeding in the

sane anpunts as was added to the raw waste feed.

The major difference between synthetic feed and raw
waste was in the sulfate concentration. Sulfate was
intentionally kept to a | ow concentration because
I ndependent experiments (described in Chapter V) indicated
that sodiumsulfate was inhibitory at concentrations as |ow
as 1% Therefore, the synthetic feed had a substantially
| oner TDS concentration than the raw waste, with the

difference primarily accounted for by sulfate salts.
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Tabl e 9 Measur el i and Tl:l eoretica
Nitrate

Measur ed

Sol ubl e Theor. Measured Added Measur ed Added
cobD coD* Phenol Phenol Nitrate Nitrate
Cone. Cone . Cone . Cone. Cone. Cone.
Date  (ng/1l) (ng/ 1) (ng/l) (ng/1) (mg/1 NO3-N)(rmg/1 NO3-N)
6 Feb 4600 4730 1053 1200 ---=- 0
14 Feb - 4730 1257 1200 - - _-- 0
21 Feb 3480 4730 1155 1200 ---- 0
27 Feb 4730 1090 1200 ---- 0
2 Mar 4600 4730 - 1200 ---- 83
8 Mar 5639 5760 1044 1200 78 166
14 Mar 5401 5760 1027 1200 - - -- 166
28 Mar 5760 1208 1200 288 330
7 Apr 6315 5760 1156 1200 ---- 580
5 Moy 5760 1244 1200 ---- 829
10 May 5760 1268 1200 911 829
23 May 5760 1200 __.__ 912
30 May 5760 1200 - ___. 995

* Theoretical COD as cal cul ated by summng theoretical COD of
each organic constituent at its added concentration.
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From 6 February to 7 March, the nitrosophenol content
of the synthetic feed was not as high as desired due to
measurement error. In addition, as discussed above, HPLC
anal ysi s indicated approximately 12% of the nitrosophenol
reagent as purchased fromA drich Chemcal Co. is actually
4-nitrophenol. This was not accounted for in the
preparation of the synthetic feed. Consequently, the

ni trosophenol content was slightly |ower and the 4-

ni trophenol content was slightly higher than the average

concentrations found in the raw waste.

aaa - ' )

The theoretical CODs of the three conmponents of the

feed are shown bel ow

Phenol: C6H60 + 702 ----- > G 02 + 3 H20
(224 g 02/ 94 g phenol) = 2.383 g COD g

N trosophenol: 2 C6H502N + 15.5 02 ----- >
12 002 + 2 NO3- + 5 H20

(496 g 02/ 246 g nitrosophenol) = 2.016 g COD/ g

4-N trophenol: 2 C6H503N + 14.5 02 ----- >
12 CO02 + 2 NO3- + 5 H20

(464 g 02/278 g 4-nitrophenol) = 1.67 g COD/ g

The COD was neasured on each of these conponents


NEATPAGEINFO:id=8B209780-EC00-4488-B3CE-533290C3B06F


67

individually to determine if the COD test was an accurate
met hod of quantifying the total organic constituents in the
feed. A 433 ng/1l solution of the nitrosophenol salt, which
has a theoretical COD of 513 ng/1 had a neasured COD of 507
ng/1 (1%error). A 500 ng/1l solution of 4-nitrophenol has
a theoretical COD of 835 ng/1l. The actual nmeasured COD

of this solution was 894 ng/1 (7%error). A 500 ng/1l
phenol solution, with a theoretical COD of 1192 ng/1l, had
an actual neasured value of 1285 ng/1l (8%error).

\
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I V. REACTOR PERFORNMANCE

Overall Perfornmance of the Reactors

Appendices B and Cto this report contain daily and

cumul ati ve data coll ected on Reactors | and I1,

respectivel y. I ncl uded in the appendi ces are the vol unes
of feed, |loading rates, reactor MSS, influent and effl uent
concentrations of phenol and sol uble COD, and the cycle
tines. Loading rates (F: Mratios) were cal cul ated based on
total React tine (e.g., when feeding two cycl es per day
with a six hour React period, the tine that appears in the
denom nator of the | oading factor quotient is 12 hours or
0.5 days.). Also, since soluble COD was not neasured every
day, cunul ative val ues of COD were conputed using the prior
effl uent COD concentrati on neasur ed. Thi s nmet hod was al so
used for conputations involving reactor M.SS and cunul ati ve
ef fl uent phenol val ues, though effluent phenol was neasured

al nost every day during the operation of the reactors.

Overall Performance of Reactor 1

Reactor | was operated from5 Septenber 1989 to 31 May
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1990 for a total of 268 days. The cunul ative anounts of
i nfluent and effluent sol uble COD and phenol are depicted

in Figs. 10 and 11. Over the entire operating period,
Reactor 1 was fed 12.315 1 of raw waste and 24.518 1 of

synthetic feed. This volune of feed translates into an
average daily feed volume of 138 ml. Over the entire
operating period, the reactor renoved 79.6% of the

i nfluent soluble COD and 95. 9% of the added phenol. The

average daily renoval rate of soluble COD was 645 ng/d, and
that for phenol was 141 nyg/d.

Al so included on Fig. 10 is the cunul ati ve non-phenol
COD fed to the reactor (i.e., the COD attributed to
ni trosophenol and 4-nitrophenol). The difference between
t he non-phenol influent COD and the effluent COD indicates

that a large fraction of the nitrosophenol was biodegraded.

To illustrate that nost of the COD was bi odegraded and
not wasted or accunul ated as suspended solids, it is
necessary to determne what the effluent COD woul d have to
be with no biodegradati on of non-phenol COD. The total
influent COD fed to the reactor |less the effluent COD
wasted fromthe reactor was 172.9 g. If this quantity had
been wasted during this period in the effluent, then the
effl uent COD woul d have averaged 645 ng COD/d. For an

average volunme treated of 138 m/d, the average COD
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Figure 10: Cumulative Influent and Effluent Soluble COD, Reactor |. Raw waste
was fed from9/5/89 through 2/6/90. Synthetic feed was fed for the remainder

of the project.
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9/5/89 through 2/6/90. Synthetic feed was fed for the remainder of the project.

70


NEATPAGEINFO:id=B443BB54-A222-4CE0-B499-DFE1462EC47B


71

associated with this wasting rate woul d have been 4,675
mg/1. |If the COD of solids (either cell nmass or
precipitated nitrosophenol) is assumed to be 2.0 g COD/ g
solid, the effluent total suspended solids or accunul ated
M.SS in the reactor would have been 2,337 ng/1 of feed
treated. Since effluent solids were centrifuged and
recycled to the reactor nost of the time (176 days out of
268), and no increase of M.SS of this magnitude was noted

inthe reactor, a large part of the sol uble non-phenol COD
was mneralized during reactor operation.

Performance of Reactor 1 During Different Stages of

Oper ati on

Tabl e 10 shows the percent phenol removed and average
vol unetric phenol renoval rate for the reactor during the
four distinct periods of operation that were described in
the Experinental Methods section. Table 11 shows the
percent sol uble COD renoved and average vol unetric sol uble

COD renoval rate for these periods.

As can be seen fromthe tables, overall renoval of
phenol was excellent, ranging from93 to 97.5%renoval .
Reactor | had the |owest average vol unetric phenol renova
rate and percent phenol removed when feeding raw waste over
one cycle per day. It also had the |owest average
vol unetric soluble COD renoval rate, but had the best
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Table 10: Percent Phenol Removed and Average Phenol Removal

Rate, Reactor I. (Average reactor volume - 2.5 1.)

Cycles # Vol une  Phenol

Per of Fed Fed

Feed Day Days () (9)
Raw Wast e 1 154 12.31 10. 63
Synthetic 1 48 7.75 8. 65
Synt hetic 2 36 6. 33 6.92
Synt heti ¢ 3 30 10. 44  13.32

Phenol
Renoved
(9)

9.90
8.31
6. 75
12.92

Aver age
Vol unetric
Phenol
Renoval Per cent
Rat e Phenol
(g/d*nt3) Renoved
25.6 93,1
69. 2 96. 1
75.2 97.5
172. 4 97.0

Tabl e 11: Percent Soluble CCOD Removed and Average Sol uble COD Removal

Rate, Reactor |. (Average reactor volume & 2.51.)

Sol ubl e
Vol une CcOoD
Cycles Nunber Fed Fed
Feed  Per Day of Days (1) (9)
Raw Wast e 1 154 12.31 76.74
Synt hetic 1 48 7.75 35. 40
Syn[ hetic 2 36 6. 33 37.13

Synthetic 3 30 10.44  67.98

Sol ubl e
COoD
Renoved
(9)

63. 04
28. 89
29. 30
51.71

Aver age
Vol unetric
Sol ubl e
CcaD
Renoval Per cent
Rat e CcOoD
(g/ d*nt3) Renoved
163. 6 82.1
240. 8 81.6
325.6 78.9
689. 6 76.1

72

Aver age
Loadi ng
Rat e
(gCoy
gSS' d)
0.286
0.197
0. 417
0.195

Aver age
Loadi ng
Rat e

(gCo

gSs' d)
0.286 1
0.197
0. 417
0.195
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percent COD renoved during this regimen. The best
percentage of phenol renoved occurred when feeding
synthetic waste over 2 cycles per day. The best average
vol unetric phenol and sol uble COD renoval rates occurred
when feeding synthetic feed over three cycles per day.
However, the solids fromReactor Il were placed in Reactor
| at the beginning of the 3 cycle per day period, A

i ncreasing the MLSS from 2400 ng/1 to 8500 ng/1l. The
enhanced performance during this period is due to a higher
reactor M.SS (as can be seen by conparing the average

| oading rates in Tables 10 and 11 for 2 and 3 cycles per

day) .

Performance of the reactor was al so anal yzed using
cunul ative phenol and COD renoval while feeding synthetic
feed over 1, 2, and 3 cycles per day. These cunulative
val ues are shown in Figure 12 for phenol and Figure 13 for
COD. It is clear fromthese figures that substantially
more waste could be treated at 3 cycles per day than at 1
or 2 cycles per day. Again, however, this increase in
removal is largely due to the higher mxed |iquor solids
concentrations enployed while operating at 3 cycles per
day. Good correlations fromlinear regressions of the
cunul ative renoval data (as shown in Tables 12 and 13)
indicate relatively consistent perfornmance of the reactor
(interms of renoval), even though effluent concentrations
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Figure 12: Cunulative Phenol Removed Feeding Reactor | Synthetic
Feed. Average renoval efficiency for each cycle shown in parentheses.

Table 13: Results of Linear Regressions of Cumulative Sol uble COD
Removed for Reactor |, Feeding Synthetic Feed.

Oycles Sl ope
Per Day (ng/ d) r2
1 201 0.9726
199 0. 9948

431 0. 9845
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Figure 13: Cunulative Soluble COD Renmoved Feeding Reactor | Synthetic
Feed. Average renoval efficiency for each cycle shown in parentheses.

Table 13: Results of Linear Regressions of Cumulative Soluble COD
Removed for Reactor |, Feeding Synthetic Feed.

Cycl es Sl ope
Per Day (ng/ d) r2
1 659 0. 9940
872 0. 9946
3 1718 0.9902
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varied considerably fromday to day.
Effluent Quality of Reactor I.

One observation nmade during reactor operation was that

effluent quality generally deteriorated whenever an attenpt
was made to increase |oading rates. As a result, severa

met hods of analyzing effluent data as a function of |oading

rate and reactor operating conditions were eval uated.

1. Feeding Raw Wast e:

a. Effluent Phenol Concentrations: Figure
14 shows the average effluent phenol concentration plotted
as a function of loading rate percentile ranges. The
actual range of loading rates for each percentile range is
provided in Table 14. Figure 14 clearly indicates that

effluent quality generally decreased at increasing |oading

rates.

b. Effl uent Sol ubl e COD Concentrati ons:

Table 15 and Figure 15 summarize the data for effl uent

sol ubl e COD concentrations in a simlar fashion. There was

very little difference (350 my/1 or approximately 259 in
effluent COD quality over the entire |oading rate range.

c. Data Distribution of Effluent Phenol
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Table 14: Effluent Pheno

versus Loading Rate,
Reactor |, Raw \Mste. Data
for 74 days arranged by
five percentiles

Loadi ng

N

Rate Aver age £

Range Ef f 1 uent 1

Per cent = (g coo Phenol t

e g Ss*d)  (my/l) 1

s
1-20 0. 06-0. 14 27.0
21 -40 0.15-0.21 38.0
41 -60 0. 21-0. 27 54.0
61 -80 0.28-0.95 69.0
81 - 100 0.95-4.28 83.1

Tabl e 15: Effluent Sol uble COD

versus Loading Rate, Reactor |, Raw
Vaste. Data for 25 days arranged by
five percentiles.

Loadi ng
Rat e Aver age
Range Ef f | uent
Per cent - (g CO CcOoD
ile g SS'd) (m/l) s
o«
1-20 0.10-0.17 1045 ©°
21 -40  0.20-0.28 1102 ¢
41 -60 0.29-0.51 1297 ¥
61-80 0.92-1.50 1397
81 -100 1.53-2.19 1248

Fig. 14
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Concentrations: In Table 16, the data distribution for

ef fluent phenol is shown for various concentration
intervals. Wen raw waste was fed, the effluent phenol was
never 10 ng/1 or less (the target effluent concentration
specified by Sandoz). However, the concentration was |ess
than 50 ng/1 al nost 70% of the tine.

2. Feeding Synthetic Feed:

a. Effluent Phenol Concentration: Figures
16, 17, and 18 show the average effluent pheno
concentration as a function of |loading rate percentile
range for reactor operation at 1, 2, and 3 cycles per day
respectively. Tables 17, 18, 19 show the |oading rate
range val ues. Except for the |owest |oading rate range,
the effluent phenol concentration tended to increase at
increasing loading rates for two and three cycle per day
operation. Results for the |owest |oading rate range are
anomal ous because | oading usual |y was decreased to | ow
| evel s whenever effluent phenol concentrations began to
Increase. Hi gh effluent phenol concentrations typically
remai ned, even at reduced | oadings, for one or two days
before returning to low levels. FromTable 18 it is
apparent that effluent quality for 2 cycle/day operation
was consistent|y better at loading rates below 0.4 g COD/ g

SS-d.
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Tabl e 16: Data Distribution of
Ef fl uent Phenol Concentrations,

Reactor I,

Ef f| uent
Phenol
Cone.
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Table 17: Effluent Phenol
versus Loading Rate,
Reactor |, Synthetic Waste
One Cycle Per Day. Data
for 39 days arranged by
five percentiles.

Loadi ng
Rat e Aver age
Range Ef f | uent
Per cent - (g COY Phenol
ile g SS*d)  (myl/l)

1 -20 0. 04-0. 18 72.0
21 -40 0.18-0.21 27.0
41-60 0.21-0.24 36.0
61 -80 .0.26-0.32 41.0
81 -100 0.33-0.40 32.0

Tabl e 18: Effluent Phenol
versus Loading Rate,
Reactor |, Synthetic Feed,
Two Cycles Per Day. Data
for 34 days arranged by five
percentil es.

Loadi ng
Rat e Aver age
Range Ef f | uent
Per cent = (g co Phenol
ie g SS*d)  (m/l)

1 -20 0.14-0. 39 19
21 -40 0. 39-0. 46 2
41 -60 0. 47 57
61 -80 0.47-0.51 22
81-100 0.51-0.55 29
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Table 19: Effluent Phenol Ry 18: Effluent Phenol Versus
versus Loadi ng Rate, LoKJin" Rott, Raactor I. Yath. Fad

Reactor |, Synthetic Feed,
Three Cycles Per Day. Data
for 43 days arranged by five
percentiles.

Loadi ng

Rat e Aver age

Range Ef f | uent
Per cent = (g co Phenol

ie g SS«d)  (ng/l)
1-20 0.08-0.16 19
21 -40 0.17-0.18 62
41-60 0.18-0.19 31
61 -80 0.19-0.26 56
81 - 100 0.26-0.29 29

41-60 St -80

PrMtt*
1771 3 Ocl @ Pt Day


NEATPAGEINFO:id=8A07D7FE-0AEC-48F5-9EFA-DA89FE7DCAD3


82

b. Effluent Sol uble COD Concentrati ons:

Figures 19 and 20 show average effluent COD concentrations
as a function of loading rate range for one and two cycles
per day. Six COD nmeasurenents were collected during three

cycle per day operation and averaged 1620 ng/1 (std. dev.
240 nmg/1). There is no clear trend in effluent COD as a

function of |oading rate for one cycle per day. Effluent

COD appears to increase slightly as loading rate increases

for two cycl es per day.

c. Data Distribution of Effluent Phenol
Concentrations: Table 22 shows the results of a data
distribution perforned on effluent phenol concentration.
Using the 10 nmg/1 effluent phenol goal, it can be seen that
when operating Reactor | at 2 cycles per day, the effluent
was | ess than 10 ng/1 68% of the time. [In addition,

concentrations of phenol were less than 50 ng/1 82% of the

ti ne.

Renoval of Phenol and Sol ubl e COD

Removal of phenol and sol ubl e COD were eval uated by
determning the specific renoval rates and the percent
renoval s. The specific renoval rate was defined as the

mass of phenol or COD renoved over a given 24 hour period
di vided by the product of the mass of suspended solids in
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Tabl e 20: Effluent Sol uble |:i q 19: Ef” uent (ID \ler sus
COD versus Loading Rate, loo[Sng Rate, Roclor I, §nth. Fud

Reactor i, Synthetic Feed, .
One Cycle Per Day. Data i-

for 34 days arranged by L7-
five percentiles. a
15-
Loadi ng Ilj
Rat e Aver age .
Range Ef f | uent n 1

Per cent = (g co COoD

e g Ss*d) (m/l)

s oéj
Af iy W
1-20 0.06-0.18 930

21 -40 0.18-0.21 863 [e <////a W/\ /

41 -60 0. 23-0. 27 682 04

1

61 -80 0.29-0.33 917 |
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Table 21: Effluent Soluble COD Fi g yli] Ef” uent O Versus
versus Loading Rate Loodinj Rate, Reoctor |, Synth, Feed

! 2
Reactor 1, Synthetic Feed, Lo
Two Cycles Per Day. Data 13
for 17 days arranged by L7
five percentiles. L
15
. 1.4
Loadi ng o~
Rate Aver age 1
Range Ef f 1 uent 1
Per cent = (g co COD °°
ile SS*d /1 0.9
g ) (mil)
1-20 0.14-0.19 1246 ZZ
21 -40 0.21-0.45 1363 a
41 -60 0. 47 1401 04
61 -80 0. 47 1291 @
81 -100 0.50-0.55 1707 02
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Table 22: Data Distribution of Effluent Phenol Concentrations, Reactor

|, Synthetic Waste.

1 Cycle Per Day 2 Oycles Per Day 3 Cycles Per Day 1
Effluent Nunber of Percent of Percent of Percent 1
Phenol  Days When of Days Days Wen of Days Days \Wen of Days
Cone. Less Than “en Less Less Than i/Vhen Less Less Than t/Vhen Less
(myl 1) Than Than Than
10 15 38.5 23 67.6 12 28.6
20 8 59 76.5 8 47. 6
30 (0] 59 76.5 3 54.8
40 2 64.1 1 79. 4 5 66. 7
50 3 71.8 1 82.4 (0} 66. 7
75 3 79.5 0 82. 4 5 78.6
100 2 84.6 2 88. 2 2 83.3
>100 6 100 a 100 7 100 1
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the reactor and the total React tine over that 24 hour

period (g phenol/g SS-d). The anount of phenol renmoved was

defi ned as foll ows:

(mass of phenol fed + phenol in reactor at time of Fill)

- (mass of phenol in reactor after React).

The anount of COD renpved was determ ned anal ogously.
Percent renmoval was defined as the amount of phenol or COD
renoved divided by the anount of phenol or COD fed. For a
batch reactor, percent renoval can exceed 100%if a

substantial anmpbunt of residual substrate remmi ned at the

end of the previous cycle. For COD, only those days in

whi ch COD was neasured are reported.

1. Specific Renoval Rate versus Loadi ng Rate:

a. Feeding Raw Waste: Figures 21 and 22
show t he specific phenol and COD renoval rates as functions
of the loading rates. The 100%renoval line is shown as
the diagonal on these figures. The specific phenol renoval
rate tends to deviate substantially fromthe 100% renoval
line as the loading rate increases to above 0.10 g phenol /g
SS-d.  The snmall anount of data on specific remval of COD

does not show any clear trends.

b. Synthetic Feed: Figure 23 shows the


NEATPAGEINFO:id=0143FDFE-7CA2-4A78-9216-B7EC8A7D72F1


0. 45
0 100% Renoval Line
a6
a5
I
g
it

0. 05

0.00 O. 10 O. 20 O. 30O 0.40
Loading Rate, g Phenol/g SS d
Figure 21: Specific Phenol Removal Rate versus Loading Rate, Reactor I,
Feedi ng Raw Wast e.
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Figure 22: Specific Soluble COD Renoval Rate versus Loading Rate, Reactor |
Feedi ng Raw \aste
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Figure 23: Specific Phenol Removal Rate versus Loading Rate, Reactor |
Synthetic Feed, One Cycle Per Day.

100% Renoval Line &-

O OGs

0.05 -
0.04 -
0.03 -

0.02 -

0. 00 0. 02 0. 04 0. 06 0.08 0. 10 0.12

Loading Rote, g PhcnoIA/% 2%*((:1

Cyclea Per Day I es Per Doy

Figure 24: Specific Phenol Removal Rate versus Loading Rate, Reactor |
Synthetic Feed, Two and Three Cycles Per Day.

87


NEATPAGEINFO:id=8827E0F2-EAD2-4CD1-8DD2-5E866B50B473


88

speci fic phenol renoval rates when operating 1 cycle per
day. Although good renmoval was observed at |oading rates
as high as 0.1 g phenol/g SS-d, there is clear

I nconsi stency in renoval at all loading rates. In Figure
24, the specific phenol removal line is shown for 2 and 3

cycles per day. The loading rates were higher for 2 cycles
per day and good rermoval was achi eved nost of the tine.

| nconsi stent removal occurred for 2 cycles per day at

| oading rates higher than 0.1 g/g-d. The loading rate for
3 cycles per day was nuch |ower (again, due to higher M.SS)
and there were also occasions during this operating period
when poor phenol renoval occurred. Overall, removal rates
were nmore consistent, particularly at |oading rates |ess

than 0.1 g/g-d, for 2 and 3 cycle per day operation than at
1 cycle per day.

Figure 25 shows the specific soluble COD renoval rates
observed over 1, 2, and 3 cycles per day. Except for 1
cycle per day operation, the range of |oading rates was too
small to draw conclusions regarding the effects of | oading
rate on COD renoval . Again, good COD renoval was achieved
for 1 cycle per day up to a loading rate of 0.4 g/g-d, but

renoval was inconsistent over the entire range.

