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ABSTRACT 

Title of Thesis Kinetics of Biodegradation of 
Phenol and 2,6-Dichlorophenol 

Samir Desai, Master of Science in Chemical Engg. 
October, 1983 

Thesis directed by Dr. G. Lewandowski 
Associate Professor of 
Chemical Engineering 

Biological removal of phenol up to 600 ppm and 

2,6-dichlorophenol up to 20 ppm was studied in a well 

aerated fill-and-draw reactor of 4 1 capacity at 26 C using 

an activated sludge obtained from the municipal treatment 

plant in Livingston, N.J. Experimental evaluation of 

kinetic parameters showed that biodegradation of both phenol 

and 2,6-DCP followed zero-order kinetics. As expected, the 

lag time for both compounds was considerably reduced when 

acclimated sludge was used. However, the metabolism of 

2,6-DCP was very slow even for preacclimated sludge, 

requiring about 36 hours to degrade only 15 ppm. This was 



markedlw improved b9 the addition of amino-acids to the feed 

solution, which reduced the degradation time for 15 PPM 

2,6-DCP to about 10 hours. The loss of substrate due to air 

stripping was negligible for both compounds at room 

temperature. 
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I^ IWIQODUCIIOW

There is increasing public concern over the

introduction of harmful Pgllutants in the drinking water

supply* The rapid advances in industrial technology have

brought about new man-made organic chemicals which were

hitherto unknown to Nature^ The ubiouity of this new class

of synthetic molecules in our environment is potentially

hazardous because most living organisms have yet to adapt

themselves to metabolize these molecules°

The most common disposal technioues include

landfillinav chemical oxidation, thermal oxidation:

(incineration) and biological oxidatiom^

Landfills have been conventionally used to dump all

kinds of chem1cals^ This method has become the center of

controversm due to drinking water contamination prmblemso.

Landfills do not destroy the waste but merely store it,

Thereforev this is not a method of final dispmsal^

Chemical oxidation makes use of oxidizing agents like

ozone, hydrogen peroxide, oxygen, hypochlorous acid and

elemental chlorine, which introduce oxygen into the

molecular structure of the waste organic compounds, followed

by ring cleavage and disintegration leading to the formation

of carbon-dioxide and water, Most of these technioums are

applicable only to certain types of compounds, and 100 %
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dewradation may not be rhalized4 Some of them are tom

expensive, while others reouire extensive Pretreatment* All

of the oxidizini agents can form toxic intermediates ( some

of them chlorinated )^

Thermal oxidation uses high temperatures rather than

chemical energy to oxidize organic molecules. However,

chlorinated organics Pose a thermodynamic problem because of

the stability of the carbon-chlorine bond in an oxidizing

atmosphere. The Potential then exists for releasing

chlorinated fragments of the orifinal molecmlen which may

themselves be toxic,

Biological oxidation process can be effectively used to

destroy many kinds of toxic and hazardous wastes. Certain

fungi and bacteria maw be able to utilize the waste as a

food source for growth and energy Production* In other

cases, a chemical subject to microbial action may not

contribute to growth or energy Prmduction^ This is termed

cometabolism and reeuires an additional food source to

maintain the microbial Population* Biololical oxidation

reouires very little energy input (am opposed to thermal

oxidation )v since the organisms can utilize enzymes to

catalytically oxidize the organic molecule at room

temperature. The enzymes are produced by the organisms from

a synthesis of appropriate amino-acids. Enzymatic action is

extremely sperificv with some that cleave aromatic rings be
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oxidation, others that dehydrosenate, hydrolyze, etc.

It is of extreme importance to realize that microbes

have taken millions of years to develop this capability to

metabolize various compounds which are naturally

synthesized. As a result, man-made compounds can not be

expected to degrade readily unless their structural features

were previously encountered in Nature, In many cases, the

microbes may fail to produce the necessary enzymes^ A

molecule that can not penetrate the cell wall, and is not

modified by an extracellular enzyme, is recalcitrant.

The present study will concentrate on phenol and its

halogenated derivatives^ These compounds are relatively

non-biodetradable" and their structure is similar to that of

many pesticides as well as their precursors and metabolic

products^ Industrial production of phenolic compounds is

very large due to their diverse applicationsr and phenolic

wastewater is generated by production of polymeric resins,

Pulp and paper mills, oil refininn coal gasification,

limuefactiony and coking plants,

It is desired to study the effect of increasing

chlorination on biodegradability of aromatic structure.