2. Percent Phenol and Sol ubl e COD Renoved:

a. Raw Waste: Figures 26 and 27 show the
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Figure 25 Specific Sol uble COD Removal Rate versus Loading Rate, Reactor |
Synthetic Feed One, Two, and Three Cycles Per Day.
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Figure 26: Percent Phenol Removed versus Loading Rate, Reactor I,
Feedi ng Raw Waste.
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Figure 27: Percent Sol uble COD Renoved versus Loading Rate, Reactor I,
Feedi ng Raw \Wast e.
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percent phenol and CCOD renoved when the reactor was fed raw
waste. The renmoval of phenol is generally good at |ow
| oading rates, but above |oading rates of 0.05 g/g-d,

hi ghl'y inconsistent performance was observed. The data
contained in Figure 27 show no clear trends in percent

sol ubl e COD renoved as a function of |oading rate.

b. Synthetic Feed: Figure 28 shows the
percent phenol renoved for one cycle per day operation.
Percent ages renoved of greater than 200% were achi eved at
| oading rates less than 0.04 g phenol/g SS-d, when | ow
| oading rates were enployed to bring the concentration down
fromuncacceptably high values. As can be seen fromthe
figure, inconsistency is observed at 1 cycle per day. The
percent of phenol renoved for 2 and 3 cycles per day is
plotted in Figure 29 as a function of loading rate. As
stated above, performance generally was nore consi stent
than for 1 cycle per day, but became inconsistent at pheno
| oading rates greater than 0.1 g/g-d. Figure 30 shows the
percent soluble COD renoved for all cycles. No clear
trends can be gathered fromthis figure due to the scatter
of the data and the |ack of data for 2 and 3 cycles per

day.
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Figure 28: Percent Phenol Removed versus Loading Rate, Reactor I, Synthetic
Feed, One Cycle Per Day.
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Figure 29: Percent Phenol Removal versus Loading Rate, Reactor |, Synthetic Feed,
Two and Three Cycles Per Day.
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Synthetic Feed, One, Two, and Three Cycles Per Day.
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Overall Performance of Reactor |1

Reactor || operated from 17 Novenber 1989 to 1 May
1990. During this 165 day period, the reactor was fed 7.5
1 of raw waste and 23.3 1 of synthetic feed. This gives an
average daily feeding volune of 190 m. |In addition,
during the initial startup of the reactor, a total of 28.56
g of supplemental phenol was added to the reactor during
the initial six weeks of reactor operation. This
suppl ement al phenol was added because the raw waste fed
during this time had a | ow concentration of phenol (245
mg/ 1). Additional supplenental phenol resulted in very
high | oading rates applied to the reactor and excell ent
performance. However, at the end of Decenber the
performance of the reactor deteriorated and pheno

suppl enment ati on was st opped.

Figures 31 and 32 depict the cunulative influent and
effluent phenol and soluble COD. The total soluble COD fed
during this period was 247.5 g, and the total phenol fed
was 58.7 g. The total soluble COD wasted was 39.5 g, which
gives an overall renoval of 84.1% The daily average
renoval rate of soluble COD was 1,260 ng/d. The total
phenol wasted was 1.25 g, or a renoval of 97.9%  The
average daily renoval rate of phenol was 348 ng/d.

A cal cul ation of the anmpbunt of solids that woul d need
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Figure 31 Cumulative Influent and Effluent Soluble COD, Reactor I1. Raw Wste
was fed from11/17/89 through 2/9/90. Synthetic Feed was fed for the remainder

of the project.
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Figure 32: Cunulative Influent and Effluent Phenol, Reactor Il. Raw
waste was fed from11/17/89 through 2/9/90. Synthetic feed was fed for
the remainder of the project.
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to be generated to account for the COD | ost due to
mechani sms such as precipitation or accunul ation shows that
for Reactor Il, 6,635 ng of COD per liter of feed would be
in the formof suspended solids. Assumng a biomass COD of
2.0 g CODg solids, this would be over 3,300 ng of solids

generated per liter of feed treated. These solids would
have either accunulated in the reactor or been wasted as

effluent solids if no biodegradation occurred. As was the
case for Reactor |, effluent solids in Reactor Il were
returned to the reactor during nmost of the study (127 days
out of 165) and no increase in MSS of this nagnitude was

noted in Reactor 11,

Performance of Reactor Il During Different Stages of

Oper ati on

Tabl e 23 shows the percent and average phenol renoved
from Reactor Il over the three distinct periods of reactor
operation. The best average volunetric phenol removal rate
and percent phenol removed occurred feeding raw waste over
one cycle per day. This is due to the fact that during the
initial startup of Reactor Il, a fresh culture fromthe
Sandoz activated sludge systemthat was highly acclimated
to phenol was used and was fed a substantial anount of

phenol .
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Tabl e 23: Percent Phenol Renoved and Average Phenol Renoval
Rate, Reactor Il. (Average reactor volume = 2.5 1)
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Aver age
Vol unetric Aver age
Phenol Loadi ng
Vol une  Phenol Phenol Renoval Per cent Rat e
Cycl es Nunber Fed Fed Renbved Rat e Phenol (gCo/
Feed  Per Day of Days (] (9 (9  (g/dnr3) Removed (S5 () |
Raw Vst e 1 84 7.5 32.19 32.07 153.2 99. 6 0.192
Synt heti ¢ 1 39 8.75  10.01 9.74 100 97.3 0.111 1
Synt heti ¢ 2 42 14.53  16.53 15. 67 149. 2 94.8 0.525 1
Tabl e 24: Percent Sol uble COD Removed and Average Sol uble COD Renoval
Rate, Reactor Il. (Average reactor volume » 2.5 1.)
Aver age
Vol unetric
Sol ubl e Aver age
Sol ubl e  Sol ubl e CcOoD Loadi ng
Vol une COaD COoD Renoval Per cent Rat e
Cycl es Nunmber Fed Fed Rermoved Rat e CcOoD (gCo
Feed Per Day of Days (1) (9) (9) (g/d*m3) Renoved ¢gSS*d)
Raw Wst < 1 84 7.50 122.11 112. 49 535.6 92.1 0.192
Synt heti ¢ 1 39 8.75 39.92 31. 90 327.2 79.9 0.111 1
Synt heti ¢ 2 42 14.53  85.45 63. 64 606 74.5 0.525
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Tabl e 24 shows the percent soluble COD renoved and
average volunetric soluble COD removal rate for the three
periods. The best percentage of COD renoved occurred when
the reactor was fed raw waste. The hi ghest average
vol umetric sol uble COD renoval rate occurred when feeding

synthetic feed twi ce a day.

Pl ots of cumul ative phenol and sol uble COD renoved
versus loading rate were also made for the period when
synthetic feed was fed. These plots are shown in Figures
33 (phenol) and 34 (COD). Linear regressions of
these lines were performed to assess the magnitude of the
sl opes, and results are shown in Tables 25 and 26. Again,
good linear correlation indicates consistent performnce of
the reactor under these operating conditions. As Figure 33
shows, a better cumulative rate of phenol renoval was
achi eved when the reactor was fed twice a day. As shown in
Tabl e 24, higher average | oading rates were sustained
during 2 cycle per day operation. The slope of the two
cycles per day line is 50%greater than the slope for one
cycle per day. The slope of the soluble COD renoval Iine
Is alnost twice as large for the two cycles per day |ine as
for the one cycle per day. This, together with the fact
that |oading rates were substantially higher at two cycles
per day, illustrates that reactor perfornmance was inproved

by shifting operation fromone to two cycles per day.
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Figure 33: Cunulative Phenol Renoved Feeding Reactor |l Synthetic Feed

Average removal efficiency for each cycle shown in parentheses

Tabl e 25: Results of Linear Regressions of Cumulative Phenol Removed
for Reactor I, Feeding Synthetic Feed.

Cycl es Sl ope
Per Day (ng/ d) r2
1 279 0. 9853

2 a07  (.9960 1
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Figure 34: Cumulative Soluble COD Removed Feeding Reactor |1 Synthetic Feed
Average removal efficiency for each cycle shown in parentheses.

Table 26: Results of Linear Regressions of Cunulative Soluble COD Renoved
for Reactor I, Feeding Synthetic Feed.

Cycles Sl ope

Per Day (ol d) re2
1 885 0.9935
2 1628 0. 9950

100
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Effluent Quality of Reactor 11

1. Feedi ng Raw Wast e:

a. Effluent Phenol Concentrations: Figure
35 shows the average effluent phenol concentrations as a
function of five loading rate intervals. It is interesting
to note that better effluent quality occured at higher

| oadi ng rates, when suppl enental phenol was fed to an

acclimated cul ture.

b. Effluent Sol uble COD Concentrations:
Limted sol ubl e COD neasurenments were collected during this

period. The average sol uble COD concentration neasured in
seven anal yses was 1427 mg/1 (std. dev. = 388 my/1).

c. Data Distribution of Effluent Phenol
Concentrations: Table 28 shows the data distribution of
ef fl uent phenol concentrations for Reactor |l when feeding
raw waste. The effluent phenol concentration was |ess than
10 ng/1 31.1%of the tine during this period. Over two-

thirds of the entire period, the effluent phenol was |ess
t han 50 ng/ 1.

2. Feedi ng Synthetic Feed:

a. Effluent Phenol Concentrations: Figures
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Tabl e 27: Effluent Phenol versus Fig 35. Effluent Phenol Versus
Loading Rate, Reactor Il, Raw Lo,odrg Rote, Rsoclor 11 - RnVste

Waste. Data for 35 days arranged by
five percentiles

Loadi ng

Rat e Aver age

Range Ef f | uent
Per cent = (g co Phenol

e g Ss*d)  (nmu/l)
1-20 0.03-0.07 26. 6
21 -40 0.07-0.11 31.2
41 -60 0.11-0.25 15.8
61 -80  0.25-0.41 18.6
81 -100 0.42-1.09 14.6

I -20 21 -40 41 -60 51 -80 81 - too

Percentile

Tabl e 28: Data Distribution of
Ef fl uent Phenol Concentrations
Reactor |1, Feeding Raw Wste

Ef f | uent Percent 1
Phenol Nurmber of  of Days

Cone. Days When*en Less
(ng/ 1) Less Than Than

10 19 31.1
20 11 49.2
30 2 52.5
40 4 59
60 6 67.2
75 0 67.2

100 2 70.5

>100 18 100 1
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36 and 37 show the effluent phenol concentrations as a
function of |loading rate interval when feeding synthetic
feed one and two cycles per day, respectively. Good
effluent quality was achieved up to a |oading rate of 0.15
when feedi ng one cycle per day. At higher |oading rates,

achi eved during two cycle per day operation, the effluent

quality showed nmuch nore variability.

b. Effluent Sol uble COD Concentrati ons:

The COD concentrations neasured during one cycle per day
operation are shown in Figure 38. The average effluent COD
concentrations were found to vary by approximately 30% over
the entire range of | oading rates, indicating effluent COD
was not significantly affected by |loading rate. The peak
at the first loading rate range is due to feedi ngs when
react or performance was poor during the previous 24 hour
cycle. Oherwi se, effluent COD generally increased as the
| oading rate incresed. Limted data is available on the
effl uent sol uble COD concentration during two cycle per day
operation. The eight anal yses perforned gave an average

COD concentration of 1420 ng/1 (std. dev. = 380 ng/1).

c. Data Distribution of Effluent Phenol
Concentrations: A data distribution was perforned on
ef fl uent phenol concentrations during the synthetic feed

regimen, and is shown in Table 32. \Wen operating at 1
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Tabl e 29: Effluent Phenol
versus Loading Rate
Reactor Il, Synthetic
Feed, One Cycle Per Day.
Data for 32 days arranged
by five percentiles.

Loadi ng

Rat e Aver age

Range Ef f | uent
Per cent = (g co Phenol

e gSs d)  (myll)
1-20 0. 05-0. 08 34.6
21 -40 0.09-0.11 6.2
41- 60 0.12-0.14 3.6
61 -80 0.15-0. 18 59. 3
81 -100 0.19-0.28 39.1

Tabl e 30: Effluent Phenol versus
Loadi ng Rate, Reactor Il, Synthetic

Feed, Two Cycles Per Day. Data for

38 days arranged by five
percentil es.

Loadi ng

Rat e Aver age

Range Effl uent
Percent - (g COY Phenol

ile g SS*d) (mg/l)

1 - 20 0.27-0.53
21 -40 0.53-0.56 117.8
41- 60 0.56-0.59
61 - 80 0.59-0.64
81 - 100 0.64-0.73

120

o

Fig. 36: Effluent Phenol Versus

7\
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Fig. 37. Effluent Phenol Versus
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Tabl e 31: Effluent Sol uble COD

versus Loading Rate, Reactor II,
Synthetic Feed, One Cycle Per Day.
Data for 35 days arranged hy

percentiles
Loadi ng
Rat e
Rei nge
Per cent = (g co
ile g SS d)

1 - 20 0.05-0.08
21-40 0.09-0.11
41-60 0. 12-0. 15
61-80 0. 15-0.18
81-100 0. 19-0. 28

Average -°
Ef f | uent

(@ ® B
(i)

1026 '
829
895
956

1048

Fig. 38

1-20 21-40 41

Table 32: Data Distribution of Effluent
Phenol Concentrations, Reactor |I, Feeding
Synthetic Feed

Ef fl uent
Phenol
Cone
(my/1)

10

20

30

40

50

75

100

>100

1 Cycle Per Day

Per cent
Nurber of  of Days

Less Than Than

20

O O w @

—_

52.
73.
81.
81.
81.
84.
89.

o N O O O N o

100

Nunber

Pvetrtili

2 Cycles Per Day

Less Than

14
3

-

w o O »

10

of

Per cent
of Days
Days When”Vhen Less Days \Wen"Vhen Less

Than
34.
41.
43.
53.
53.
68.
75.

100

o W N N © o B

sl -

Effluent COD Versus

Looilin; Rite, Raator |, "nlTi. Fnd
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cycl e per day, the effluent phenol concentration was | ess
than 10 ng/1 52. 6% of the tine and | ess than 50 ng/1 81. 6%
of the tine. During 2 cycle per day operation the effl uent

phenol concentration was |l ess than 10 ng/1 34. 1% of the

time and |l ess than 50 ng/1 53. 7% of the tine.

Renpval of Phenol and Sol ubl e COD

1. Speci fic Renbval Rate versus Loadi ng Rate:

a. Feedi ng Raw Wast e: Fi gure 39 shows the

speci fic phenol renpoval rate versus the phenol |oading rate
when raw waste was f ed. Excel |l ent renoval was achi eved at
virtually all loading rates used during this phase of

reactor operation, and indicates that higher | oading rates

may have been sustai nable during this period of operation.

b. Feedi ng Synt heti c Feed: Fi gure 40 shows the
speci fic phenol renpval rate as a function of phenol
|l oading rate for synthetic feed. As can be seen for both
cycle periods, there is marked i nconsi stency in reactor
per f or mance. Fi gure 41 shows the specific sol uble COD
renoval rate as a function of COD | oading rate. Again
i nconsi stent performance is evident, though increased

deviation fromthe 100% renoval |ine does seemto appear at

|l oading rates of greater than 0.2 g/g-d.
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Figure 39: Specific Phenol Renoval Rate versus Loading Rate, Reactor Il, Raw

Wast e.
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Figure 40: Specific Phenol Renoval Rate versus Loading Rate, Reactor II,
Synt hetic Feed.

Loadi ng Rate, g COD/g SS*d
*

1 Cycle Per Day 2 Cycles Per Doy

Figure 41: Specific Soluble COD Renoval Rate versus Loading Rate,
Reactor II, Feeding Synthetic Feed.
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2. Per cent Phenol and Sol ubl e COD Renobved:

a. Feedi ng Raw Wast e: Fi gure 42 shows the

percent phenol renpbved as a function of the phenol | oading
rate. The phenol renpved during this period was generally
very good. The poor performance at low loading rates is

again due nostly to those days when | ow | oadi ng rates were
applied to the reactor to bring down the reactor phenol

concentration from previ ous days.

b. Feedi ng Synt heti c Feed: Fi gure 43 shows the
per cent phenol renoved for synthetic feed operation. Ther e
is much nore inconsistency in this data than in the data
for raw wast e. Fi gure 44 shows the percent sol ubl e COD
renoved as a function of |loading rate for synthetic feed.

Agai n, inconsistency in reactor perfornmance is evident.

Ef fect of Wasti ng Rate on Reactor Perfor mance

As has been nentioned previously, the mxed |iquor in
bot h reactors exhi bited poor settling characteristics and
during nost of the project, effluent solids were
centrifuged and returned to the reactor. However, in March

1990, intentional wasting of mixed |liquor at the end of the

React period was conducted to determne its effect on
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Figure 42: Percent Phenol Removed versus Loading Rate, Reactor 11, Raw Véste.
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performance. A 25 day mean cell residence time (MCRT) was
used over a seven day period. Measurements of effluent
phenol, COD, and M.SS were perforned to nonitor the

performance of the Reactor.

1. Reactor |: Table 33 shows the results of the
monitoring for Reactor |I. Figure 45 shows these results
graphically. As can be seen, the effluent concentrations
of phenol and COD rose dramatically during the 7-day

period, with an equally dramatic decrease in reactor MSS.

2. Reactor Il: Table 34 and Figure 46 show t he
results of the nonitoring for Reactor |I. Though no
significant increase in effluent COD or phenol
concentration was noticed during the nonitoring period, the
decrease in reactor M.SS by al nost 50% portended a
subsequent deterioration in reactor performance, and

wasti ng was stopped.
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Table 33: Effect of Wasting on Performance of Reactor
25 Day MCRT, 27 February - 5 March 1990.

El apsed
Ti me

(days

N o a N w N =

23

Effluent Phenol

Figure 45: Effect of Wasting on Performance of Reactor |

Ef f | uent

Ef f | uent Sol ubl e
Phenol CcobD
(my/1) (my/1)

7 605

41.1 725

39.1 777

4.3 740

103 915

183.3 1154

235.2 1260

EFflijeni COD

React or
M_SS

(my/1)

3033 1

2597

2143

0 Reoclor M SS
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Tabl e 34: Effect of Vsting on Performance of Reactor II.
25 Day MCRT, 27 February - 5 March 1990.

Ef f | uent
El apsed Effluent Sol uble Reactor

Ti me Phenol CcOoD M_SS
(days) () (/1) (mll) 1
1 o
2 3.4 879
3 4.3 868 5423
4 5.1 935
5 4.3 840
6 2.5 814
7 2.8 712 4004 ].
e~
J O
p— == —a— — & 7
T | > e 3 g ——
Effluent Pfienol + Ef fl uent COO o R«oet or M.SS

Figure 46: Effect of Vsting on Performance of Reactor II.
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V. EXPERI MENTAL RESULTS

To quantify various phenonena that were observed or
expected to occur, side experinents were performed
t hroughout this project. These side experinents included:
investigations into abiotic nechanisnms of COD renoval ;
shake flask and enrichnment culture studies to determ ne
various paraneters which may affect cell growh; specific
oxygen uptake rates to determne the effect of feed
characteristics on cell respiration rates; neasurenent of
feed constituents in the reactor during different cycle
periods; specific studies on nitrosophenol alone to
determne its chem cal properties and effects on biol ogical
activity; and, a kinetic study to determ ne the m crobi al

decay const ant.

Abi oti ¢ Mechani sns of Renoval

To ascertain that changes in COD and phenol

concentrations were due to biological activitiy in the

reactors, it was inportant to denonstrate that abiotic

mechani sns were not significant. Several experinents were
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carried out to accomplish this.

1. Loss of Phenol and COD by Stri pping: 750 m
of distilled water was placed in a 1000 ml flask and 100 m
of raw waste were fed to the flask over 8 hours.
Phosphat e, anmoni a-nitrogen, and trace el enents were nixed
in the feed. The concentrations of these nutrients are
shown in Table 4, Chapter 111. Phenol , COD, and M.SS
concentrati ons were neasured every day for one week. The
COD concentration renmai ned at around 625 ng/1 over the
entire period, and the phenol concentrati on decreased 2
nmg/ 1 per day from 106 ng/1l to 92 ng/1. There was no
formati on of suspended solids over the one week peri od.
Therefore, stripping of organic constituents was concl uded
to be insignificant over periods typically enpl oyed between
sanpli ng events used to nonitor reactor perfornmance

(typically 24 hours or |ess).

2. Precipitati on under Reactor Conditions: The
effluent from Reactor | was used to determne if any of the
constituents in the matri x may cause precipitation of the
ni t rosophenol . Ef fluent was filtered through Wat nean 40
filters, then through a 0.45 m cron nenbrane filter, and
finally through 0.2 mcron nmenbrane filters twice. The
synthetic feed used was prepared fresh and also filtered
through 0.2 mcron nenbrane filters. Si xty-six m of

ef fluent was available for the study. This volunme was
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split into tw 33 m aliquots. The anpbunt of synthetic
feed added to each 33 mM sanple, 5.4 nl, was based on a
volunetric loading rate to the reactor of 350 mM per 2.15 1
m xed |iquor. Each feed volune had the nutrient
concentrations shown in Table 4, Chapter IIl. One
effluent/feed m xture was aerated in an Erl enneyer fl ask
and the other (control) was placed on the bench and al | owed

to sit quiescently.

In a simlar manner, synthetic feed at full strength
was tested. A flask containing 50 m of synthetic feed was
aerated and a second flask (control) was allowed to sit on
t he bench unaer at ed. Suspended solids were neasured after
5 days in all four flasks and the results are shown in
Tabl e 35. Although a significant quantity of solids
(presumably precipitate) was generated in the effl uent
matri x sanples, these solids were forned over a period of 5
days. Therefore, it does not appear that precipitation
coul d account for | osses of organic constituents observed

over typical sanpling intervals for the reactors.

3. Preci pitation of N trosophenol as a Function
of pH and Tenperature: 1.2 liters of 1300 ng/1
ni trosophenol was prepared with 150 ng/1 MyS04, 2000 ng/1l
NaNO3, and 2000 ng/1 Na2S04. The pH was adjusted to 8.0

and two 200 nl sanples were taken and placed in BOD bottles
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Tabl e 35: Results of Precipitation Under Reactor Conditions Experinment

Suspended Sol i ds
After Five Days

Sanpl e (mo/l)
Ef fl uent Aerated 110
Ef fl uent Control 171
Synthetic Aerated 18

0

Synthetic Control

Rate of Suspended 1

Solids formation
(my/1- )
22
34.2
3.6

[ !
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whi ch had been cl eaned previously by detergent washi ng and
rinsing twice with distilled water. The pH was then
brought down to 7.0 and 6.0 and again two 200 m aliquots
w t hdrawn at each pH and placed in BOD bottles. Baseline
suspended solids were taken in duplicate for each bottle.
One bottle fromeach pH set was placed in the refrigerator
(Tenp = 4 degrees C) and the other was placed on the |lab
bench. Suspended solids were nmeasured over tine using
Whatman G-/ F glass fiber filters (0.7 mcron particle
retention). Results are shown in Table 36. As shown,
precipitation was insignificant at pH 7 and 8.
Precipitation at pH 6, 16 ng/1l per day, was nore
significant, but these results also indicate precipitation

was not a mmjor renpval nechanismin the reactor.

4. Adsorption of Nitrosophenol onto Bi onass: Two
50 mM aliquots of m xed |iquor were renmoved from React or
30 minutes after the end of a React period. To one
aliquot, 1000 ng/1 NaN3 was added to inhibit biological
grom h (confirmed by observing negligible oxygen uptake
when spi ked with phenol). 10 ng of a stock solution of
ni trosophenol was then added to each aliquot, and sol uble
COD neasurenents were perfornmed over six hours. Shown in
Table 37 are the results of the experinment. These results
i ndi cate adsorption of organic constituents was negli gi bl e.
The difference in soluble COD between the azi de-treated and

-untreated sanples is probably due to the contribution of
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Table 36: Results of Precipitation Experiment.

Tenp
pH (deg. Q

25

25

11

Day

6 10
15

16

0 11
10

(0] 5
67 232

13

17
296

Aver age
Rat e of

Sol i ds
17 23 Formation Std. Dev

(ot 1-d) —(myf]-0) 1

5 19 0.7 0.71

1 10 0.6 06}

Q e 0.7 0.7
5 30
6 65 1.4 1.5

348 455 16 91
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Table 37: Results of Adsorption Experinent.

Ti e
After
Pul se
Feed

Sol ubl e COD

(hrs)  with ans g \gB |

0.

o AN o

1864
1891
1924
1924

1351

1318
1311
1369

Note: The increase in COD expected by
addition of nitrosophenol was 400 ng/l.

Though sol ubl e COD was not neasured before
addition of NaN3, the COD of Reactor | mixed

liquor was 1207 my/l the day before this

experiment and was 1128 ng/| two days after

the experinent.
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azide to the COD neasurenent.

Shake Fl ask Experi nents

The first studies done during this project were shake
flask experinments to determne if the waste was
biologically treatable, and to assess the need for
nutrients and the effect of pH on growth. It was found
that optical absorbance could not be used as a neasure of
growmh in the shake flask cultures due to the highly
colored nature of the feed mxture. Therefore, suspended

solids were used as indicators of grow h.

1. Need For Nutri ents:

a. Initial Screening Test: One of the first
shake flask experinments perfornmed was to determ ne the need
for amoni a-nitrogen, trace elenents, and/or vitamns. A
20:1 dilution of raw waste was prepared for use as the
source of organic carbon. Flasks were filled with 50 m of
the raw waste dilution and inoculated with 0.1 nl of m xed
l'iquor fromReactor |I. An additional sanple (3a) was
inoculated with 1.0 ml of mxed liquor. The concentrations
of nutrients in the shake flasks are shown in Table 38. A

key to the matrix used to performthe experinent is shown

in Table 39. Shake flasks were run for 16 days and
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Table 38: Nutrient Concentrations Used For the Shal <e Flask Experiments

El enment
Fe
zZn
Co
Cu
Mo

Vi tam ns
P
K

[

Nut ri ent
Sour ce
FesS04* 7H20
ZnSO4* 7H20
CoCl 2* 6H20
CuSs04*5H20
( NH4) 6Mp7024* 4H20
Yeast Extract
KH2P04/ K2HP0O4
KH2P04/ K2HPO4
NH4CI

Reagent |
Cone. In 1

Fl ask
(mg/1)

0.28 1

0.16
0. 024
0. 002
0. 024

1
90
85.5

401
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Table 39: Key to Sanple Sets Used in Shake Flask Experiments

Nutrients 1
Sanpl e Trace Vet 1
Set NH4Cl El emrent s Extract

1 X

2 X X

3 X X X

4 X X

6 X

6 X X

7 X

8

Note: "X' indicates Nutrient added.
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suspended solids were neasured. Results are shown in
Figure 47. Since baseline M.SS neasurenents were not
performed, the results are only qualitative. Sanple set 2
did appear to show the |argest amount of growth during the

period, indicating ammonia-nitrogen and trace el enents were
required for optimumgrowh. It was concluded fromthis

experiment that yeast extract would not be needed as a

source of vitam ns.

b. Study of Need for Nutrients Using Hi gher
Concentration of Raw Waste: A subsequent shake fl ask
experiment was performed using a 10:1 dilution of raw
waste. The sanme nutrient matrix (Table 38) was used and
the flasks were run for 13 days. Suspended solids were

taken at the end of the experinment and the results are

shown in Figure 48. Al sanple sets showed simlar growh,

and no trends are evi dent.

c. Need for Trace El enents: A 20:1 dilution

of raw waste at pH 7.0 was prepared in Novenber, 1989. A 2
m inoculumof Reactor | mxed |iquor was used. Three
sanpl e sets, representing trace elenents at 3/5, 3 and 15
times the nornmal anount added to the feed, were prepared
and basel i ne phenol and suspended solids concentrations
were measured. Triplicate flasks were prepared in each
set. Results are shown in Figure 49. There were

significant differences in growh for each concentration of
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Figure 47: Initial Shake Flask Experiments to Determne Need
for Nutrients. All sanples inoculated with 0.1 m Reactor |
mxed liquor except Set 3a, which had 1.0 m seed. Baseline
M.SS concentrations were not perfornmed.
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Figure 48: Subsequent Shake Flask Study of Need for Nutrients.
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trace elements, with 3/5 tinmes the normal trace el enent
concentration show ng best growth. At 3 and 15 tines the
normal trace el ement concentration, |ower suspended solids
concentrations were observed, suggesting that the |evel

used was inhibitory to growth. Synthetic feed continued to
be prepared with the normal concentration of trace

el enment s.

d. Need for Ammoni a-Ni trogen Usi ng
Enrichment Cultures: In April, 1990, enrichment cultures,
whi ch are described bel ow, were used to determ ne the
anmount of ammoni a-nitrogen required for optiml growth of
the organisnms. The results of this study are shown in
Tabl es 40 and 41. |In Table 40, the need for ammoni a-
nitrogen at all was evaluated. Two enrichnment cultures
were run, one with NH4CL, and one wth no source of
ammoni a-nitrogen. As can be seen fromthe table, average
phenol renoval rates and yi el ds based on phenol renoval
were greater for the culture to which amoni a-nitrogen was
added. Once the need for ammoni a was established,
addi ti onal enrichnment cultures were run to see what
concentration of NH4CL would give optinmal growth. Table 41
shows the results of four separate culture runs. Wth each
increase in initial NHACL concentration, an increase in
average phenol renoval rate and yield based on phenol is

seen up to a concentration of 667 nmg/1. As a result of
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Tabl e 40: Deternination of Need for Anmonia-Ntrogen Using Enrichment

Cul tures.

El apsed NH4CI Phenol
Ti ne Cone, M_SS Cone.
(days)  (mo/l)  (ng/l) (ng/1)

0 33.3 233.9
3 8.5 187
7 37.6 3.5
(0] (0] 230. 3

4.3 186. 6
7 5.2 138

13 34.3 1.1

Aver age
Phenol

Renoval
Rat e

(mg/1-d)

15.6
45.9

14. 6
12.2
22.8

Yield

Based on |
Phenol |

Renoved

(g SS/q)

0.18
0.16

0.1

0.02 1

0.21
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Table 41: Determnation of Amount of Ammonia-Ntrogen Required for
Bi odegradation Using Enrichment Cultures.

El apsed
Ti nme

(days)
(0]

12

11
13

11
13

NH4AC
Cone,

(mg/1)
66. 7

333

667

2000

M_SS
(mo/ 1)

7.2
14.5
78

30

5.5
38.3
62. 4
73. 4

<5

8.3
6.9
19.1

Phenol

Cone.

(mg/1)

232.

138.
34.

225.

132.

258.
137.

83.

38.

17.

257.
187.
158.

131.
113.

3
5
2
0

©o N © N P o

o 0 W N b

Aver age
Phenol

Renoval
Rat e

(mg/1-d)

15.6
22
19. 4

11.7
24.4

20.2
21.8

20
18.5

11.7
14.6
8.8
9.2

Yield
Based on
Phenol

Renbved

(g SS/g)

0.08
0. 07
0. 34

0.09
0.14

05
22
28
31

°© oo o0

0.08
-0.05

Sol ubl e
CcOoD
Cone,
(my/1)

1274
1006
722
676

1297
1017
623

Aver age
Sol ubl e

CcOoD
Renoval
Rat e

(ny/1-d)

a44.7
61.3
58.2

46. 7
74.9
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Renopved
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0.03
0.11
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this experinment, the anount of NH4Cl added to the feed was

i ncreased by a factor of 3.3.

e. Need for Phosphorus: An estimate of the
anount of phosphorus required for biodegradation was

determ ned by tracking its depletion and the renoval of

soluble COD in the reactor. |In February, 1990, the
concentration of phosphorus in Reactor | was 35.7 ng/l. To
bring down this concentration, no phosphorus was added to

the feed for eight days. The results of the nonitoring are

shown in Table 42. Determ nation of the sol uble COD
renmoved was described in Chapter 1V. The results indicate
that 9.2 ng of phosphorus are required on average to renove
1 g of soluble COD. Table 43 shows the results for Reactor
|l. The phosphorus demand (12.3 ng P/g COD) is simlar to
that of Reactor |I. Assumng the feed had an average of
6000 nmg/ 1 of COD, the original estimate of 90 ng P/liter of
waste (15 ng P/g COD) was j udicious.

2. Effect of pH 10:1 dilutions of raw waste
were prepared at pH 4, 5 6, and 7 and placed in shake
flasks. These shake flasks were run for three weeks. pH
nmeasurenents were taken every three days and showed t he pH
did not vary by nmore than 0.4 pH units over the entire 21
days. The results of the suspended solids anal yses are
shown in Figure 50. Optimal growth occurred at pH5, with
good growh at all other pHs. Since both reactors tended
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Tabl e 42: Determnation of Need for Phosphorus in Reactor |. Average
Phosphorus Consunption is 9.2 ng P/g COD Removed (std. dev. =5.2).

P std. cop P P P Consuned
Cone. Dev. Renoved Added Consuned (rrg P/ g COD
Date  (mg P/I1)  (ng P/1) () (mgP) (ngP) Removed)

Feb23 36.7 0.3 o)

Feb24 28.4 0.5 863 (0] 17 19. 4
Feb25 24 0.3 870 (0] 10 11.5
Feb26 20. 4 1.2 867 (0] 8 9.6
Feb28 12.2 0.1 1689 0 19 11.2

Mar 2 10.9 0.5 1918 0 3 1.5

Mar 3 30

Mar 4 12 0.2 1971 0 3.9

Mar 8 8.8 0.8 668 0 7 10. 8

Mar 11 30

Mar 12 4.8 0.1 3292 0 19 5.8

Not e: Phosphorus consumed based on average reactor vol une
before Fill of 2.3 1.

Tabl e 43: Determnation of Need for Phosphorus in Reactor Il. Average
Phosphorus Consunption is 12.3 ng P/g COD Removed (std. dev. = 3.8).

P Std. CcOoD P P P Consuned
Cone, Dev. Renoved Added Consuned (g P/g (0))
Date  (ng P/1)  (mg P/1) (o) (ngP) (mgP) Removed)
Feb23 33.1 0.8 0
Feb24 27.2 0.2 759 (0] 14 17.9
Feb25 23.9 1.6 683 (0] 8 11.3
Feb26 18.7 1 825 0 12 14.5
Feb28 25.2 2.4 1570 (o]
Mar 2 14.3 0.4 1702 0 25 14. 7
Mar 3 30
Mar 4 12. 3 0.1 2115 0 15 7.0
Mar 8 17.3 0.1 5208 0}
Mar 11 30

Mar 12 9.7 0.1 3313 o} 27 8.2
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to stabilize at near neutral pH this experinment indicated
pH adj ustnent of the feed woul d not be necessary for

opti mum react or operation.

Enri chnent Cul tures

On 5 February 1990, 250 ml of a 5:1 dilution of
synthetic feed was prepared in a O | M K2HP04/ KH2P04 buf f er
Four m of mxed liquor fromReactor Il was added to the
dilution along with trace el ements and anmoni a-nitrogen

(NH4C1). This culture was then aerated for five days.

Four m of this culture and two m of activated sludge
fromthe Farrington Road Wastewater Treatnent Plant in
Durham NC, was transferred to a new 5:1 dilution of
synthetic feed and was aerated for four days. The addition
of Farrington Road activated sludge probably had little,
if any, effect on the enrichnent, as discussed belowin the
xygen Upt ake section. Four m of this culture was again
transferred to a new 5:1 dilution and aerated for four
days. The entire 250 nml of enrichnent culture was then
centrifuged and the solids were placed in a 5:1 dilution
which had a final volune of 500 m. This culture was
aerated for four days and the solids fromthe entire 500 n
was transferred to a new dilution that had a final vol une

of 1000 mi .
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This culture was aerated for 11 days. On the seventh
day, the M.SS was 108 ng/1. The culture was fed 100 ny
phenol on the eighth day, and 150 ng phenol on the ninth

day. The entire culture volunme was centrifuged and hal f

the solids were transferred to a 500 ml volune of 5:1
dilution (referred to subsequently as "0%enrichment") and
the other half was transferred to a 5:1 dilution that had a

suppl emented salt concentration of 2.0% (20,000 ng/1

Na2S04, referred to below as "2% enrichnent").

The 0% enrichnment culture was mai ntained from5 March
1990 to 11 May 1990. Frequent nonitoring of phenol
sol ubl e COD, and M.SS concentrations was perforned and
transfers to new 5:1 dilutions were performed whenever the
phenol concentration dropped to below 10 ng/1. Transfers
consisted of placing 12 ml of the liquid culture into a

liter of 5:1 dilution of synthetic feed.

Results of the nmonitoring are shown in Table 44. Al so
included in the table are the average phenol and sol uble
COD renpval rates between sanpling periods, and the net
yi el d based on sol ubl e COD degradation. \Were initia
phenol and COD concentrations were not neasured, these
concentrations were estimted by dividing the neasured
concentration in the synthetic feed by the dilution factor

(five). Suspended Solids concentrations at tine zero were
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Tabl e 44: Phenol, Soluble COD, and M.SS Monitoring of 0% Salt Enrichment

El apsed Phenol
Transfer Ti nme Cone.

Nunber  (days) (ng/l)

6
fMEM" """\

2 0  227.6

2 125.6

4 1.5

5 1.1

3 0 224

1

4 2 175.5

49.6

2

6 0 229

1.5

6 0  205.8

2

7 0o 2339

187

3.5

8 o 232.3

138. 5

9 34.2

12 0

9 o  258.1

137.2

83. 9

11 38.4

13 17.8

Sol ubl e
CcOobD
Cone,

(my/1)

1085
822
425
397

1030
397

449

1057
441

912
218

1158

1297
1006
722
576

1229

Phenol
Renoval

MLSS Rate

(my/1)  (ng/d)

185
73 51.0
62. 1
153 0.4
28 37.2
<5

18 42.0
34 23.8
18 37.9
37 40. 8
<5 46. 9
37 45. 9
8 15.6
15 34.8
80 11.4
6 20.2
38.3 26.7
62 15.2
73 10. 3

Sol ubl e
CcOobD
Renoval Yield
Rat e (gSSV
(mg/d) g COD)

131.5 0.278

198.5
28.0 0.188
105.5 0. 044

0. 054

102.7 0. 029

138.8 0. 053

48.5 0. 027
94.7 0. 025
48. 7 0. 445
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estimated fromthe known final M.SS of the previous

enri chnent.

The average phenol renoval rate for the entire period

Is 32.6 ng/l-d (std. dev. = 15.0 ng/l-d, 17 observations),

excluding the rate nmeasured on Day 5 of Transfer 2. The
average sol uble COD renoval rate was 105.8 ng/l-d (std.

dev. = 46.8 ng/l-d, 9 observations), again excluding the
rate neasured on Day 5 of Transfer 2. It should be noted

that the final concentrations of soluble COD in the

enri chnent cultures were nuch | ower than those observed in

t he reactors.

Two observations from Table 44 are significant. First,
net yields over periods of days were quite variable, but
generally were low (less than 0.1 g SS/g COD renoved) after
the first transfer. Also, renoval rates per unit bionmass
were substantially higher than was achieved in either

react or. Such a result indicates that enri chnent

techni ques may be a useful method of biomass devel opnent

for reactor startup.

The 2% enrichnent culture was naintained from5 Mrch
1990 to 30 May 1990. This culture was naintai ned
identically to the 0% culture and the results of the

nmonitoring are contained in Table 45. Negative yields in
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Tabl e 45: Phenol, Sol uble COD, and M.SS Monitoring of 2% Salt Enrichnent

Sol ubl e
Sol ubl e Phenol CcoD
El apsed Phenol COoD Renoval Renoval Yield
Ti nme Cone. Cone, M_SS Rat e Rat e (g SS/
(days) (ny/T) (ny/T) (my/T) (gl d) (mg/ d) g(ID) 1
0
6 135
0 218.7 1039
2 186. 4 1039 115 16.1
4 150. 5 868 18.0 85.5
6 117.1 757 177 16.7 65. 5 0. 220
11 79. 4 7.5
13 64. 2 254 7.6
16 55.9 142 2.8
18 54.8 138 0.6
20 49. 4 678 118 2.7 12.8 -0.330
0 235. 6 1291
186. 2 1151 117 12. 4 35 0.836 |
146. 6 125 7.9
13 126. 8 31 5.0
23 43.9 820 83 8.3 17. 4 -0.103
29 23. 4 605 84 3.4 358 0 005 1
0 244. 6 1297
181.3 70 12.7
20 18.9 509 180 10. 8 39. 4 0. 228
0
10 42 182 24. 4
11 26. 8 582 225 15. 2 61.9 0,330 |
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the early transfers are due to inhibition at high salt
concentration and sinultaneous m crobial decay. Inhibition
in the early transfers is also indicated by the slowrate

of phenol renoval. By the final transfer, the pheno
renoval rate approached that of the 0% enrichnent.

bserved yields in the last two transfers appear to be

hi gher than those of the 0% enrichnment. 1nconsistent
trends in neasured MLSS over tinme nmay indicate, however
that there were sanpling inconsistencies (non-honbgeneous

di spersion of solids in the flask prior to sanpling).

Bi ol ogi cal Oxygen Upt ake Monitoring

During the course of this study, the performance of the
reactors was al so checked by perform ng biol ogi cal oxygen
upt ake rate neasurenents. These checks were perforned
using both the raw waste and the synthetic feed. Overall,
it can be stated that oxygen uptake neasurenents were not
very reproduci ble. Consequently, conclusions drawn from

the tests are sem -quantitative only.

Lack of reproducibility probably was due to an
inability to obtain reproduci ble quantities of biomass for
i ndi vi dual neasurenents. Bionmass tended to range in
character fromgrainy and rapid-settling to disperse and

non-settling. This heterogeneous nature of the bionass
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made it difficult to take reproduci ble aliquots from an
unstirred vessel (prelimnary experinents indicated that
long-termstirring affected the ability of the organisns to
respire on phenol). Prelimnary experinments also indicated

t hat observed oxygen uptake rates depended on the point in

the cycle that sanples were withdrawn fromthe reactor

In this report, the specific oxygen uptake rate
nmeasured on the sanple resting in the chanber will be
referred to as the endogenous SOUR  The oxygen uptake rate
nmeasured after injection of substrate into the chanber is
referred to as the feeding SOUR  The difference between
t he feeding SOUR and the endogenous SOUR has been defined
as the net SOQUR. The concentration of substrate in the
sanpl e chanber after injection is referred to as the in-
situ concentration. The nmass ratio of COD or phenol to
suspended solids after injection is referred to as the

| oadi ng.

To conpensate for the lack of reproducibility of the
SOUR data, a SOUR ratio was defined. This SOUR rati o was
determ ned by dividing the feeding SOUR by the endogenous
SOQUR  Use of this quotient nornalizes the SOURs to account
for the variable quantity of active bionass injected into
t he sanpl e chanber during serial neasurenents. Since the

f eedi ng and endogenous SOURs are both proportional to the
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bi omass in the sanple chanber, the SOUR rati o should be
relatively constant at identical in-situ concentrations of
substrate. SOUR ratios which are greater than 1 indicate
stinul ation of the oxygen uptake rate upon injection of
substrate, whereas values less than 1 indicate a

retardati on of the uptake rate, which nay be an indication

of i nhi bition.

1. SOURs Measured using Raw Waste as the

Substr at e:

a. Reactor |I: Feeding SOURs for Reactor
were typically in the range of 2 to 11 ng D.O./g SS-h when
spi ked with raw waste. Endogenous rates typically were on
the order of 1 to 7 ng DO /g SS-h, so that net uptake
rates typically ranged between 1 to 4 ng D.O./g-h. The
SOUR ratios are shown in Figure 51 as a function of
specific loading. At a specific |loading of 0.5 or higher,
the uptake ratios drop below 1, indicating possible

i nhi bition of the uptake rate.

b. Reactor Il: Reactor Il, during the
initial stages of operation, had a net SOURin the 10 - 20
ng D.O./g-h range. These high SOURs correspond to high
rates of phenol and COD renpval during the initial

operating period of Reactor Il (as discussed in Chapter
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Figure 51 SOLR Ratios as a Function of Specific Loading, Reactors | and
I, Using Raw Wste as Carbon Source. Reactor | measurements taken in

Cctober 1989 and February 1990. Reactor || measurements taken in
Novenber 1989.

0. 05 0. 07
Speci Ti¢ Loading, g CCX}/g SS

Figure 52: SOUR Ratios as a Function of Specific Loading, Reactor I,
Using Synthetic Feed as Carbon Source. Measurements performed in
February 1990, with reactor operating at one cycle per day.
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V). The SOUR ratios are shown in Figure 51. As can be
seen, the ratios are three to six tines higher than those
nmeasured in Reactor |I. Also, the limted amount of data
that was collected did not indicate any inhibition up to a

speci fic | oadi ng of 0.25.

2. SOURs Measured Using Synthetic Feed as
Substrate: Net oxygen uptake rates nmeasured on Reactor
m xed |iquor using synthetic feed as the substrate ranged
from2 to 5 ng DDO/g-h. The SOUR ratios are plotted in
Figure 52 as a function of specific loading. This data is

i nconcl usive due to the | ow | oadings that were enpl oyed.

3. SOURs Measured Usi ng Phenol as Substrate:

a. Reactor |I: Net SOURs found when using
phenol as the substrate ranged fromless than 1 ng D.O /g
SS-hr, to greater than 11. The SOUR rati os are shown in
Figure 53 as a function of the in-situ pheno
concentration. The ratios drop to below 1 at a
concentration of 100 ng/1 phenol or higher, indicating
possible inhibition. It is clear fromthe trend in the
data that phenol is inhibitory throughout rmuch of the

concentration range tested.

b. Reactor 11: Net SOURs neasured on

Reactor Il mxed |iquor using phenol as substrate ranged
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Figure 53: SOUR Ratios as a Function of Phenol Concentration, Reactor

|, Measurenents taken in February, 1990, when reactor was operating
at two cycles per day.

-r
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Figure 54: SOUR Ratios as a Function of Phenol Concentration, Reactor
Il. Measurenents taken in April 1990, when reactor was operating at two
cycles per day.
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from0.9 ng D.O/g SS-hr to 3. The SOUR ratios are plotted
in Figure 54 as a function of in-situ phenol concentration.
| nhibition appears to begin occurring at a concentration of

900 ng/1, indicating the mxed Iiquor was well acclimated

to high concentrations of phenol.

4. Inhibition by Feed Conponents: The inhibitory
effects of nitrosophenol, nitrite (NaN02), 4-nitropheno
and di ssol ved solids were studied using biological oxygen
uptake rate data. The effects of these conpounds on the
SOUR was mneasured using the mxed |iquor from Reactor |
The in-situ phenol concentration was naintained at 10 ng/1
for each neasurement. This concentration was found to give
a consistently neasureable net SOUR After each sanple
stabilized at the phenol concentration, 4-nitrophenol,
ni trosophenol, and nitrite were injected to give in-situ
concentrations equal to that at the end of a Fill period.
As can be seen from Tabl e 46, these conpounds caused no
inhibition of the nmetabolic rate. In fact, addition of

ni trosophenol caused a marked increase in the oxygen uptake

rate.

5. SOURs Measured Using Activated Sl udges from
Muni ci pal Wastewater Treatnent Plants: Oxygen uptake
experiments were performed with activated sl udge sanpl es

collected formthe Orange Water and Sewer Authority (OWASA)
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Tabl e 46: Effect of Feed Species on Inhibition of the Specific
Oxygen Uptake Rate in Reactor I.

Conpound
Added
4-ni trophenol
ni trosophenol
ni trosophenol
nitrite

nitrite

SOUR wi th
In-Situ phenol Feedi ng
Cone, of only SOUR
Conp'd (nmg DO’ (g DO
(mo/l) g SS-hr) g SS-hr)
8 3.3 3.4
52 2.7 2.8
52 2.4 3.0
1 1.8 2.1
5 1.8 1.9

SOUR
(my DO
g SS-hr)
0.0
0.1
0.6
0.3
0.1

SOUR

Rati o
1.01
1.05

1231

1.15

1081

Note: Phenol concentration was 10 ng/l. Once mixed |iquor sanple
in oxygen uptake chamber hecame thermal |y stable, the phenol was

injected. Then after equilibriumwas reached, the above conpound
was added at the in-situ concentration shown
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Wast ewater Treatnment Plant, Chapel Hill, NC and the
Farrington Road Wastewater Treatnment Plant. These
experiments were perfornmed to see if either of these m xed
l'iquors responded to phenol or raw waste. The OMSA m xed
| i quor showed no response (no increase or decrease in net
SOUR) to raw waste and the Farrington Road m xed |iquor
showed no response to phenol as a substrate. This

i ndi cated that an acclimation period would have been

requi red, during which these organi sms woul d possi bly
devel op enzynes to degrade phenolic conpounds, and that the
best source of phenol-acclinmated m xed |iquor would be from

t he Sandoz activated sl udge basins.

Events During Different Cycle Periods

1. Phenol and sol uble COD concentration profiles

a. Reactor |, Feeding Synthetic Feed, One
Cycle Per Day: On 19 March 1990, the concentrations of
phenol and sol ubl e COD were nonitored during non-
consecutive Fill and React periods. Reactor | was
operating on a four hour Fill, 18 hour React, two hour
Settle cycle. The results of the nonitoring are shown in
Table 47. It is interesting to note that a significant

portion of soluble COD and phenol are taken up during the
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Tabl e 47: Phenol and Sol ubl e COD Concentration Profiles For Reactor
| During Non-Consecutive Fill and React Periods. Synthetic Feed Fed

OQver One Cycle Per Day.

Measur ed

El apsed Phenol

Ti e Cone,

Peri od (hrs) (mol/ 1)
Fill (0] (o]
2 28.8
4 67. 4
React 0 52.5
2 41. 2
4 0

6

Tabl e 48: Phenol and
React For Reactor |.

Measur ed Phenol
El apsed Phenol Renopval
Ti me Cone, Rat e
(hrs) (mg/1)  (mo/l-h)
0. 25 53.8
0.5 52.5 5.2
1 50.5 5
1.5 48. 9 3.2
2 46. 3 7.2
2.5 46. 8 3
3 44.9 3.8
3.5 36.9 16
4 33 7.8
4.5 31.5 3
5 20.7 21.6
5.5 17.2
6 14. 7 5
8

Theoreti cal

Phenol
Cone,

(mg/1)

34

81.6

86. 4

Measur ed

(@ B]

Cone,

(my/1)
1801
1703
1788
1729
1743
1685
1707
1694
1644
1707
1618
1609
1602
1460

Measur ed
CcoD
Cone,
(mg/1)
898;
931
1095

1046
1052

976
1117

Renoval J
Rate 1
(my/l-h) 1

392
001
118
-28
116 !
- 44

2 |
100
-126

178
18 |
14

n1

Note: Theoretical phenol concentration at beginning of
React: 52.5 ng/l. Theoretical COD at beginning of React:

1715 ny/l .

Theoretical 1
CcOoD

Cone

wl)

Sol ubl e COD Concentration Profiles During
Synthetic Feed Fed Over Two Cycles Per Day.

l
|

1061 1

1265

1326 1
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Fill period. Since all phenol was degraded by the fourth
hour of React, it is clear the reactor could have handl ed a

hi gher | oadi ng rate.

b. Reactor |, Feeding Synthetic Feed, Two
Cycles Per Day: A nore detailed study of phenol and
sol uble COD profiles was performed on 22 April 1990.
During this period, Reactor | was operated over two cycles
a day with a four hour Fill, six hour React, 2 hour Settle.
The results of this nonitoring are shown in Table 48. On
this day of sanpling, the reactor did not degrade the
phenol conpletely before the end of the React period. In
fact, the React period was extended an additional two hours
to see how nuch of the soluble COD would degrade if
aeration were extended. Approximately 10% of the reactor
COD was degraded in the additional two hours. The pheno
renoval rate does appear to increase once the reactor
phenol concentration drops bel ow 32 ng/ 1, suggesting that

I nhibitory concentrations of phenol |ie above 30 ny/1.

2. Measurenent of Nitrate N trogen During Anoxic
Conditions (Denitrification): 200 m of mxed |iquor was
taken from Reactor | after a React period on 22 May 1990.
This aliquot was placed in an Erlenmeyer flask and stirred
noderately on a magnetic stirrer. Parafilmcovered the
nmout h of the Erlenmeyer to exclude air fromthe m xed

l'iquor, thus maintaining anoxic conditions. N trate,
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phenol , and sol ubl e COD neasurenments were taken before and
after pulse feeding this mxed liquor 12 ml of synthetic
feed. The nitrate concentrati on was neasured approxi mately

every 2 hours thereafter for a total of 8 hours. The

results are shown in Tabl e 49. Based on the theoretical
concentrations of nitrate and phenol, approxi mately 25% of
the avail able nitrate nitrogen was renpoved over the first
1.75 hours nonitored. A decrease in the expected sol uble
COD concentration over this period, wi thout a correspondi ng
decrease i n phenol concentration, may indicate that

ni trosophenol is taken up as a result of nitrate

respiration.

3. Biological Oxygen Uptake Measurenents: Oxygen
upt ake rates were neasured on the nixed |liquor from Reactor
| during a React period (reactor was operating at a | oading
rate of 0.25 g/g-d, 2 cycles per day). Oxygen uptake rates
were determ ned every half hour during a 6 hour React
peri od. Specific oxygen uptake rates are shown as
functi ons of phenol and sol uble COD concentrations in
Fi gures 55 and 56, respectively. At the end of the React

peri od, the phenol had not all been degraded.

The oxygen uptake rate was nonitored for an additional
two hours after React, and the uptake rate was noted to

begi n decreasing after 6.5 hours. Relatively | ow SOURs at
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Table 49: Denltrification After a Pulse Feeding of Synthetic Feed.

Theor . Theor . Theor. 1
Hour s Nitrate-N N trate-N  Phenol Phenol Sol ubl e Sol ubl e
After Cone, Cone, Cone. Cone, CcOobD COoD
Feed (ng/1) (/1) (mg/1) (mg/1) (/1) (ng/1)
-0.25 863 3 1444
(0] 915 74.8 1791 1
0.25 824 70.8 1697
1.75 715
3 717
5.25 703
6. 75 713 57.5 1936

Note: Theoretical concentrations of nitrate-N, phenol, and sol uble COD
based on feeding 12 m synthetic feed to 200 n Reactor | mixed |iquor.
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10 20 30 40

Phenol, no/i

Figure 55: Specific Oxygen Uptake Rate as a Function of Pheno
Concentration. Measurennents taken during a React period. Reactor I,
feeding synthetic feed one cycle per day.

1.62 1. 66
( Thouaanda)
SoluG e COD. ny/l

Figure 56: Specific Oxygen Uptake Rate as a Function of Soluble COD
Concentration. Measurenents taken during a React period. Reactor |
feeding synthetic feed one cycle per day.
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t he begi nning of React seemto indicate inhibition of
respiration at the inital concentrations of organic
substrate. However, since React is characterized by a
sudden shift from anaerobic to aerobic conditions, it is
possible that lowinitial respiration rates represent a
period of metabolic adjustnent (new enzyme synthesis) to

the shift in oxygen tension. There is no infornation in

the SBR literature to support either explanation.

4. Deternination of Yield During React Peri od:
An attenpt was made to estinmate the yield of m croorgani sns
resulting fromthe biodegradati on of the synthetic feed.
On 27 April 1990, total and sol uble COD were neasured as a
function of tinme during a React period. The results are
shown in Table 50. As can be seen fromthe table, no
estinate of yield could be made fromthis data. It was
anticipated that the total COD during the React period
woul d increase as a result of biomass producti on on the
synthetic feed added. However, the total COD actually
decreased during the React period. |In fact, the decrease
in the total COD was greater than the decrease in soluble
COD. This may be due to rapid accunul ati on of substrate by
the biomass during the Fill period, wth subsequent
endogenous netabolismof the stored substrate during the

React peri od.
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Tabl e 50: Determnation of Yield During React Period.

Peri od

Start of React
M ddl e of React
End of React

Overal | Decrease

1 in 0D

Note: Soluble COD of Reactor effluent measured two days before

Tot al

(my/1)
6270

6050
5860

410

St andar d
Devi ati on
(my/1)
480
67

8

Sol ubl e
coD
(my/1)

1477
1448
1383

94

Standard 1

Devi ati on
(ny/ 1)

1%3}

experinent was 1314 ng/l. Effluent soluble COD neasured one day
after experiment was 1274 ng/l. Al sanples were taken In duplicate.

154


NEATPAGEINFO:id=A6E451F3-7731-4E11-A69E-9A6B1D8F5CDC


155

Specific Studies On Nitrosophenol

1. Titration of Nitrosophenol: 3.9 grans of
ni trosophenol was dissolved in 300 M of OIN NaOCH  The pH
probe was calibrated at pH 7.0 and pH 10.0. A 2.4N HC

solution was prepared by diluting 20 ml reagent grade

concentrated HO to 100 ml with distilled water. The
results of the titration are shown in Figure 57 on the
following page. A nore defined titration was done between
pH 11 and pH 8 as this is where the inflection point
apparently occurs. This "blow up" of the inflection point
is shown in Figure 58. The pKa appears to be approxi mately
9.5. This neasured pKa differs markedly froma previously
publ i shed val ue of 6.48 (Dean, 1985), though the presence
of approximately 12% 4-nitrophenol in the nitrosopheno

reagent nmay account for part of the difference.

2. Fate of Nitrogen from N trosophenol
Degradation: On 10 April 1990, 2 sets of triplicate fl asks
were prepared using 1.2 1 of a 5:1 dilution of synthetic
feed to which 150 ng/1 MgS04 and 2500 ngy/1 Na2S04 had been
added. Sodiumnitrate was not added to the feed so that
smal |l changes in nitrate and nitrite concentrations could
be neasured nore easily. Phosphate buffer and trace
el ements were added to the dilution. Each fl ask was fill ed

with 400 Ml of the dilution and 4 m of enrichnent cul ture.

One set of flasks received 27.7 ng/1 NH4Cl. MSS, nitrate-
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M11iequivaisnrts Acid Added

Figure 57: Titration Curve For N trosophenol.

;. ===

M1 liequivolertts Acid Added

Figure 58: Blowp of Inflection Point for Nitrosophenol Titration.
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nitrogen, nitrite-nitrogen, COD, and phenol concentrations
were neasured i mredi ately after inoculation and after 9
days of growh. Results are shown in Table 51. It is
clear fromthe table that there was relatively little
change in non-phenol COD over the 9-day period, indicating
little renoval of nitrosophenol. There was a small but

significant increase in nitrite concentration in both sets

of fl asks which would be consistent with mneralizati on of

ni t rosophenol .

3. Gowh on Nitrosophenol Al one. In a
prelimnary experinent to evaluate growh on nitrosophenol
as the sole carbon source, two flasks were filled with 500
m each of 1300 ng/1 nitrosophenol. To each flask, 10 n
of Reactor Il mxed |iquor was added. Baseline M.SS and
sol ubl e COD were neasured in each flask. The flasks were
aerated for four days. On the fourth day, the COD had
dropped 5% (25 ng/1l) and the suspended solids decreased by

over 50% This indicated that a substantially |arger
i nocul um m ght be required to devel op enrichment cul tures

able to use nitrosophenol as a sole carbon source.

4. Nitrosophenol Degradation in Reactor |: 140
m of synthetic feed was prepared with phenol and
ni trosophenol (no 4-nitrophenol added). Eight hours after
feeding, the effluent phenol concentration was 16 ng/1. A

synthetic feed was then prepared using only 1300 ny/1
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Tabl e 51: Fate of Nitrogen During Ntrosophenoi Degradation.

' paranet er
M.SS: day 0
day 9
NO3-N. day O
day 9
NO2-N. day O
day 9 A
Sol ubl e CCD: day 0
day 9
Phenol : day 0
day 9

with
NMVA - N

10. 2

25.3
22.7

0.131
0. 629

1144
537

233.6

Std.
Dev

0. 082
0. 091

34

wi t hout
NMVA - N
1.1
12.9

23.9
24.2

0.131
0. 866

1093
665

225
34.3

Note: Measurements with standard deviations shown were taken

intriplicate.
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ni trosophenol and inorganic salts (no phenol or 4-
nitrophenol). 140 m of this solution was fed over each of
two 4-hour m xed Feed periods. Soluble COD was neasured at
the end of the React cycle and Fill cycles as shown in
Tabl e 52. The snmall change in soluble COD over the Fil

period for nitrosophenol alone was |ess than the
theoretical increase expected with each feedi ng and
suggests that nitrosophenol was taken up by the bionass
over this period. As discussed above, this renoval of

ni t rosophenol cannot be accounted for sinply by physica

adsor pti on.

5. Oxygen Upt ake Rates Using Nitrosophenol as a
Substrate: Linmited data were collected on the effect of
ni trosophenol on respiration. |f nitrosophenol were a
growt h substrate, SOURs would tend to increase as
concentration increased (bel ow an inhibitory range).
Actual responses varied fromslight stinulation of

respiration at 1 ng/1 nitrosophenol to slight inhibition at

60 ny/ 1.

Measur enent of b. M crobial Decay Constant

The m crobial decay constant for the m xed |iquor was

cal cul at ed based on neasured M.SS val ues taken over six
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Table 52: Degradation of Ntrosophenol as Sole Carbon Source in Reactor Feed.

LEfluent 1
Ef f | uent Sol ubl e
Phenol COD
Cone, Cone.
Sanpl e Peri od Feed Conponents (my/1) (mg/1)
I First Qule End of React  Phenol /Nitrosophenol 15.9 1738 1
0} 1750

1 Second Cycle End of React Nitrosophenol Al one

1723

LT SEL ) e g | i

Note: 155 g/l soluble COD added to the reactor with each feeding of

ni trosophenol al one.
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days. A 100 ml aliqout of Reactor | mxed |iquor was
removed fromthe reactor and aerated. The M.SS sanpl es
were taken each day in triplicate and the results are shown
in Table 53. The value of b was determ ned by plotting the
In of X (M.SS on each day) divided by Xo (initial M.SS)
over tinme. The results are shown in Figure 59. The decay

constant was found to be 0.0089/d.
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0.01

-0.01 -

-0.04 -

0.06 -

-0.07

Bapsed r»r¢, days

Figure 59: Determnation of Decay Constant. Slope

of curve is -0.0089/d

r*2 -

0. 7563.

Tabl e 53: Measurement of M xed Liquor Decay over

Tinme. Suspended solids values in boldface were used
incalculation of b

Dat e
23 May
24 May
25 May
26 May

i 27 May

28 May
29 May

Ti me
1100
1015
1800
1100
1130
1030
1130

El apsed
Ti nme
(days)

0

0. 96875

2.2917

3
4.0208
4.9792
6. 0208

M_SS

(mo/1)
6534
6683
6485
6284
6228
6419
6235

St d. Dev.
(my/T)

385 1

303
338
304
176
181

180 1
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VI. CONCLUSI ONS AND RECOVIVENDATI ONS

Concl usi ons

1. The inhibitory effects of a phenolic feed fed to an
SBR can be overcome by increasing the nunber of cycles per
day. Consequently, substantially nore waste can be treated
as the number of cycles per day is increased. The best
phenol and CCD renoval rates and the highest |oading rates
occurred when feeding synthetic waste over 2 cycles per

day.

2. Effluent quality generally decreased as attenpts

were made to increase the | oading rates.

3. Both reactors had high effluent suspended solids
t hroughout the study period. The mxed liquor was noted to
settle poorly. Wasting of reactor sludge and effl uent
suspended sol i ds adversely affected the performance of the

reactors.

4. Net sludge yields neasured in enrichment cultures
ranged from0.029 to 0.836 g/g COD. However, net sludge
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yields in the reactor appeared to be |ow, and were not
sufficient to make up for |osses of solids in the effluent.
Consequently, artificial neans of retaining biomass in the
reactors had to be enployed. |In practice, techniques such
as supplenentation wth an easily degradabl e substrate or
use of polyelectrolytes to pronote floccul ati on may be
necessary. The value of b, the mcrobial decay constant,

was determned at the end of this study to be 0.0089/d.

5. In Reactor Il, better effluent quality was achi eved
when the raw waste, which had a relatively | ow phenol
concentration (245 ng/1) was supplemented with additional
phenol. Reactor Il showed nore inconsistency in
performance when fed synthetic waste. The reason for this
I's uncertain, although substantial |oss of biomass through

feedi ng toxi c anounts of phenol occurred before sw tching

to synthetic feed.

6. Loss of phenol and sol uble COD by air stripping
was found to be insignificant. Precipitation of
ni trosophenol under reactor conditions was found to be

occurring, but at a much smaller rate than actual observed

renoval of sol ubl e COD.

7. Addition of supplenental amonia nitrogen was

found to enhance the production of biomass and pheno
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renoval rates in enrichnment cul tures. The anmount of

phosphorus required in the feed to the reactors was found
to be between 9 and 12 ng P/g COD. Trace el enments were

al so ne<;essary for optimmgrowth, but apparent toxicity

was observed when netal concentrations were five tines

hi gher than nornally fed.

8. Gowth in shake flask experiments was essentially
I ndependent of pH  Also, pH stabilized near neutral in the
reactors, so that pH adjustnent woul d not be needed for

opti mum r eact or perfornance.

9. Enrichnment culture techniques nmay be a usefu

nmet hod of bi onass devel opment for reactor startup.

10. No inhibition of oxygen uptake rate was noted when
ni trosophenol, nitrite, and 4-nitrophenol were added to a
sanpl e at the sane concentration as in the reactor at the
end of Fill. However, since nitrosophenol and 4-
ni trophenol could act as uncouplers (Ckey and Stensel,
1989), lack of respiration inhibition is not necessarily
i ndi cative that these conpounds are not inhibitory to

growth at typical in-reactor concentrations.

11. During the period when synthetic feed was bei ng
fed to Reactor |, it was determ ned a significant anount of

phenol was taken up during the Fill period. Several
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experiments al so indicated that nitrosophenol nay be
accumul ated intracellularly during Fill. This uptake may

be related to nitrate consunpti on.

Reconmmendat i ons

1. Use sequencing batch reactors to renove the bul k of
t he phenol and COD fromthe nitrosophenol production
wastewater. Maintain the peroxide oxidation systemas a

possi bl e polishing step for batches that may not neet

ef fl uent phenol standards.

2. Have Sandoz perform HPLC anal ysis of reactor
effluent and the nitrosophenol filtrate treatnent effluent

(after peroxide oxidation) to conmpare the end products of

the two treat nent techni ques.

3. Conti nue research to:

a. Determne optimal nunber of cycles, maximum
anmount of feed that can be added per cycle, mnimal feeding
and react tines, the effect of long periods of no feeding

i f the nitrosophenol production ceases for a period of

ti ne.

b. Determine if neutralization of the raw waste
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with lime (solubility of CaS04 [gypsun] = 2.41 g/1), and

the concom tant reduction in dissolved solids enhances

bi odegradati on of the raw waste.

c. Reevaluate the wet anal ytical nmethod for the

anal ysis of nitrosophenol to determ ne concentrations of

influent and effluent nitrosophenol in the reactors and

estimate the degree of nitrosophenol degradation

d. Determine if an optinmum phenol : nitrosophenol

ratio exists for the degradation of nitrosophenol.

e. Institute a random feed concentration program
to the reactor, varying concentrations of phenol and

ni trosophenol to sinulate the frequency distribution of the

60 HPLC runs done by Sandoz.

f. Determne if enhanced settling of the effl uent

can be achi eved by adding an easily degradabl e carbon

source or polyner.
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VI, APPENDI CES

HPLC Data on Raw Waste Constituents Submtted

by Sandoz.

Dai ly and Cunul ative Data Col | ected on React or
. 5 Septenber 1989 - 31 May 1990.

Daily and Cunul ative Data Col | ected on Reactor
1. 17 Novenber 1989 - 1 May 1990.
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Appendi x A

Table Al; Results of 60 iPLC lie&sureients on Ntrosopbenol |nfluent
And Effluent. Data provided by Sandoz Cheiicals

I nfl uent Ef f I uent
|-Htro- (itroso- 4-Nitr(1- Uros()-
phenol  pbenol  Phenol phenol  phenol  Phenol
Cone. Cone. Cone. Cone. Cone, Cone,
Bat ch (igln (MU gdl| (] (+8/1) (iglU

76 127.3 645. 8 833.9
77 168. 2 941.8 916. 2
78 113 668. 1 781
79 144.5 1016. 1 759.
80 139.9  1171.2 699
81 150.6  1461.3 598.
82 143.2  1029,4 732.
83 162.7 1596. 1 844,
84 134.9 938.6 549.
85 145.8  1028.6 554.4
86 164.2 1293 670.3
87 162.4  1672.5 408.4

co g~ P N O

88 27.4  1217.7 810
89 200 1218.3 675
90 13.8 1434 363
91 167.5 1264 741.3
92 182 1568 1110
93 842.4  1248.4 945
94 710.7  1529.7 732
95 683.3 1699. 5 930. 4
96 710  1012.5 603.7
97 427.7  1247.4  1010.8
98 179.2  1216.1 916
99 114. 4 1091. 6 731.8
100 153  1583.2 823.9

101 185.2  1640,1 1508. 2
102 161.9  1178.1 908. 4
103 181.7  1357.2  1118.6
104 154.7 1573.7  1249.3
105 196.2  1602.3  1462.6

106 135 1326 1586
107 136  1177.5 1774
108 273.2  1265.4 1801

109 125.8  1608.7  1629.6
110 113.1 1375.2  1429.4

o O 0 O O © O © © © ©O O O © O 0O © 9 © 9 0 0 o 0 o 0 o0 o9 o 0o 2o
c O o O O O O © O © O 9 © © O 0 O © © 9 o 0O o0 0 o 0 o9 o9 o 0 o <9 9
0 O 0o 0O O O O © © ©O O O © © O O © © © O © O = 0 o O o9 o9 o 9 o020
ooooooooooooOOOOOOQOOOOOQOOOQOQQOOO
C O o O o O 0 ©C 0 © OO0 O S OO0 o S o 9 o 0 o 9 o 0 o0 o9 o9 o oo
o O 0 O o O ©O © © O ©O O © © U O O © © © © 0 o0 9 © 9 o 9 o 0 o o0 o 2 o
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Appendi x A

Table Al Results of 60 HPLC Measureients on Kitrosophenol Influent
And Effluent. Data provided b; Sandoz Cheiicals

Bat ch

111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

Aver age:
Std Dev;

I Nnf |

-Htro- liitroso-

phenol
Cone.

bl

113.3
112. 4
115.1
127. 4
138.5
126.3
136. 4
133
135.3
117.9
116.9
97.6
97.7
126.7
124.5
205.4
269
182.4
165. 2
135.2
156. 8
160
122
119.5
123.9

187.8
15.9

phenol
Cone

(till)

1740.1
1922.8
1949.8
1801. 2
1774.2
1708. 3
1779. 4
1700. 6
1906
1310
1164.5
1178
1584
926.1
1558. 4
664.7
672.6
831.9
1171.1
981.2
1327
1319, 3
1493
1508
1587. 2

1340.9
33.1

uent

Ef fl uent

4-11itro- Nitroso-

Phenol phenol phenol Phenol
Cone. Cone. Cone. Cone
eyl | (gl (ML) (ig1
1552 0.0 0.0 0.0
1620 0.0 0.0 0.0
1528. 4 0.0 0.0 0.0
1729.5 0.0 0.0 0.0
1761 0.0 0.0 0.0
1667. 1 0.0 0.0 0.0
1671 <5.0 <5.0 <5.0
1617.8 <5.0 <5.0 <5.0
1587.7 <5.0 <5.0 <5.0
1359 0.0 0.0 0.0
1441.2 0.0 0.0 0.0
1134.6 0.0 0.0 0.0
1113 0.0 0.0 0.0
1172 0.0 0.0 0.0
1453 0.0 0.0 0.0
953. 4 0.0 0.0 0.0
645. 6 0.0 0.0 0.0
977.7 0.0 0.0 0.0
1097. 8 0.0 0.0 0.0
1017.6 0.0 0.0 0.0
1207.5 0.0 0.0 0.0
1217.9 0.0 0.0 0.0
1321. 4 0.0 0.0 0.0
1198.4 0.0 0.0 0.0
1352.6 0.0 0.0 0.0
1110.1 0.0 0.0 0.0
36.9 0.0 0.0 0.0
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Table Bl Biodegr&dation in Reactor I, Sep 1989

Feed Feed Inf, lionPhenol Feed Inf. React or M.SS React or Rat
Added CoD CoD CoD Phenol Phenol M.SS 3td. Dev. M.SS  Voluie (g 60
Date 1) (ightt (+9) tq) (gt (o) (iglt) (tgi) XxError () g Sstd
09/ 05 0 0 0 0 4875 259 5.3 2.5 0.00
09/ 06 294 6842 2012 1296 1021 300 4305 261 6.1 2.7 017
09/ 07 294 6842 4023 2592 1021 600 4000 249 6.2 2.6 020
09/08 294 6842 6035 3889 1021 901 3530 81 2.3 2.4 025
09/ 09 0 6842 6035 3889 1021 901 4168 106 2.5 2.2 0 00
09/10 300 6842 8087 5211 1021 1207 3308 88 2.7 2.4 0 27
09/11 0 6842 8087 5211 1021 1207 2884 36 1.2 2.1 0 00
09/12 0 6031 8087 5211 1010 1207 2277 45 2.0 2.0 0 00
09/13 0 6031 8087 5211 1010 1207 2698 49 1.8 1.8 0 00
09/ 14 0 6031 8087 5211 1010 1207 1175 14 1.2 1,8 0 00
09/ 15 180 6031 9173 5864 1010 1389 582 44 7,6 1.8 1 08
09/16 190 6031 10319 6552 1010 1581 505 52 10.3 2.5 0 95
09/17 0 6031 10319 6552 1010 1581 592 191 32.3 2.5 0 DO
09/18 0 6476 10319 6552 1019 1581 698 298 42.7 2.5 0 00
09/19 0 6476 10319 6552 1019 1581 5060 174 3.4 2.3 0 00
09/ 20 0 6476 10319 6552 1019 1581 1658 35 2.1 2.5 0 00
09/21 320 6476 12391 7848 1019 1907 1926 92 4.8 2.5 0 45
09/ 22 0 6476 12391 7848 1019 1907 1539 83 5.4 2.5 0 00
09/ 23 0 6476 12391 7848 1019 1907 1857 51 2.7 2.5 0 00
09/ 24 0 6476 12391 7848 1019 1907 1049 186 17.7 2.5 0 00
09/ 25 0 6476 12391 7848 1019 1907 1459 83 5.7 2.4 0 00
09/ 26 110 5645 13012 8210 986 2015 1757 61 3.5 2.3 0 16
09/ 27 80 5645 13464 8474 986 2094 698 268 38.4 2.4 0 28
09/ 28 195 5645 14564 9116 986 2286 934 123 13.2 2.4 0 51
09/ 29 250 5645 15976 9940 986 2533 1252 104 8.3 2.4 0 49
09/ 30 300 5645 17669 10929 986 2829 1988 95 4.8 2.5 0 36
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T&ble Bl: Biodegradation in Reactor I, Sep 1989

Ef f 1 uent CoD Reactor Cul. Eff. of f. Reactor Cui. Eff.
CcoD  5td. Dev, oD CcoD CoD Phenol Std. Dev.  Phenol Phenol Phenol Oycles

Date  (i«/ll  fg/1) X Error  fg) fgl (ighl fg/1) X Error ) tg)  per day
09/ 05 503 221 44.0 1258 0 8.0 0.5 6.2 19.9 0
09/ 06 646 40 6.2 1553 190 14.7 0.8 5.6 35.2 4
09/ 07 580 49 8.4 1339 360 18.8 0.2 1.2 43.3 10
09/ 08 1224 2 0.2 2578 720 33.2 0.7 2.2 69.8 20
09/09 1147 15 1.3 2524 720 26.7 0.1 0.4 58.8 20
09/ 10 1389 26 1.9 2951 1137 142.9 3.1 2.2 303.7 62
09/ 11 1624 4 0.3 3411 1137 136, 8 12.8 9.3 287.2 62
09/ 12 1162 17 1.5 2324 1137 100.0 3.9 3.9 200.0 62
09/13 1877 0 0.0 3019 1137 116.4 0.3 0.2 209.5 62
09/ 14 1198 7 0.5 2156 1137 27.3 0.4 1.5 49.1 62
09/ 15 1200 10 0.8 1943 1353 84.3 3.8 4.5 136.5 78
09/ 16 1458 0 0.0 3367 1630 133.0 0.0 0.0 307.3 103
09/17 1277 2 0.2 3127 1630 56.0 0.0 0.0 137.2 103
09/18 1155 ERR 2830 1630 32.4 0.0 0.0 79.4 103
09/ 19 985 2 0.2 2264 1630 27.1 0.0 0.0 62. 3 103
09/ 20 783 6 0.8 1956 1630 21.8 0.2 1.0 54.4 103
09/ 21 1228 0 0.0 2676 2023 125.9 0.8 0.7 274.5 143
09/ 22 1131 35 3.1 2826 2023 115.6 0.0 0.0 289.0 143
09/ 23 937 4 0.5 2343 2023 81.2 0.4 0.5 203.1 143
09/ 24 714 9 1.2 1784 2023 18.6 0.1 0.5 46.5 143
09/ 25 606 1.3 1453 2023 18.9 0.4 2.1 45.4 143
09/ 26 660 2 0.3 1445 2095 20.2 0.1 0.5 44.2 145
09/ 27 817 17 2.8 1431 2145 19.0 0.1 0.5 44,1 147
09/ 28 739 0 0.0 1629 2289 23.2 0.1 0.4 51,2 151
09/ 29 1129 2 0.2 2427 2571 98.5 0.0 0.0 211.8 176
09/30 ERR ERR 2910 77.1 0.0 0.0 169. 6 252
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Table Bl:  fiiodegrad&ion in Reactor |, Sep 1989

React Peed Settle Effluent
Peri od Peri od Period Vol uie

Date  (hrs) (hrs) (hrs) £1)

09/ 05 - 0
09/ 06 24 4 0 400
09/ 07 23 4 300
09/ 08 23 4 125
09/ 09 23 0 10
09/10 23 4 125
09/11 23 0 125
09/12 23 0 10
09/13 23 0 10
09/H 23 0 75
09/ 15 23 4 75
09/16 23 4 50
09/17 23 0 100
09/18 23 0 50
09/19 23 0 50
09/20 23 0 250
09/ 21 23 0 250
09/ 22 23 0 250
09/ 23 23 0 250
09/ 24 23 0 250
09/ 25 23 0 240
09/ 26 23 8 230
09/ 27 23 8 240
09/ 28 23 8 240
09/ 29 23 8 240
09/ 30 23 0 100


NEATPAGEINFO:id=E84C0662-A956-4842-90C0-6ACE7D313F93


Téhl e 62:

Dat e

10701
10/02
10703
10/ 04
10705
10706
10707
10/ 08
10709
10/10
10711
10712
10713
10/ H
10715
10716
10717
10718
10719
10720
10/ 21
10/22
10723
10/ 24
10/ 25
10/ 26
10727
10728
10729
10730
10731

Bi odegradation in Reactor |, Oct 1389

Peed

(il

5645
5645
5645
5645
5645
5645
5645
5727
5727
5727
5727
5727
5727
5727
5727
5339
5339
5339
5339
5339
5339
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070

17669
17867
18431
19334
19758
21169
21169
22314
24032
24032
24032
24891
24891
24891
25321
25855
26522
27136
27937
29005
29005
29765
29765
30830
30830
31844
31844
31844
31844
32858
32858

Peed
Phenol

(igl|

986
986
986
986
986
986
986
979
979
979
979
979
979
979
379
973
973
973
973
373
973
937
937
937
937
937
337
337
337
337
337

Cub.
I'nf.
Phenol

]

2823
2864
2962
3120
3194
3440
3440
3636
3930
3930
3930
4077
4077
4077
4150
4247
4369

4481
4627
4821
4821
4962
4962
5159
5159
5346
5346
5346
5346
5534
5534

1
1

React or
M.SS

(ig/V

093
248

677

257
245
161
200
217
187
204
163
223
246
220
214
262
269
215
204
217
191
286
308
233
223
276
245
307

M.SS

Std. Dev.

(igli

214

31

55
41
60
11
50
70
58
13
17
48
33
41

31
26
44
20
14
34
73
44
26
12
36

KLSS
% Error

2.3
17.1
ERR
13.4
ERR
ERR
21. 4
16.7
37.
5
23
37.
28.
11.
7,
13.
15.
19.
3
2
14
12.
20.
10.
4
11.
24,
13.
9

N
O w A NN © O © 1 W N B~ NP OO OO N R~ PMO oW

React or

Vol ui e

(4

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2.
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

4N oo 40l 4o oo wo ;oo s SSDSOOOOADO®W WD

Loadi

ng

Rat e

(g Ca

g SSHd)

0,

0

0

0

0

0

0,
2

4.
0.
0.
2.
0.
0.
0.
0.
1

1.
1

1.
0.
1.
0.
2.
0.
1
0.
0.
0.
1
0.

00
07
20
61
28
35
00
03
28
00
00
00
00
00
80
32
29
20
25
53
00
50
00
19
00
30
00
00
00
63
00

178

iiffluent CoD
CD  Std. Dev
(ig)) (ig/u
1102 17
1206 21
1412 9
1181 4
1108 0
1260 13
1382 51
1430 17
1334 9
1241 4
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Tthle B2: Biodegrad&tion in Reactor I, Oct 1983

Dat e

10/01
10/ 02
10/ 03
10/ 04
10/ 05
10/ 06
10/ 07
10/ 08
10/ 09
10/ 10
10/11
10/ 12
10/13
10/ 14
10/ 15
10/ 16
10/ 17
10/ 18
10/ 19
10/ 20
10721
10/ 22
10/°23
10/ 24
10/ 25
10/ 26
10/ 27
10/ 28
10729
10/ 30
10/ 31

(60)]
Error

ERR
ERR
ERR
ERR
ERR
ERR
ERR
1.5

ERR
1.8

ERR
0.6

ERR
0.4

ERR
0.0
ERR
1.0

ERR
3.7

ERR
1.2

ERR
0.6

ERR
ERR
ERR
ERR
0.3
ERR
ERR

Reactor Cul, Eff.

Ccob

(H

ERR
ERR
ERR
ERR
ERR
ERR
ERR
2424
ERR
3015
ERR
3177
ERR
2834
ERR
2604
ERR
3005
ERR
3455
ERR
3504
ERR
3401
ERR
ERR
ERR
ERR
3103
ERR
ERR

Ccob

(M

2910
2950
3062
3243
3328
3610
3610
3830
4161
4161
4161
4373
4373
4373
4461
4572
4711
4855
5044
5321
5321
5535
5535
5828
5828
6107
6107
6107
6107
6355
6355

Eff.
Phenol

(ig/1)

23.7
23.5
25.4
28
23.8
76.3
33.1
. 35.7
142.9
41.3
38.5
86.3
41.3
37.1
37.4
37.4
39.9
40.3
39.7
84.2
41.9
88,7
36.5
98.1
38.7
106. 4
104, 8
98.1
42
108. 3
92.9

Std. Dev.

{ocll)

oo oo

©c o oo

© oo oo
P O W W o o o W w U Rk © o o kFk PN o PR o o oo R, w o o Rk ko

oo oo

Phenol
X Error

SRR e s = e S R - e R e R e e T s R L e
P O N WO O O W oo NRPFPF OO WWOo ONO O OUBMNMWOWOOH®™» & n»

React or
Phenol

f9)

56
55.
58.
59.
53
171.
79.
78.
328.
103.
92.
194.
99.
89.
90.
87.
92.
96.
95.
210.
106.
217.
93.
239.
96.
260.
272.
250.
105.
265.
250.

0 W o N Ul N oo D W oo Ol WwERE o © O RPN AWy OO0 N o © RO o

i Eff.
Phenol
(ig) per da]!l

Cycl e!

251
252 1
254

259

261

280 1
280

287

330

330

330 [
343

343 [
343

345

349

354

353 1
365

382

382 [
395

395 i
416

416

437 1
437

437

437

458

458 [

React
Peri od
(hrsi

23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23

179

Peed

Peri od

(hrs)

o O ® O O O m® O O © o O o W © W W W O O W O O O o O oo W o ©® O
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Table il: Biodegradation in Reactor I, Cct 1989

Settle Effluent
Period Vol uie UCRT
bate  (hrs) (ill (days)

10/ 01 1 500
10/ 02 1 100
10/ 03 1 200
10/ 04 [ 230
10/ 05 1 100
10/ 06 100 50
10/ 07 1 100
10/ 08 150 33
10/ 09 1 100
10/10 [ 50
10/11 50
10/ 12 100
10/ 13 50
10/ 14 65
10/ 15 [ 75
10/ 16 65
10/17 55
10/18 65
10/19 60
10/ 20 100
10/ 21 60
10/ 22 100
10/ 23 100
10/ 24 1 150
10/ 25 50
10/ 26 80
10/ 27 70
10/ 28 75
10/ 29 50
10/30 50

10731 50
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Tabl e 63: Biodegradation in Eeactor |, Nov 1989

Dat e

11/01
11/02
11703
11704
11706
11/07
11/08
11/09
11/10
1111
11712
11/13
11/ 14
11/15
11716
11717
11719
11/20
1w
11722
11/24
11726
11/26
11727
11/28
11/29
11/30

Feed

Add
(il

ed

100

87
110
120
125

120
125
130
135
106

125
130

100

100

80

90

100

90
100

Feed
COD

fo/1)

5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070
5070

I'nf.

M

32858
33365
33806
34364
34972
35606
35606
35606
36214
36848
37507
38192
38729
38729
39363
40022
40022
40529
40529
41036
41036
41442
41898
42405
42405
42861
43368

Cua.

Feed I nf.
Phenol Pheno

(Mn  fg)
937 5534
937 5628
937 5709
937 5812
937 5925
937 6042
965 6042
965 6042
965 6158
965 6278
965 6404
965 6534
965 6636
965 6636
992 8760
992 6889
992 6889
992 6988
992 6988
992 7088
984 7088
984 7166
984 7255
984 7353
984 7353
984 7442
984 7540

React or
M.SS
(+g/U
997

891

924

862

956

980

879

1081
971

944
1307

2839

M.SS

Std. Dev.

{+g/11
7
60
82
28
48
36
43

66

53

63
206

24

M.SS
X Error

7.7
"RR
6.7
ERR
8.9
ERR
3.2
ERR
5.0
ERR
3.7
ERR
4.9
ERR
6.1
ERR
ERR
5.5
ERR
ERR
6.7
ERR

15.8
ERR
0.8
ERE
ERR

React or
Vol ute

()

2
2
2
2
2
2
2
2
2
2
2
2
2
2.
2
2
2
2
2
2
2
2
2
2
2
2
2

Loading
Kat e [Affluent
g Co
g S5°d)

O 0O 0O 00O O OO0 000 09O o090 000000 0o o009 o9

.00

20
19
25
26
27
00

.00

26
27
28

.29

24
00
24
24
00
21
00

.21

00
17
15
16
00

.06
.07

181

CoD
(ig/1)

1226

1287

1298

1259

972
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T&bl e B3: Biodegradatioo in Reactor I, Mv 1989

CoD Reactor :ui. Bff. Eff. Reactor :ui. Eff. React

Std. Dev, COD Co oD Phenol Std. Dev, Phenol  Phenol  Phenol Cycles Period
Date  (ig/ll XError  fg) (ig) fg/U  («g/ll X Error fol (ig) per day (hrs)
11/01 0 0.0 3188 6355 40. 4 0.2 0,5 105, 0 452 1 23
11/02 - ERR ERR 6478 44.6 0.2 0.4 113.7 456 I 23
11/03 ERR ERR 6584 41.3 0.0 0.0 105. 9 460 I 23
11/ 04 - ERR ERR 6719 40.8 0.1 0.2 101.6 465 23
11/ 06 - ERR ERR 6866 40.9 0.5 1.2 103.5 469 1 23
11/ 07 - ERR ERR 7019 83 0.1 0.1 209. 6 480 23
11/ 08 - ERR ERR 7019 58. 2 0.1 0.2 154. 2 480 1 23
11/09 17 1.3 3346 7019 39.2 0 0.0 101.9 480 I 23
11/ 10 - ERR ERR 7174 40. 6 0.4 1.0 100.7 485 1 23
11/ 11 ERR ERR 7335 40.9 0.5 1.2 101.2 490 23
11/12 ERR ERR 7502 40.9 0.5 1.2 99,0 495 1 23
11/ 13 13 1.0 3135 7677 46.4 0 0.0 112,1 501 23
11/ 14 - ERR ERR 7815 78.5 ol 0.1 199,7 510 23
11/ 15 ERR ERR 7815 40,5 0.1 0.2 103.3 510 23
11/ 16 - ERR ERR 7977 39 0.1 0.3 96,5 515 23
11/ 17 - ERR ERR 8146 85.7 0.3 0.4 211.7 526 23
11/19 - ERR ERR 8146 40.7 0.1 0.2 105. 8 526 23
11/ 20 -- ERR ERR 8276 61.6 0,1 0.2 154.0 532 23
1121 -- ERR ERR 8276 38.5 0.1 0.3 100. 1 532 23
11/22 - ERR ERR 8406 72.2 0 0.0 180.5 539 23
11/ 24 4.2 0.3 3273 8406 38,9 0 0.0 101.1 539 23
11/ 25 -- ERR ERR 8506 40.7 0.2 0.5 100. 5 542 23
11/ 26 - ERR ERR 8620 40. 1 0 0.0 96. 6 546 23
11/ 27 ERR ERR 8745 64.5 0.3 0.5 151. 6 552 23
11/ 28 13 1.3 2527 8745 27,1 0,3 1.1 70.5 552 23
11/29 ERR ERR 8833 21 ol 0.5 53.8 554 23
11/ 30 - ERR ERR 8930 23.3 1,1 4,7 60. 6 557 23
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Table B3: Biodegradation in Reactor |, Hov 1989

Peed Settle Effluent
Period Period Vol ne
Date (hrs) (hrsy  (ill

11/01 50
11/02

11/03

11704

11/ 06 100
11/07 50
11/08 50
11/09 100
11/10 100
11/11 120
11/12 100
11/13 50
11714 50
11/15 100
11/16 100
11717 50
11/19 100
11/ 20 50
121 100
11/22 50
11/ 24

11/25

11/26 150
1127 600
11/ 28 100
11/29 100

11/30
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Tabl e B4: Biodegradition in Reactor I, Dec 1989

Dat e

12101
12/ 02
12/03
12/ 04
12/ 05
12/ 06
12107
12108
12/ 10
12112
12113
12/H
12/15
12117
12119
12/21
12/23
12125
12129
12130

Feed
Added

£1)

110
120
130
140
150
160
180
210
230
250

200
150
150
150
150
150
150
150

Feed
CoD
(Mi)

5070
5070
5070
5070
5070
5070
5070
5070
5070
8490
8490
8490
8490
8490
8490
8490
8490
8490
8490
16000

Cui
Inf.
oo

t9)

43926
44534
45193
45903
46664
47475
48387
49452
50618
52741
52741
52741
54439
55712
56986
58259
59533
60806
62080
64480

Feed
Phenol

(iglll

984
921
921
921
921
321
921
921
921
245
245
245
245
245
245
245
245
245
245
6667

Inf.
Phenol

)

7648
7759
7878
8007
8146
8293
8459
8652
8864
8925
8925
8925
8974
9011
9048
9084
9121
9158
9195
10195

React or

(ig/1)

2654

3103

2664

2491

Cui

133

1539

121

88

Loadi
M.SS React or
nBS Std. Dev. HLSS Voluie (g
(.9/1) XError

ERR
ERR
ERR

5.0

ERR
ERR

49.6

ERR
EER
ERR
ERR
ERR
4.5

ERR
ERR
ERR
ERR
ERR
ERR

335

184

ng

Rat e Effl uent

coD  COD

(1) g SS»d) (ig/l)

2,8
2.6
2.7
226
2.7
2.7
2.7
2.7
2.8
2,8
2.8
2.8
2.7
2.5
2.5
2.7
2.7
2.5
2.8
2.%66

0.08
.09
09
00.11
12
12
11
13
15
26
00
00
25
18
18
18
18
18
18
0.B%

o o

971

SCoooo0oo00 00090900

2829
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Tabl e B4: Biodegradation in Reactor |, Dec 1989

CoD Reactor 3UB. Eff. Bf f. Reactor :ui, Bff. React
Std. Cev, CcoD CcoD ¢e)) Phenol Std. Dev.  Phenol Phenol Phenol Cyclei Period
bate  (ig/li %Error iti) (ig) (ig/ll) (i«l) XError £8) fg) per day (hrs)

12/ 01 BRR ERR 9037 22.3 0.1 0.4 58.9 559 [ 23
12/ 02 ERR ERR 9154 19 0.0 0.0 47.1 562 23
12/ 03 ERR ERR 9280 « 19.3 0.4 2.1 48.6 564 23
12/ 04 16 1.6 2389 9416 21.5 0.8 3.7 52.9 567 23
12/ 05 ERR ERR 9562 25.5 0.3 1.2 63.8 571 23
12/ 06 ERR ERR 9717 20.1 0.5 2.5 50.0 574 23
12/ 07 i ERR ERR 9892 18.5 0.1 0.5 46.6 578 23
12/ 08 : ERR ERR 10096 : ERR ERR 578 1 23
12/10 ERR ERR 10319 15. 4 0.1 0.6 38.8 582 23
12/12 i ERR ERR 10562 26.1 0 0.0 66. 6 588 1 23
12/13 i ERR ERR 10562 27.8 0.2 0.7 77.8 588 23
12/ U ERR ERR 10562 27.9 0.1 0.4 78.1 588 1 23
12/ 15 : ERR ERR 10564 36.2 0.3 0.8 90.5 595 23
12/ 17 ERR ERR 10710 37.2 0.2 0.5 87.4 601 23
12/19 ERR ERR 10855 42.6 0.2 0.5 100, 1 607 23
12121 ERR ERR 11001 : ERR ERR 607 1 23
12/ 23 ERR ERR 11147 : ERR ERR 607 23
12/ 25 ERR BRR 11292 : ERR ERR 607 1 23
12/ 29 : ERR ERR 11438 75.8 0 0.0 197.1 618 23

12130 42 15 6790 11862 409 0 0.0 981.6 680 1 23
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Tabl e 84: Biodegradation in Reactor I, Dec 1989

Peed Settle Bffluent
Period Period Voluie |JCRT
pate  (hrs) (hrs) (il) (days)

12/01 8 150
12102 8 [ 150
12/ 03 8 250 50
12/ 04 8 175 100
12/05 8 150
12/ 06 8 230
12107 8 200
12108 8 200
12/10 8 250
12112 8 300
12/13 0 300
12/14 0 300
12/15 8 400
12/17 8 150
1219 8 200
12121 8 0
12/23 8 300
12/25 8 [ 0
12/29 8 350
12130 0 150


NEATPAGEINFO:id=DFF9A9B6-4E8E-4A7B-A748-D4D18C288EF3


Tabl e B5: Biodegradation in Reactor I, Jan 1990

Feed

Added
Date {ill
01/01 0
01/03 0
01/ 04 0
01/05 0
01/07 0
01/08 0
01/10 0
01/11 0
01/12 0
01/ 14 0
01/ 15 0
01/16 0
01/17 100
01/18 150
01/19 180
01/20 210
01/21 230
01/22 250
01/23 0
01/ 24 0
01/ 25 200
01/ 26 0
01/27 100
01/29 0
01/30 0

01/31

Feed
CoD

(ig/1)

16000
16000
16000
16000
16000
16000
16000
16000
16000
16000
16000
16000
7505
7505
7505
7505
7505
7505
7505
7505
7505
7505
4800
4800
4800
4800

Qua
Inf.
CcoD

(ig)

64480
64480
6*4480
64480
64480
64480
64480
64480
64480
64480
64480
64480
65231
66356
67707
69283
71009
72886
72886
72886
74387
74387
74867
74867
74867
74867

Peed
Phenol

i)

6667
6667
6667
6667
6667
6667
6667
6667
6667
6667
6667
6667
143
143
143
143
143
143
143
143
143
143
2000
2000
2000
2000

Cui .
Inf.
Pheno

)

10195
10195
10195
10195
10195
10195
10195
10195
10195
10195
10195
10195
10209
10231
10256
10287
10319
10355
10355
10355
10384
10384
10584
10584
10584
10584

React or KLSS
KLSS Std. Dev.
(iigh) (gl
2748 133
2026 107
2308 31
2305 103

M.SS

X Error

ERR
ERR
ERR
ERR
ERR
ERR
ERR
4.8

ERR
ERR
ERR
ERR
ERR
ERR
ERR
5.3

ERR
ERR
1.3

ERR
ERR
ERR
ERR
ERR
ERR
4.5

React or
Vol ui e

()

2.55
2.55
2.5
2.3
2.28
2.2
2.2
2.3
2.3
2.3
2.25
2.2
2.2
2.2
2.3
2.45
2,65
2.5
2.5
2.5
2.5
2.5

2.4
2.45
2.45

(g

Load j H

Rat e

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

60
g SSvd!

.00

00
00
00
00
00
00
00
00
00
00
00
12
19
22
33
36
39
00
00
27
00
09
00
00
00
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1Jf fl uent
CcoD

(ig/1)

1917

941

1356
1558
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Table B5; Biodegridation in Reactor I, Jan 1990

CcoD Reactor Cui. Bff. Eff. Reactor Cui. Eff.Effluent

Std. Dev. CcoD CcoD CcoD Phenol Std. Dev. Phenol Phenol Phenol ULSS Cycles
Date  (ig/U XError  fy tg) (igl|  (»gll] X Error ) () («g/l) per day
01/01 ERR ERR 11862 426 3.2 0.8 1086. 3 680
01/ 03 ERR ERR 11862 417 2.2 0,5 1063. 4 680
01/ 04 ERR ERR 11862 394 0.0 0.0 985.0 680
01/ 05 : ERR ERR 11862 330.4 0.5 0.2 759, 9 680
01/ 07 ERR ERR 11862  304.4 0.9 0.3 694,0 680
01/ 08 ERR ERR 11862 294.5 1.4 0.5 647,9 680
01/ 10 4 0.2 4218 11862 281.3 3,6 1.3 618, 9 680
01/11 ERR ERR 11862 268.8 2.3 0.9 618, 2 680
01/12 ERR ERR 11862 264 1.8 0.7 607. 2 680
01/H ERR ERR 11862  171.3 3.2 1.9 394.0 680
01/ 15 ERR ERR 11862 16,1 0.4 2.5 36.2 680
01/16 32 3.4 2070 11862 14.5 2,3 15.9 31,9 680
01/17 ERR ERR 11956 15.3 0,7 4.6 32,1 682
01/ 18 ERR ERR 12097 16.9 0.2 1.2 34,6 684
01/19 ERR ERR 12267 15.5 1,3 8.4 32,9 687
01/ 20 ERR ERR 12464 17.7 0,5 2.8 39,6 691
01/21 ERR ERR 12680 17.5 0.4 2.3 42,4 695
01/22 : ERR ERR 12916 33.6 0,2 0.6 75,6 703
01/23 ERR ERR 12916 36 0.6 1.7 90,0 703
01/ 2< 4 0.3 3390 12916 40.5 0 0.0 101.3 703
01/ 25 0 0.0 3583 13227 45.1 0.1 0.2 103,7 712 593 1
01/ 26 : ERR ERR 13227 44,2 1.1 2,5 110.5 712
01/ 27 ERR ERR 13383 116, 1 0.2 0.2 272.8 724
01/ 29 ERR ERR 13383 111.9 1.1 1,0 268. 6 724
01/30 ERR ERR 13383 110.1 1.8 1,6 269.7 724

01/31 ERR ERR 13383 113, 4 0.5 0.4 271,8 724
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Tabl e 85; Biodegradation in Reactor I, Jan 1390

Dat e

01/01
01/03
01/04
01/05
01/07
01/08
01/10
01/11
01/12
01/14
01/15
01/16
01/17
01/18
01/19
01/20
01/21
01/ 22
01/23
01/24
01/25
01/ 26
01/27
01/29
01/30
01/31

React
Peri od

(hrs)

23
23
h
23
23
23
23
23
23
23
22.5
22,5
23
23
23
23
23
23
23
23
23
23
23
23
23
23

Peed
Peri od

(hrs)

OooOmomoommmmmmooooOoooooo

Settle Effluent
Period Vol ui e

(hrs) (.1

25

150

500

260

100

25

100

25

25

50

. 100
] 100
100

100

100

] 400
25

25

100

25

100

25

25

25
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Tabl e B6; Biodegradation in Reactor I, Feb 1390

Dat e

02/01
02/03
02/ 04
02/ 05
02/ 06
02/ 07
02/ 08
02/10
02/11
02/12
02/ 13
02/H
02/ 16-
02/16
02/ 17
02/18
02/19
02/ 20
02/21
02/ 22
02/23
02/ 24
02/25
02/ 26
02/ 27
02/ 28

Feed
Added
(ill

140
100

50
110
30
140
150
150
80

200
165
215

260
290
350
400

300
300
300
300
300

Feed
CoD

(ig/1)

7505
7505
7505
7505
7505
7505
4800
4600
4600
4600
4600
4600
4600
4600
4600
4600
4600
4600
3480
3480
3480
3480
3480
3480
3480
3480

Cui

I'nf.
CD
in)

74867
75618
76368
76368
76743
77569
77707
78351
79041
73731
80099
80099
81019
81778
82767
82767
83963
85297
86515
87907
87907
88951
89995
91039
92083
93127

Feed
Pheno

(iglh)

195.0
195
195
195
195
195

1053
1053
1053
1053
1053
1257
1257
1257
1257
1257
1257
1257
1155
1155
1155
1155
1155
1155
1155
1155

Cui
I'nf.

Pheno

(ig)

1Us84
10604
10623
10623
10633
10654
10686
10833
10991
11149
11233
11233
11485
11692
11962
11962
12289
12654
13058
13520
13520
13867
14213
14560
14906
15253

React or

M.SS
(ig/1)

2305

2615

2347

3052

3224

2906

KLSS

Std. Dev

(«gl 1

103

120

81

53

46

22

70

KLSS
X Error

4.5

ERR
ERR
4.6
ERR
ERR
ERR
ERR
3,5

ERR
ERR
ERR
1.7

ERR
1.4

ERR
ERR
0.8

ERR
ERR
ERR
2.3

ERR
ERR
ERR
ERR

React or
Vol ui e

di

2.45
2.4
2.4
2.4

2.35
2.3
2,4
2.5

2.55
2,6

2,55

2.55
2.5
2.5

2.45
2.5

2.45
2,5

Loadi ng
Rat e

(g COO
g SSdl

0.00
0,14
0.14
0.00
0.10
0,21
0.04
0,16
0,18
0.16
0,06
0.00
0.20
0.16
0.21
0.00
0.23
0.33
0.29
0.21
0.00
0,21
0,24
0,24
0,24
0.24

190

1 Jff1uent
[¢e))

(MU

964
1007
889
798
768
714
722
705
651
636
883
603
603
582
590
605
725
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Table B6: Biodegradation in Reactor I, Feb 1990

CoD Reactor Cui. Eft. Eft. Reactor Cui, Eff, React
Std, Dev.  COD co co Phenol Std. Dev. Phenol  Phenol  Phenol Cycles Period
Date  (ig/l) %Error  fgl <) (vofl) (eIl %Error (igl (ig) per day (hrs)
02/ 01 ERR ERR 13383 17.7 0.0 0.0 43.4 724
02/03 15 1.4 2457 13535 17 0,5 2.9 38,4 726
02/ 04 ERR ERR 13644 24.2 0.2 1.0 55.7 728
02/ 05 : ERR ERR 13644 26.6 0.9 3.4 63. 8 728
02/ 06 51 4.2 2767 13704 18.9 0 0.0 43.5 729
02/ 07 5 0.4 2451 13827 47.6 0 0.0  104.2 734
02/08 : ERR ERR 13861 17.7 0.9 5.1 41.9 735
02/ 10 9 1.0 2197 13991 14.8 0.5 3.4 34,9 737
02/11 6 0.7 2084 14121 12.2 0.5 4.1 29.3 739
02/12 8 0.8 2362 14266 71.7 0 0.0  175.7 749
02/13 0 0.0 2486 14346 84.7 0.2 0.2 209.2 756
02/ 14 HA N A 2135 14346 44.1 0 0.0  105.8 756
02/15 HA HA 1796 14506 11.4 7 6.1 25.7 759
02/ 16 N A HA 1793 14633 34 0.2 0.6 79.4 764
02/ 17 N A NA 1595 14786 1 0 0.0 24.6 767
02/18 N A N A 1589 14786 g 0 0.0 19.8 767
02/ 19 HA N A 1509 14970 8.2 4 4,9 17,5 769
02/ 20 N A HA 1438 15158 6.7 0.3 4.5 14.8 71 13.5
02/21 H A HA 1367 15381 1 0 0.0 23.7 774
02/ 22 NA HA 1898 15734 123.8 0 0.0  266.2 824
02/ 23 H A N A 1508 15734 6.5 0 0.0 16.3 824
02/ 24 NA HA 1327 15915 5.3 0.1 1.9 1.7 826 1
02/ 25 N A N A 1250 16089 4.8 0 0.0 10.3 827
02/ 26 N A HA 1298 16267 4.1 0.1 2.4 9.0 828 1
02/ 27 N A N A 1302 16448 7 0.1 1.4 15.1 830
02/ 28 NA N A 1594 16666 41.1 0.1 0.2 90. 4 843 1 14
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Table B6: Biodegradé&ion in Reactor I, Feb 1990

Peet Settle Effluent
Period Period Voluie HCRT
Dat e (hrs | (hrs) (it (days)
02/01 8 100
02/03 8 100
02/ 04 0 100
02/ 05 4 100
02/ 06 8 100
02/ 07 8 250
02/ 08 8 65
02/10 8 100
02/11 8 150
02/ 12 6 180
02/13 0 200
02/ 14 8 100
02/ 15 8 150
02/16 8 250
02/17 8 250
02/18 0 50
02/19 6 250
02/ 20 8 2.5 350
02/ 21 8 400
02/ 22 0 400
02/ 23 8 300
02/ 24 6 300
02/ 25 8 250
02/ 26 8 300
02/ 27 8 250 25
02/ 28 8 2 250 25
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Tabl e 87; Biodegrédation in Reactor |, Kar 1990

Dat e

03/01
03/02
03/03
03/ 04
03/05
03/ 06
03/07
03/08
03/09
03/10
03/11
03/12
03/13
03/14
03/15
03/ 16
03/17
03/18
03/19
03/ 20
03/21
03/22
03/23
03/ 24
03/25
03/26
03/27
03/28
03/29
03/ 30
03/31

Feed
Added

£1)

273
270
300
250
200

100
150
200
250

150
160
170
170
170
100
150
150
160
100
120
120

200
200
175
200
200

Feed
CoD
{H D

3480
4600
4600
4600
4600
4600
4600
5639
5639
5639
5639
5639
5639
5401
5401
5401
5401
5401
5401
5401
5401
5401
5401
5401
5401
5401
5401
5401
5401
5401
5401

Cui
I'nf.
CcoD

fs!

94077

95457

96837

97987

98907

98907

98907

98907

99471
100317
101445
102854
102854
103664
104529
105447
106365
107283
107823
108633
109444
110308
110848
111496
112144
112144
113224
114304
115250
116330
117410

Feed
Phenol

(ig/1)

1155
1155
1155
1155
1155
1155
1155
1044
1044
1044
1044
1044
1044
1027
1027
1027
1027
1027
1027
1027
1027
1027
1027
1027
1027
1027
1027
1208
1208
1208
1208

Cut.
I nf.
Pheno

fal

15568
15915
16261
16550
16781
16781
16781
16781
16885
17042
17251
17512
17512
17666
17830
18005
18179
18354
18457
18611
18765
18929
19032
19155
19278
19278
19484
19725
19937
20178
20420

React or M.SS
HLSS Std. Dev,

(iglu  (i«l)
2597 109
2143 49
1979 1
1883 123
1940 176
1593 50
1844 156

M.SS
S Error

4.2

ERR
ERR
ERR
ERR
2.3

ERR
ERR
ERR
ERR
0.6

ERR
ERR
ERR
ERR
6.5

ERR
ERR
ERR
9.1

ERR
ERR
ERR
ERR
3.1

ERE
ERR
ERR
ERR
8.5

ERR

React or
Vol ui e

(4

2.45
2.45
2.45
2.5
2.5
2.5
2.4
2.38
2.45
2.5
2.45

N
A%

S

[S2 NG,

SIS SIS A R
= S IR R B S BN S R S I S

2.45

o

- NN NN
o1 - - - .
ol oo o1 o1 O
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Loadi ng
Rate Effluent
(g OO oo
i SStd)  (i«/l)
0.26 777
0.37 740
0.37 915
0.31 1154
0.16 1260
0.00 1087
0.00 1002
0.00 892
0.18 655
0.27 788
0. 40 859
0.32 1197
0.00 902
0.29 928
0.31 915
0.33 933
0.33 1085
0.33 1147
0.20 1052
0.29 937
0.18 926
0.24
0.15
0.18
0.22
0.00 931
0.54
0.54
0. 47
0. 47
0.47
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Table B7:  fiiodegradétion in Reactor I, Mr 1990

Reactor (;ui. gff. Eff. Reactor Sui. Eff. React Peed Settle
(00)] (00))] Phenol Std. Dev. Phenol Phenol Phenol Cycl es Peri od Period  Period

Date  fyl {) (igh)  (Mn XEror  fql (ig) per day (hrs)  (hrs)  (hrs)
03/01 1691 16878 39.1 0.1 0.3 85.1 854 1 8 2
03/02 1613 17078 4.3 0.0 0.0 9.4 855 1 8 2
03/03 1968 17352 103.1 0.0 0.0 221,7 886 1 8 2
03/ 04 2596 17641 183.3 0.2 0.1 412. 4 932 1 8 2
03/ 05 2898 17893 235.2 1.2 0.5 541.0 979 1 0 2
03/ 06 2717 17893 191 1.4 0.7 477.5 979 1 0 2
03/07 2405 17893 169. 2 0 0.0 406. 1 979 1 0 2
03/08 2122 17893 111.8 0.7 0.6 266. 1 979 1 8 2
03/09 1540 17958 1.6 0.2 12.5 3.8 979 1 8 2
03/10 1851 18077 2 0.2 10.0 4,7 979 1 8 2
03/11 1933 18248 1.5 0 0.0 3.4 980 1 8 2
03/12 2694 18548 92.2 0.5 0.5 207,5 1003 1 0 2
03/13 2211 18548 2.3 0.2 8.7 56 1003 1 8 2
03/H 2182 18687 1.5 0 0.0 3,5 1003 1 8 2
03/ 15 2142 18833 2 0.2 10.0 4,7 1003 1 8 2
03/ 16 2173 18992 5.7 0.2 3.5 13.3 1004 1 8 2
03/ 17 2527 19176 40.2 0.2 0.5 93.7 1011 1 8 2
03/18 2673 19371 59.4 0.5 0.8 138.4 1021 1 8 2
03/19. 2525 19477 2.1 0 0.0 5.0 1021 1 8 2
03/ 20 2202 19617 0.8 0 0.0 1.9 1021 1 8 2
03/21 2177 19756 13.0 0.2 1.5 30.6 1023 1 0 2
03/ 22 ERR 19904 62.1 0.5 0.8 145.3 1033 1 18 2
03/23 ERR 19997 12.0 0,2 1.7 30.0 1034 1 18 2
03/ 24 ERR 20108 107.9 0.2 0.2 278. 4 1047 1 18 2
03/ 25 ERR 20219 140. 8 0.5 0.4 335.1 1064 1 18 2
03/ 26 2280 20219 0.9 1.3 144. 4 2.2 1064 1 22 2
03/ 27 ERR 20405 46.9 0,2 0.4 107.9 1074 2 6 2
03/ 28 ERR 20591 83.4 0.2 0.2 191.8 1090 2 6 2
03/ 29 ERR 20754 107.5 0.7 0.7 249.9 1109 2 6 2
03/30 ERR 20940 112.7 1,9 1.7 259.2 1132 2 6 2
03/31 ERR 21126 146.9 0.2 0.1 345.2 1161 2 6 2
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Tabl e B7: Biodegradation in Reactor I, Iiar 1930

Ef fI uent
Vol ute UCRT
Dat e (il) (days)

03/D 236 25
03/02 236 25
03/03 250 25
03/ 04 200 25
03/06 100 25
03/ 06 75 25
03/07 100
03/08 100
03/09 100
03/10 200
03/11 200
03/12 250
03/ 13 100
03/ 14 160
03/15 200
03/16 200
03/17 170
03/ 18 100
03/19 150
03/20 200
03/21 25
03/22 150
03/23 150
03/24 300
03/25 540
03/ 26 25
03/27 150
03/28 200
03/29 150
03/ 30 200

03/31 200
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Tabl e B8: Biodegrad&tion in Reactor |, Apr 1990

Dat e

04/01
04/ 02
04/03
04/ 04
04/ 05
04/ 06
04/ 07
04/ 08
04/09
04/10
04/11
04/12
04/13
04/ 14
04/15
04/ 16
04/ 17
04/18
04/ 19
04/20
04/ 21
04/ 22
04/23
04/ 24
04/ 25
04/ 26
04/ 27
04/28
04/29
04/ 30

Feed
Added

(ill

2 200
200
100

90
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

200
100

70
100

Feed
CcoD
(M1)

5401
5401
5401
5401
5401
5401
6315
6315
6315
6315
6315
6315
6315
6315
6315
6124
6124
6124
6124
6124
6124
6124
6124
6124
6124
6124
6124
6124
6124
6124

Cui
I nfluent
COoD

fig)

118490
119030
119570
120056
121137
122217
123480
124743
126006
127269
128532
129795
131058
132321
133584
134809
136033
137258
138483
139708
140933
142157
143382
144607
145832
145832
147057
147669
148098
148710

Peed
Phenol

N

1208
1208
1208
1208
1208
1208
1156
1156
1156
1156
1156
1156
1156
1156
1156
1021
1021
1021
1021
1021
1021
1021
1021
1021
1021
1021
1021
1021
1021
1021

Cut .
I nfluent
Pheno

iH
20662
20782
20903
21012
21254
21495
21726
21958
22189
22420
22651
22882
23114
23345
23576
23780
23984
24189
24393
24597
24801
25005
25210
25414
25618
25618
25822
25924
25996
26098

React or
M.SS

(ig'])

1844

1859

1962

2173

2094

2031

2477

KLSS

Std. Dev

(yl1)

156

98

38

110

28

32

85

M.SS
| Error

8.5

ERR
ERR
5.3

ERR
ERR
ERR
1,9

ERR
ERR
ERR
ERR
5.1

ERR
ERR
ERR
ERR
1.3

ERR
ERR
ERR
1,6
ERR
3.4

ERR
ERR
ERR
ERR
ERR
ERR

React or

Vol ui

()

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2.
2
2
2
2
2
2
2
2
2
2
2
2
2
2

e

.55
.50
.60
.45
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50

50

.50
.50
.50
.55
.50

40

.55
.55
.50
.30

50
35

.40

Loadi ng
Rat e

g coy
g SS»d)

©C oo o o0o0oo0oo09oo09o o0

S R - - R R R R R o e e

47

47

23
21
47
47

.55
.51

51

.51

51
51
46
46
46
45
45
47
47

47

47
50
50
39
39
00
39
19
14
19

196

1Ef f | uent
(e0))

(iglh)
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Tabl e B8: Biodegradation in Reactor I, Apr 1990

Reactor Cui. Eff. Eff. Reactor Cui. Eff.Effluent React Feed

CoD CoD Phenol Std. Dev. Phenol Phenol Phenol M.SS Oycles Peri od Period
e (M (g (811 ligh| XError g b)  (ig/U per day (hra) (hrs)
04/ 01 ERR 21312 140. 4 0.5 0.4 329,9 1189 740 6 4
04/ 02 ERR 21498 ERR ERR 1203 6 4
04/ 03 ERR 21592 87.0 0.2 0.2 217,5 1212 6 4
04/ 04 2920 21703 36.0 00 0,0 85.0 1215 6 4
04/ 05 2725 21940 16.6 09 5.4 38.2 1218 6 4
04/ 06 2467 22154 2.8 05 17.9 6.4 1219 6 4
04/ 07 2889 22406 12.9 00 0.0 29.7 1222 875 6 4
04/ 08 ERR 22657 15.3 04 2.6 35.2 1225 6 4
04/ 09 2714 22893 8.7 02 2.3 20.0 1226 6 4
04/ 10 2817 23138 6.2 00 0.0 14,3 1228 6 4
04/ 11 ERR 23383 9.3 02 2.2 21.4 1229 6 4
04/12 ERR 23628 10.0 02 2.0 23.0 1231 6 4
04/13 ERR 23873 1.0 02 20.0 2.3 1232 6 4
04/ 14 ERR 24118 2.3 02 8.7 5.3 1232 E 4
04/ 15 ERR 24363 0.8 00 0.0 1.8 1232 5 4
04/ 16 3291 24649 0.8 00 0.0 1.8 1232 6 4
04/ 17 3383 24943 2.5 09 36.0 5.8 1233 6 4
04/ 18 3188 25220 0,0 00 ERR 0.0 1233 S 4
04/ 19 3368 25513 0.0 00 ERR 0.0 1233 6 4
04/ 20 3231 25788 1.0 02 20.0 2.4 1233 6 4
04/ 21 3316 26076 1.0 02 20.0 2.3 1233 6 4
04/ 22 3212 26368 2.5 05 20.0 5.5 1234 6 4
04/ 23 ERR 26660 2.8 00 0.0 6.6 1234 6 4
04/ 24 ERR 26952 2.8 00 0,0 6.6 1235 6 4
04/ 25 3023 27215 3.8 00 0.0 8,7 1236 6 0
04/ 26 ERR 27215 0.0 00 ERR 0,0 1236 6 4
04/ 27 ERR 27478 5.1 02 3.9 11.7 1237 6 4
04/ 28 2867 27605 1.6 07 43,7 3.6 1237 6 4
04/ 29 2927 27693 2.0 02 10,0 4.7 1237 6 4
04/ 30 2655 27814 0.0 00 ERR 0.0 1237 6 4
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Tabl e B8:  Biodegrédation in Reactor I, Apr 1990

Settle Sffluent

Period Vol uae
e (hs) (1)

04/01 2 250
04/ 02 2 0
04/ 03 2 350
04/ 04 2 150
04/ 05 2 200
04/ 06 2 200
04/ 07 2 200
04/ 08 2 200
04/ 09 2 200
04/10 2 200
04/ 11 2 200
04/ 12 2 200
04/13 2 200
04/ 14 2 220
04/15 2 200
04/ 16 2 200
04/ 17 2 200
04/18 2 200
04/19 2 200
04/ 20 2 250
04/ 21 2 200
04/ 22 2 200
04/ 23 2 250
04/ 24 2 250
04/ 25 2 250
04/ 26 2 200
04/ 27 2 200
04/ 28 2 50
04/ 29 2 100
04/30 2 230
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Tabl e B9; Biodegradation in Reactor |, Kay 1990

Date

05/01
05/ 02
05/ 03
05/ 04
05/ 05
05/ 06
05/ 07
05/ 08
05/ 09
05/10
05/ 11
05/ 12
05/13
05/ H
05/ 15
05/ 16
05/17
05/18
05/19
05/ 20
05/21
05/ 22
05/ 23
05/ 24
05/ 25
05/ 26
05/ 27
05/ 28
05/ 29
05/30
05/31

Feed
Added
(«

90
200
405
375
420
420
420
420
420
420
420
420
450
450
450
450
450
150
450
450
300

450
150
300

300
300
300
350
350

Feed
COD
(i«ll)

6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
6315
8466

Cm
i nfluent
CoD

)

149278
151836
154394
156762
159414
162066
164719
167371
170023
172675
175328
177980
180822
183664
186505
189347
192189
193136
195978
198820
200714
200714
203556
204503
206398
206398
208292
210187
212081
214291
217254

Feed
Phenol
(M1)

1156
1156
1156
1156
1244
1244
1244
1244
1244
1268
1268
1268
1268
1268
1268
1268
1268
1268
1268
1268
1268
1268
1268
1268
1268
1268
1268
1268
1268
1268
1273

Cui
i nfluent
Phenol

)

26202
26670
27138
27572
28094
28617
29139
29662
30184
30717
31249
31782
32353
32923
33494
34064
34635
34825
35396
35966
36347
36347
36917
37108
37488
37488
37868
38249
38629
39073
39519

React or
M.SS

()

2477

8519

5528

6410

6452

6663

HLSS

Std. Dev.

(ig/1)
85

217

191

390

615

229

282

KLSS
% Error

3,4

ERR
2.5

ERR
ERR
ERR
ERR
3.5

ERR
ERR
ERR
6.1

ERR
ERR
ERR
ERR
9.5

ERR
ERR
ERR
ERR
3,4

ERR
ERR
ERR
ERR
ERR
ERR
4.2

ERR
ERR

React or

Vol ui e

(1)

NN W N

N I N N N N N N I I N N I O NI S I SR SR SR SR S SRS S

20
10

.65

45
50
50
50
50
60
60
55
50
60
55
60
55
55
20
50
50
55
50
70
50
50
50
55
55
50
50
50

Loadi

ng

199

Rat e Effl uent
g Cou

o oo oo

©c oo oo o090 900

S oooooeo o0

© o © o © o © o

(
g SStdi

[y
[ee]

CoD
(tg/l]

1444

1652
1756
1711
1702
1693
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Tabl e 69:  Biodegradation in Reactor I, Kay 1990

Reactor (;ui. Eff. Eff. Reactor Cui, Eff,i ffluent React Peed

CcoD CcoD Phenol Std. Dev.  Phenol Phenol Phenol HLSS Cycles Period  Period
Dat e (>gi £9) (ng/11 (i<l %Error (M )] (e«l/l) per day (hrs) (hrs)
05/ 01 ERR 28055 1.1 0.0 0.0 2.3 1237 6 0
05/ 02 ERR 28544 1.3 02 15.4 3.8 1238 55 2
05/ 03 2534 28967 1.4 00 0.0 3.1 1238 5.5 2
05/ 0< ERR 29442 0.0 00 ERR 0.0 1238 55 2
05/ 05 ERR 29916 11.0 0! 0.9 22.9 1243 55 2
05/ 06 ERR 30390 0.0 00 ERR 0.0 1243 55 2
05/ 07 3615 31120 15.9 01 0.6 33.1 1249 2211 5.5 2
05/ 08 ERR 31850 31.0 01 0.3 64,5 1262 5.5 2
05/ 09 ERR 32580 24.5 02 0.8 53.4 1273 5.5 2
05/ 10 ERR 33309 2.3 01 4.3 5.0 1274 5.5 2
05/ 11 ERR 34039 18.9 01 0.5 40.3 1282 1092 5.5 2
05/ 12 ERR 34822 14.8 01 0.7 30,8 1288 5.5 2
05/ 13 ERR 35604 17.5 00 0.0 37.6 1296 5.5 2
05/ H ERR 36386 34.9 02 0.6 73.3 1311 1201 5.5 2
05/ 15 ERR 37168 50.9 00 0.0 109, 4 1334 5.5 2
05/ 16 ERR 37950 81.6 02 0.2 171.4 1371 5.5 2
05/ 17 ERR 38211 123.5 07 0.6 259.4 1427 5.5 2
05/ 18 ERR 38993 24.7 00 0.0 50. 6 1430 5.5 2
05/19 ERR 39775 67.6 05 0.7 138.6 1461 550 5.5 2
05/ 20 ERR 40296 120.9 00 0.0 247.8 1515 5.5 2
05/ 21 ERR 40296 100.7 02 0.2 226, 6 1545 576 55 0
05/ 22 3611 40946 3.0 02 6.7 7.5 1545 5.5 2
05/ 23 ERR 41163 115,5 02 0.2 259.9 1597 6 2
05/ 24 ERR 41596 38,9 03 0.8 91.4 1603 6 2
05/ 25 ERR 41596 60. 7 02 0.3 133.5 1621 6 2
05/ 26 4130 42092 2.1 00 0.0 5.3 1621 6 2
05/ 27 3950 42618 17.4 00 0.0 39.1 1627 8 2
05/ 28 3849 43132 6.8 02 2.9 15.3 1629 604 6 2
05/ 29 3743 43727 3.4 01 2.9 7.5 1630 6 2
05/ 30 3639 44320 4,9 04 8.2 10.5 1631 6 2
05/31 ERR 44320 8.4 01 1.2 18.1 1634 6 2
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Tabl e B9: Biodegradation in Reactor I, May 1990

Settle Effluent
Period Volute
Date (hrs) (1

05/ 01 2 25 Added Bench Solids
05/ 02 1.5 1000
05/03 [.S 550 Haste Eff, Solids
05/ 04 1.5 350 Waste Eff, Solids
05/ 05 1.5 400 Waste Eff. Solids
05/ 06 1.5 400 Waste Eff, Solids
05/ 07 1.5 400 Waste Eff, Solids
05/ 08 1.5 400 Waste Eff. Solids
05/09 1.5 500 Return Eff . Solids
05/10 1.5 500
05/11 1.5 450
05/12 1.5 400
05/13 1.5 500
05/H 1.5 450
05/15 1.5 550
05/ 16 1.5 500
05/ 17 1.5 500
05/18 1.5 175
05/19 1.5 450
05/ 20 1.5 300
05/ 21 1.5 50
05/ 22 1.5 450
05/ 23 1 650
05/ 24 1 300
05/ 25 1 250
05/ 26 1 300
05/ 27 1 350
05/ 28 1 350
05/ 29 1 350
05/ 30 1 350
05/31 1 350
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Table Cl; Biodegradition in Reactor Il, Soy2 Dec 1989

Cub. Cui . Loadi ng
Phenol Feed Feed | nfluent Feed | nfluent Reactor M.SS Reactor  Rate
Added Added CoD CoD Phenol Phenol M.SS Std. Dev. HLSs  Voluie ¢ COD/

me (M {+U (igl) fg (M) ) (g (ig) XEror () g S

11/17 0 0 5070 0 992 0 6500 ERR 0.00
11/19 250 0 5070 610 992 250 : ERR 0.03
11/ 20 0 0 5070 610 992 250 ERR 0.00
11/ 21 500 0 5070 1830 992 750 : ERR 0.06
11/ 22 410 100 5070 3337 992 1259 ERR 0.08
11/ 24 0 0 5070 3337 984 1259 : ERR 0.00
11/ 25 0 0 5070 3337 984 1259 : ERR 0.00
11/ 26 200 100 5070 4332 984 1558 : ERR 0.05
11/ 27 300 150 5070 5825 984 2005 6535 435 6.7 0.07
11/ 28 350 150 5070 7439 984 2503 : ERR 0.07
11/ 29 400 150 5070 9176 984 3050 : ERR 0,08
11/ 30 500 150 5070 11156 984 3698 : ERR 0.09
12/01 600 150 5070 13381 984 4446 - ERR 0.10
12/ 02 600 200 5070 15859 921 5230 - ERR 0.11
12/ 03 750 200 5070 18703 921 6164 : ERR 0.13
12/ 04 1000 200 5070 22157 921 7348 4015 : ERR 0.25
12/ 05 1500 200 5070 26831 921 9032 : ERR 0.34
12/ 06 2000 135 5070 32395 921 11157 : ERR 0,41
12/ 07 2700 135 5070 39668 921 13981 3103 1539 49.6 0.69
12/ 08 3000 200 5070 48002 921 17165 o : ERR 0.79
12/ 10 3000 200 5070 56336 921 20349 - : ERR 0.79
12112 3500 200 8490 66574 245 23898 : ERR 0.97
12/ 13 4000 200 8490 78032 245 27947 S ERR 1,09
12/ 14 0 400 8490 81428 245 28045 : ERR 0.33
12/ 15 0 500 8490 85673 245 28168 o ERR 0.42
12/ 17 0 500 8490 89918 245 28290 1498 78 5.2 0.89
12/19 0 400 8490 93314 245 28388 - ERR 0.71
12/ 21 0 213 8490 95122 245 28441 : ERR 0,38
12/ 23 0 213 8490 96931 245 28493 - ERR 0.38
12/ 25 0 213 8490 98739 245 28545 S : ERR 0,38
12/ 29 0 0 8490 98739 245 28545 - ERR 2.9 0.00

12/ 30 3000 0 8490 106059 245 31545 4468 77 1.7 2.75 0,63
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Table C: Biodegradation in Reactor I, Hov - Dec 1989

Sffluent Reactor (;m. Eff. Eff. Reactor :ui. Eff. React Feed
coD CoD CoD Phenol Std. Dev. Phenol Phenol Phenol Cycle! Period Period

Date  (M1) (o) (M (igl)  (igln XError (M (ig) per day (hrs|  (hrsl

11/ 17 ERR 0 1.2 .0 0.0 3.6 0 | 23 0
11/19 o ERR 1 11.3 0.5 4.4 33.9 0 23 0
11/ 20 ERR 1 2.00 .0 0.0 6.0 0 1 23 0
11/21 ERR 2 1.3 0 0.0 3.9 0 23 0
11/ 22 o ERR 99 164.9 0 0.0 478, 2 16 1 23 0
11/ 24 o ERR 115 130. 2 11 0.8 390.6 16 23 0
11/ 25 ERR 118 3.6 0 0.0 12.6 16 | 23
11/ 26 ERR 209 3.9 0 0.0 13.3 17 23
11/ 27 ERR 342 4.3 1 23.3 14.4 18 [ 23
11/ 28 ERR 474 7,9 0 0.0 26.5 19 23
11/ 29 ERR 609 5.30 0.2 3.8 17.8 20 1 23
11/30 ERR 744 6.7 0,1 1.5 22.4 21 23
12/ 01 S ERR 879 6.9 0 0.0 23.1 22 23
12/ 02 o ERR 1057 6.1 0 0.0 20,1 23 ] 23
12/ 03 ERR 1236 6.9 .1 1.4 22.8 25 23
12/ 04 878  2897,4 1412 7.4 .1 1.4 24.4 26 1 23
12/ 05 ERR 1587 8.5 1 1,2 28.1 27 23
12/ 06 ERR 1706 12 0 0,0 40. 4 29 23
12/ 07 ERR 1824 12.2 0.1 0,8 41.1 32 23
12/ 08 ERR 2000 : ERR ERR 32 23
12/ 10 948.2  3129.1 2190 1.10 0.1 9.1 3.6 32 23
12/12 ERR 2379 1.3 0.1 7,7 4.3 33 ] 23
12/13 ERR 2569 4.6 0.4 8,7 15.2 35 23
12/ 14 ERR 2948 4,9 0 0.0 15.2 37 1 22.5
12/ 15 ERR 3422 1.1 0.7 6.3 33,3 42 22.5
12117 ERR 3896 29.9 0.2 0.7 86.7 42 ] 22.5
12/ 19 ERR 4276 41.7 0.2 0.5 104.3 42 22.5
12/ 21 - ERR 4478 : ERR BRR 42 ] 22.5
12123 ERR 4679 : ERR ERR 42 22.5
121 25 ERR 4881 : ERR ERR 42 22.5
12/ 29 ERR 4881 83.1 1.1 1.3 241.0 60 22.5

12/ 30 5137 14126.8 5517  1060. 00 9.1 0.9 2915.0 60 ] 22.5
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Table C; Biodegradation in Reactor I, Hov - Dec 1983

Settle Effluent
Period Volute
Date (hrs) (il) Conents

1117 25

11/19 25

11/20 250 10 d HCRT

11/ 21 300 8 d MCRT

11/22 25 Waste Eff. Solids
11/24 50 Waste Eff. Solids
11/ 25 350 Waste Eff. Solids
11/ 26 350 Waste Eff. Solids
11/ 27 100 Waste Eff. Solids
11/ 28 50 Waste Eff. Solids
11/ 29 200 Return Eff . Solids
11/30 200

12/01 200

12/ 02 200

12/03 300

12/ 04 300

12/ 05 400

12/ 06 400

12/ 07 500

12/08 600

12/10 450

12/ 12 400

12/ 13 400

12/ 14 400

12/ 15 500

1217 750

12119 400

12/21 0

12/ 23 400

12/ 25 0

12/ 29 380

12/30 250
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Table C2: Biodegradition in Reactor Il, Jan 1990

Dat e

01/01
01/03
01/ 04
01/05
01/ 07
01/08
01/10
01/11
01/12
01/14
01/15
01/16
01/17
01/18
01/19
01/ 20
01/21
01/22
01/23
01/24
01/25
01/26
01/ 27
01/29
01/30

01/31 .

Peed
Added

(il

o o ©o o o

200
130
300
350

100

140
200

Cua.

206

Cui , Loadi ng
Feed Influent Feed Influent Reactor ULSS Reactor Rate Effluent
CCD  COD Phenol Phenol ULSS Std. Dev. ULSS Voluie (g COOF  COD
(ig/ll) (ig| (ig/ll) (ig| (ig/U (ig/l! %Error (1) g SS*d) (igl/l)
8490 106059 245 31545 4462 156 3.5 2.55 0 00
8490 106059 245 31545 ERR 2.4 0 00
8490 106059 245 31545 ERR 2.5 0 00
8490 106059 245 31545 ERR 2.5 0 00
8490 106059 245 31545 ERR 2.3 0 00
8490 106059 245 31545 ERR 2.3 0 00
8490 106059 245 31545 ERR 2.5 0 00 2455
8490 106059 245 31545 6248 67 1.1 2.4 0 00
8490 106059 245 31545 ERR 2.5 0 00
8490 106053 245 31545 ERR 2.5 0 00
8490 106059 245 31545 ERR 2.5 0 00
7505 106059 143 31545 ERR 2.5 0 00
7505 106059 143 31545 ERR 2,5 0 00
7505 106059 143 31545 ERR 2.5 0 00
7505 106059 143 31545 ERR 2.5 0 00
7505 106059 143 31545 ERR 2.5 0 00
7505 106059 143 31545 ERR 2.5 0 00
7505 107560 143 31574 ERR 2.6 0 13
7505 108536 143 31592 4896 51 1.0 2.3 0 1
7505 110787 143 31635 ERR 2.5 025 1502
7505 113414 143 31685 ERR 2.5 0 29 1817
7505 113414 143 31685 ERR 2.5 0 00
4800 113894 2000 31885 ERR 2,5 0 05
f505 113894 143 31885 ERR 2.5 0 00
7505 114945 195 31912 ERR 2.5 0 12 ---
7505 116446 196 31951 3005 166 5.5 2.5 0 25
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Table C2: Biodegradation in Reactor |1, Jan 1990

Reactor (,ui. Eff. Eff. Reactor :u«, Eff. React Peed Settle
CcoD coD Phenol Std. Dev. Phenol Phenol Phenol Oycles Peri od Peri od Peri od

e fg fg  fgll (ig]) XEror gty per day (hs)  (hrs) (hrs
01/01 ERR 5517 960 6,8 0.7 2448.0 60 22.5 0 1.5
01/ 03 ERR 5517 908 1,0 0.1 2179.2 60 22.5 0 1.5
01/ 04 ERR 5517 739 14.0 1.9 1847.5 60 22.5 0 1.5
01/ 05 ERR 5517 549 2.7 0.5 1372.5 60 22 0 2
01/ 07 ERR 5517 474 7.0 1.5 1090. 2 60 22 0 2
01/ 08 ERR 5517 440 2.7 0.6 1012.0 60 22.5 0 1.5
01/ 10 6137.5 5517 396. 4 2,7 0,7 991.0 60 22 0 2
01/11 ERR 5517 355, 4 2.8 0.8 853,0 60 22.5 0 1.5
01/12 ERR 5517 347.6 6.4 1.8 869, 0 60 22.5 0 1,5
01/ H ERR 5517 325.2 3.6 1.1 813.0 60 22.5 0 1.5
01/ 15 ERR 5517 313 2.7 0.9 782.5 60 22.5 0 1.5
01/ 16 ERR 5517 322 3.6 1.1 805, 0 60 22.5 0 1.6
01/ 17 ERR 5517 304 1,0 0.3 760.0 60 23 0 1
01/18 ERR 5517 309.8 1,8 0.6 774.5 60 23 0 1
01/19 ERR 5517 272 0.9 0.3 680.0 60 23 0 1
01/ 20 ERR 5517 40. 6 0.0 0.0 101.5 60 23 0 1
01/21 ERR 6008 11,1 0.2 1.8 27.8 60 19 4 1
01/ 22 ERR 6327 10 0,1 1.0 24.0 62 19 4 1
01/23 ERR 7064 10.9 0.2 1.8 23,7 63 19 4 1
01/ 24 3304.4 7589 15.7 0.0 0.0 34.5 68 19 4 1
01/ 25 3906. 6 7589 45.6 0.0 0.0 98.0 84 19 4 1
01/ 26 ERR 7771 41.2 0.9 2.2 103,0 84 19 0 1
01/ 27 ERR 7771 88.2 0.7 0,8 211.7 93 19 4 1
01/ 29 ERR 8025 15.4 0.5 3.2 38.5 93 19 0 1
01/ 30 ERR 8389 14.3 0.2 1.4 33.7 95 19 4 1
01/31 ERR 8389 15.90 0.2 1.3 36.8 98 19 4 1
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Table C2: Biodegradé&tion in Reactor Il, Jan 1990

Jffl uent
Vol ui e HCRT

Dat e f1) (days)

01/01 150
01/03 300
01/04 500
01/05 150
01/07 25
01/08 25
01/10 10
01/11 10
01/12 100 25
01/ 14 100 25
01/15 10 25
01/16 10 25
01/17 10 25
01/18 10 25
01/19 . 10
01/20 10
01/21 100
01/22 400
01/23 100
01/24 400
01/25 100
01/ 26 100
01/ 27 100
01/29 200
01/30 200

01/31 250
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Table C3: Biodegradation In Reactor I1, Peb 1990

Dat e

02/01
02/03
02/ 04
02/ 05
02/ 06
02/ 07
02/ 08
02/10
02/11
02/12
02/13
02/ 14
02/ 15
02/ 16
02/ 17
02/ 18
02/19
02/ 20
02/ 21
02/22
02/23
02/ 24
02/ 25
02/ 26
02/ 27
02/28

Peed
Added

£1)

250
100
200
180

43

50

100
150
150
200
200
250
250
300
400
500
500

300
255
300
300
300

Peed
CD

(ig/)

7505
2400
7505
7505
7505
7505
7505
7505
4600
4600
4600
4600
4600
4600
4600
4600
4600
4600
3480
3480
3480
3480
3480
3480
3480
3480

Qti.
[nfl uent
CoD

£9)

118322
118562
120063
121414
121737
121737
122112
122112
122572
123262
123952
124872
125792
126942
128092
129472
131312
133612
135352
135352
135352
136396
137284
138328
139372
140416

Feed
Phenol

)

195
1000

195

195

195

195

195

195
1053
1053
1053
1257
1257
1257
1257
1257
1257
1257
1155
1155
1155
1155
1155
1155
1155
1155

Cui .
[nfluent
Phenol

fgl

32000
32100
32139
32174
32182
32182
32192
32192
32297
32455
32613
32865
33116
33430
33744
34122
34624
35253
35830
35830
35830
36177
36471
36818
37164
37511

React or M.SS
KLSS Std, Dev.

(gl ]
3005 168
3307 331
4648 59
6207 198
6080 222
5948 287
5928 286

M.SS
X Error

5.5
ERR
ERR
10.0
ERR
ERR
ERR
ERR
1.3
ERR
ERR
ERR
3.2
ERR
3.7
ERR
ERR
4.8
ERR
ERR
ERR
4.8
ERR
ERR
ERR
ERR

React or
Vol ute

(1)

R T N N N S N N R O R R N SR
D B I L RS BTN T S BT RN NS BN T B NS RS T R

2,42

~
[$2]

209

Loadi ng
Rate Effluent
(g OO oD
g SSd) (M)
0.32 1666
0.08 1359
0.23
0.21
0.05 1819
0.00
0.06
0.00 1378
0.05 1337
0.08 1206
0.08 1085
0.11 1003
0.08 933
0.00 790
0.10 794
0.12 716
0.17 709
0.21 694
0.16 1020
0.00 954
0.00 887
0.08 950
0.07 803
0.09 729
0.09 848
0.09 879
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Table C3: Biodegridation In Reactor 11, Peb 1990

Reactor (;ui. Eff. Eff. Reactor :ui. Eff.Effluent React Feed
CcoD CoD Phenol )td. Dev.  Phenol Phenol Phenol ULSS Cycles Peri od Peri od
Dat e in] (M (igl] fg/1) X Error gl i >0] (igll) per day (hrsl (hrs)
02/ 01 3749 8806 36.4 0.0 0.0 81.9 107 19
02/ 03 3262 8941 16.1 0.9 5 6 38.6 109 20
02/ 04 ERR 9213 24.2 0.2 08 55,7 114 19
02/ 05 ERR 9458 33.3 0 00 77,3 120 19
02/ 06 4469 9536 35.2 0 00 86.5 121 19
02/ 07 ERR 9536 35.2 0 00 88.0 121 18
02/08 ERR 9627 41.2 1.4 34 100.9 123 18
02/ 10 3445 9627 19.1 1.1 58 47.8 123 19,5 2.5
02/11 3209 9761 18 0 00 43,2 125 18
02/ 12 2834 9942 29.8 0.5 11 70.0 129 18
02/ 13 2550 10104 16.2 0.2 12 38.1 132 18
02/H 2307 10305 14.2 0.5 35 32,7 135 18
02/ 15 2145 10491 13.5 0.5 37 31,1 137 18.5 3.5
02/ 16 1778 10689 11.8 0.2 17 26.6 140 18
02/ 17 1787 10887 11 0.4 36 24.8 143 18
02/ 18 1575 11102 11 0.5 45 24,2 146 18
02/19 1489 11386 7.6 0,2 2 6 16.0 149 17.5
02/ 20 1388 11733 6.6 0.1 195 13.2 153 18
02/ 21 2040 12243 152.5 0 00 305,0 229 697 1 18
02/ 22 2385 12243 136.8 0 00 342,0 229 22
02/ 23 2218 12243 89 0 00 222.5 229 21
02/ 24 2090 12528 97.3 0.9 09 214.1 258 478 1 21
02/ 26 1803 12733 28 0,2 07 62.9 265 21
02/ 26 1604 12951 4.6 0 00 10.1 267 18
02/ 27 1798 13206 1 0.3 30 0 2.1 267 18
02/ 28 1934 13469 3.4 0.1 29 7.5 268 18
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Tabl e C3: Biodegradation In Reactor 11, Peb 1990

Settle Effluent
Period Vol uae

Date (hrsl (1)

02/ 01 1 100

02/ 03 1 200

02/ 04 1 180

02/ 05 1 100

02/ 06 1 10

02/ 07 2 150

02/ 08 2 10

02/10 1 100

02/ 11 2 150

02/12 2 150

02/ 13 2 200

02/ 14 2 200

02/ 15 2 250

02/ 16 2 250

02/ 17 2 300

02/ 18 2 400

02/ 19 2.5 500 Waste Eff. Solids
02/ 20 2 500 Vaste Eff. Solids
02/21 2 10 Return Eff. Solids
02/ 22 2 10 Return Eff. Solids
02/ 23 2 300 Waste Bff. Solids
02/ 24 2 300 Haste Bff. Solids
02/ 25 2 300 Vaste Eff. Solids
02/ 26 2 300 Vaste Eff. Solids
02/ 27 2 220 25 day MCRT

02/ 28 2 300 25 day HCRT
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Table C4  Biodegradation in Reactor Il, Mar 1990

Cm Cui . Loadi ng
Feed Feed Influent Feed [nfluent Reactor HLSS React or Rate {!ffluent
Added CcoD CcoD Phenol Phenol KLSS Std. Dev. MSs Voluie (g COIY CoD
e (il (idl) (M (ig) (M (gl (Mn XEror () gSHdl (HD
03/01 230 3480 141218 1155 37777 5423 262 4.8 2.5 0.08 868
03/02 300 4600 142596 1155 38123 : ERR 2.5 0.14 935
03/03 235 4600 143677 1155 38395 ERR 2.5 0.11 840
03/ 04 325 4600 145172 1155 38770 ERR 2.5 0.15 814
03/ 05 230 4600 146230 1155 39036 ERR 2.4 0.09 712
03/ 06 325 4600 147725 1155 39411 4004 84 2.1 2.5 0.18 647
03/ 07 350 4600 149335 1155 39815 : ERR 2.5 0.19 907
03/ 08 375 5639 151450 1044 40207 ERR 2.55 0.28 1009
03/09 320 5639 153255 1044 40541 ERR 2.5 0.20 1349
03/10 250 5639 154664 1044 40802 ERR 2.5 0.16 1627
03/11 0 5639 154664 1044 40802 2932 228 7,8 2.5 0.00 1074
03/12 215 5639 155877 1044 41026 ERR 2.5 0.19 1282
03/13 0 5639 155877 1044 41026 : ERR 2.5 0.00 1028
03/ 14 150 5401 156687 1027 41180 ERR 2.5 0.13 1108
03/ 15 150 6401 167497 1027 41334 ERR 2.5 0.12 1024
03/ 16 160 5401 158361 1027 41499 3310 174 5.3 2.5 0.12 807
03/17 160 5401 159225 1027 41663 ERR 2.5 0.12 859
03/18 170 5401 160143 1027 41838 : ERR 2.5 0.15 898
03/19 170 5401 161062 1027 42012 ERR 2.5 0.15 937
03/20 180 5401 162034 1027 42197 2867 83 2.9 2.5 0.18 853
03/21 190 5401 163060 1027 42392 : ERR 2.5 0.29 926
03/ 22 380 5401 165112 1027 42782 ERR 2.5 0.57
03/23 400 5401 167273 1027 43193 ERR 2.7 0. 60 872
03/ 24 200 5401 168353 1027 43399 ERR 2.5 0.30
03/ 25 375 5401 170378 1027 43784 2379 95 4.0 2.5 0.68
03/ 26 340 5401 172215 1027 44133 ERR 2.4 0.82
03/ 27 400 5401 174375 1027 44544 ERR 2.3 0.73
03/ 28 290 5401 175941 1156 44879 ERR 2.4 0.53
03/ 29 150 5401 176752 1156 45052 ERR 2.4 0.27 1348
03/30 400 5401 178912 115B 45515 2579 50 1.9 2.5 0.67
03/31 400 5401 181072 1156 45977 : ERR 2.6 0.67 1478
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Table C4: Biodegrédation in Reactor I, Har 1990

Reactor Cu«. Eff. Eff. Reactor :ui, Eff.Effluent React Feed

(60)] CcoD Phenol Std. Dev, Phenol Phenol Phenol M.SS Cycles Period Period
ety (i (gl (gy) wEror g ) (igh1) per day (hrs) (hrs)
03/01 1970 13669 4.3 1,4 32.6 10.7 269 2393 18 4
03/02 2057 13949 5.1 0.2 3.9 12.6 271 18 4
03/ 03 1901 14146 4.3 ERR 10.6 272 18 4
03/04 1769 14411 2.5 0 0.0 6,2 272 18 4
03/05 1544 14574 2.8 0 0.0 6.7 273 20 4
03/ 06 1406 14785 5.7 55 96.5 14.1 275 1642 19,5 4
03/07 1949 15102 1.0 0.2 20.0 2.5 275 20 4
03/08 2194 15480 20.4 0.2 1.0 51.3 283 18 4
03/09 2941 15912 142.2 0 0.0 350.9 328 22 4
03/10 3660 16318 193.3 0.5 0.3 478. 4 377 21 0
03/11 2684 16318 1.8 0 0.0 4.5 377 18 4
03/12 2929 16594 58.9 0.7 1.2 146, 0 389 20.5 0
03/13 2570 16594 1.3 2 15.4 3.3 389 18.5 4
03/H 2605 16760 51 0 0.0 12.7 390 21 4
03/ 15 2406 16914 0.0 0 ERR 0.0 390 22 4
03/ 16 1888 17043 0.0 0 ERR 0.0 390 1103 21 4
03/17 2010 17180 0.0 0 ERR 0.0 390 21 4
03/ 18 2092 17333 0.0 0 ERR 0.0 390 18 4
03/19 2183 17492 0.0 0 ERR 0.0 390 18 4
03/ 20 1978 17646 - ERR ERR 390 1924 18 4
03/21 2140 17822 0,0 0 ERR 0.0 390 6 4
03/ 22 ERR 18174 0.0 0 ERR 0.0 390 6 4
03/23 2006 18523 0.0 0 ERR 0.0 390 6 4
03/ 24 ERR 18697 66.5 0.2 0.3 164.9 403 6 4
03/ 25 ERR 19024 34.8 .2 0.8 85.7 416 6 4
03/ 26 ERR 19320 53.5 0 0.0 126.6 435 562 6 4
03/ 27 ERR 19669 0.0 0 ERR 0.0 435 6 pal
03/ 28 ERR 19922 71.0 0 0.0 168.3 455 6 4
03/ 29 3033 20124 0.0 0 ERR 0.0 455 S 4
03/ 30 ERR 20663 60. 7 1.4 2.3 149.3 479 6 pat
03/31 3251 21254 2.1 1.9 90.5 5.4 480 6 4
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Tabl e C4: Biodegradation in Reactor 11, Mr 1990

Date

03/01
03/ 02
03/03
03/04
03/ 05
03/ 06
03/ 07
03/08
03/09
03/ 10
03/ 11
03/12
03/13
03/H
03/15
03/ 16
03/ 17
03/18
03/19
03/ 20
03/ 21
03/ 22
03/23
03/ 24
03/ 25
03/ 26
03/ 27
03/ 28
03/ 29
03/30
03/31

Settle
Peri od

(hrs) Coiaents

oOR RO R R MR N 0NN RN RNDNRNDRNDRNDRNDRNDNDNNDNDNDRNDNDRNDNDDNDND DD

25d
25d
25 d
25 d
25d
25d
25d
25 d

Vst e
Wast e
Wast e
Wast e
Vast e
Wast e
Wast e
Vast e
Vast e
Wast e
Wast e
Wast e
st e
Wast e

Return Ef f.

Ef f
Ef f
Ef f
Bf f
Ef f
Bf f
Ef f
Ef f
Ef f
Ef f
Ef f
gf f
Ef f
Ef f

Sol i ds
Sol i ds
Sol i ds
Sol i ds
Sol i ds
Sol i ds
Sol i ds
Sol i ds
Sol i ds
Sol i ds
Sol i ds
Sol i ds
Sol i ds
Sol i ds

Sol i ds
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Table Cb:  Biodegradation in Reactor Il, Apr 1990

Qui. Qui. Loadi ng
Feed Feed tnfluent Feed .nfluent Reactor M.SS React or Rate | ffluent
Added CoD CoD Phenol Phenol HLSS Std. Dev. MSS Volute (g COD/ CcoD

Date (111 fdl) b (tgll) o) (igh) (M1 XBrror (1) gS¥d) (igl)

04/ 01 400 5401 182192 1208 46380 2579 50 1.9 2.6 0, 67
04/ 02 400 6401 184353 1208 46863 ERR 2.5 67
04/ 03 200 5401 185433 1208 47106 ERR 2.7 34
04/ 04 400 5401 187593 1208 47588 2907 91 31 2.5 69 1426
04/ 05 400 5401 189754 1208 48071 ERR 2.5 69 1487
04/ 06 400 5401 191914 1208 48555 ERR 2.6 69
04/ 07 400 6315 194440 1156 49017 ERR 2.5 70 S
04/ 08 400 6315 196966 1156 49479 3172 157 4.9 2.5 64
04/ 09 400 6315 199492 1156 49942 ERR 2.5 64 S
04/ 10 400 6315 202018 1156 50404 — : ERR 2.5 64 S
04/11 400 6315 204544 1156 50867 ERR 2.6 64 S
04/12 400 6315 207070 1156 51329 — : ERR 2.55 64
04/ 13 400 6315 209596 1156 51791 3723 52 1.4 2.56 53 -
04/ 14 400 6315 212122 1156 52254 ERR 2.56 53
04/ 15 400 6315 214648 1156 52716 ERR 2.5 53
04/ 16 400 8315 217174 1156 53179 — ERR 2.7 63
04/18 400 6315 222226 1166 54103 3550 171 4.8 2.55 56 S
04/ 19 400 6315 224752 1156 54566 ERR 56 1368

04/ 20 400 6315 227278 1156 55028 ERR
04/ 21 400 6315 229804 1156 55491 - : ERR
04/ 22 400 6315 232330 1156 55953 ERR
04/ 23 400 6315 234856 1156 56415 ERR
04/ 24 400 6315 237382 1156 56878 ERR
04/ 25 400 6315 239908 1156 57340 ERR
04/ 26 400 6315 242434 1156 57803 ERR
04/ 27 0 6315 242434 1156 57803 oo ERR
04/ 28 0 6315 242434 1156 57803 ERR
04/ 29 400 6315 244960 1156 58265 - ERR
04/30 400 6315 247486 1156 58727 ERR
05/01 0 6315 247486 1156 58727 - ERR

66
56
56
56
66
56
56
00
00
56
56

0.
0.
0.
0.
0.
0,
0,
0,
0.
0,
0,
0,
0.
0.
0.

04/ 17 400 6315 219700 1156 53641 ERR 2.55 0.63 1935
0.
0.
0.
0,
0,
0,
0.
0.
0.
0.
0.
0.
0.
0.00

N N N SIS i SO SR
oo 0l ol o 1 g1l Ol o O ol Al
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Table C5; Biodegradation in Reactor I, Apr 1990

Reactor Cui. Eff. Eff. Reactor ;ui. Eff.Effluent React Feed

CcoD coD Phenol Std. Dev, Phenol Phenol Phenol HLSS Cycles  Period Period
e g8 (i) (g1l (wl] XEror (M) (sgl). per day  (hrs) (hrs)
04/ 01 ERR 21845 0.0 0.0 ERR 0.0 480 768 6 pat
04/ 02 ERR 22436 : : ERR ERR 480 6 4
04/ 03 ERR 22732 3.5 : ERR 8.8 481 6 4
04/ 04 2995 23302 0 0 ERR 0.0 481 6 4
04/ 05 3122 23897 21.8 0.2 0.9 45.8 489 6 4
04/ 06 ERR 24492 50.4 0.5 1.0 110.9 510 8 4
04/ 07 ERR 25086 143.9 1.6 1.1 302, 2 567 1124 6 4
04/ 08 ERR 25681 94.2 0.9 1.0 197.8 605 6 4
04/09 ERR 26276 76.4 0.2 0.3 160. 4 635 6 4
04/ 10 ERR 26870 53 1.2 2.3 111.3 657 6 4
04/ 11 ERR 27465 36.3 0.5 1.4 76.2 671 6 4
04/ 12 ERR 28060 18.7 0.2 1.1 40.2 679 6 4
04/13 ERR 28654 2.6 0.7 26.9 5.6 680 6 4
04/ 14 ERR 29249 1.8 0 0.0 3.9 680 6 4
04/ 15 ERR 29844 0.6 0.8 133.3 1.3 681 6 4
04/ 16 ERR 30438 11.9 0.5 4.2 27.4 685 6 4
04/ 17 4161 31212 3.5 0 0.0 7.5 687 6 4
04/ 18 ERR 31986 18.9 0 0,0 40.6 694 6 4
04/ 19 3923 32734 2.3 0.7 30.4 4.8 695 6 4
04/ 20 ERR 33481 31.1 0.2 0.6 65, 3 708 6 4
04/ 21 ERR 34228 104.6 0,7 0.7 230.1 750 6 4
04/ 22 ERR 34975 131.5 1.9 1.4 276. 2 802 6 4
04/ 23 ERR 35723 169.7 0.7 0.4 356, 4 870 6 4
04/ 24 ERR 36470 184.7 0 0.0 387.9 944 6 4
04/ 25 ERR 37217 212.9 0 0.0 447.1 1029 8 (0]
04/ 26 ERR 37964 267,5 1 0.4 561. 8 1136 6 4
04/ 27 ERR 37964 157.3 0 0.0 393.3 1136 6 4
04/ 28 ERR 37964 34.3 1 2.9 85.8 1136 6 4
04/ 29 ERR 38711 98.9 0.2 0.2 207,7 1176 6 4
04/ 30 ERR 39459 177.5 0.7 0.4 372.8 1247 S 4
05/01 ERR 39459 108.3 0,2 0.2 270.8 1247 6 4
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Tabl e C5; Biodegradation in Reactor Il, Apr 1990

Settle Effluent
Period Vol uae

Dat e (hrs) (i1
04/01 2 450
04/ 02 2 400
04/ 03 2 600
04/ 04 2 400
04/ 05 2 400
04/ 06 2 500
04/ 07 2 400
04/ 08 2 400
04/ 09 2 400
04/10 2 400
04/11 2 400
04/ 12 2 450
04/13 2 470
04/ 14 2 440
04/ 15 2 415
04/ 16 2 590
04/17 2 450
04/ 18 2 450
04/19 2 400
04/ 20 2 500
04/ 21 2 400
04/ 22 2 400
04/23 2 400
04/ 24 2 400
04/ 25 2 20
04/ 2G 2

04/ 27 2

04/ 28 2

04/29 2

04/ 30 2

05/01 2
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