O-chlorophenol has been examined in a prior study in our

laboratory^ In case of 2,6-dichlorophenol both the orthm

Positions are blocked by chlorine atoms, investigation of

its susceptibility to biodegradation is therefore more

3



iwterestinci~ Virtually no information is available about

biological treatment of 2,6-dichlorophenml from literatore°

Hence, the present work concentrates on biological removal

of 2v6-dichlmrophemol usin.cA activated sludge.
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III LIIERAIU8E CRIIIQUE

An extensive amount of literature has already been

Published on biodegradation of various orwanic compoumds+

Kinetic parameters for batch or continuous operation of

industrial wastewater treatment plants have also been

evaluated, Research has been reported on phenol, o- and

p-chlorophenolsv 2,4-dichlmrophenol, 2v06-trichlorophenolp

and pentachlorophemol, but pratically no information is

available about 2,6-dichlorophenol except that from Baker,

et al (4)^ Hencer the experimental work and results

described in this study marks almost the first attempt to

evaluate the biodeinsdabilita of 2,6-DCP~

One or more of the following models have been used by

most workers in the field to evaluate the kinetic rate

constants~

Michaelis Menten modelt -dS/dt = Um,X°S/ CKm f S3

Haldane model: -dS/dt = Um^X,S/ [Km f S + S 
2-
/Ki]

First order model: -dS/dt = k^S

Second order model! -dS/dt = k^S
:~

Grau model: -dS/dt = k°X~S/So

where,

So Initial substrate concentration, Ppm°

S Substrate concemtratimmv ppm°

X = MLSS concentratiowv Ppm°
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t = time, hours.

Km = Michaelis Menten (substrate utilization) constant,

ppm~

Um = Maximum specific growth rate constant, /hour.

k = Rate constant for Ist order or 2nd order or Grau model~

Ki = Substrate inhibition constant, Ppm~

A* PHENOL AND QIHER EOLY8YDROXYL BENZENES!

Since phenol is toxic and imparts a bad taste to water

even at low concentration, the EPA has set a limit of 1 ppb

of phenol in drinking water (84), Experimental and

theoretical work on the biodegradation of phenol and other

Phenolic compounds have been reported since 1950

(7p8,11r14°15,16,18v20n23°24,33v35°36v38,39,41r42,43,45,46Y

48,49,52,5056v57,6800,84), Though most of this

information is about aerobic treatment, Neufeld (52) as well

as Evans (23) have studied anaerobic biodegradation and

cometabolism of phenols.

Kramer and Boetsch (42) surveyed the degradation of 55

Phenolic compounds with a large variety of micro-mrmanisms^

Most of the observations they reported have been repeatedly

asserted by numerous workers since then* They concluded

that the presence of nitrmv amino or multiple hydroxyl

groups reduced microbial attack. Unfortmnatelyv they were
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not able to explain this behavior. Alsov the ortho and Para

Positions appeared to be more susceptible to biological

attack than the meta positionv as demonstrated by the

p-cresol/m-cresol or catechol/resorcinol Pairs,.

In batch and continuous studies on phenol using

Pseudomooas autidar Hill, et al (33) observed substrate

inhibitiony and therefore used the Haldane model to

correlate their data (see Table #1)^ Substrate inhibition

with phenol, Particularly at concentrations above 360 ppmv

has also been reported by a number of workers

(8r3039,43P49,52,5056,6804)^ However° the values of the

kinetic parameters obtained and models proposed seem to vary

according to the nature of the micro-organism (84)/

temperaturer pH, and other factors. Hilly et al (33) also

observed that wall growth on the reactor interior exerted a

significant effect on the biomass concentration and Phenol

conversiony both of which decreased with an increase in wall

growth. A similar observation was made by Pa*olx»wmaky, et al

(575 they concluded that Proper kinetic studies mast be

done before scale-up can proceedv since *wall growth greatly

influences the substrate concentration~ Beltrame, et al

(46) found that the data were inconsistent unless the

reactor walls were scrapped at least twice a day,

Holladay, et al (35p36) studied the biodegradation of

Phenolic wastes in stirred tank (CSTBR), packed bed QBBR)
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and fluidized bed (FBBR) bio-reactors ^ The CSTBR was found

to be the most vulnerable to shocks, while the utilisation

of PBBR for waste treatment was strongly dependent on

biomass accumolation. PBBR and FBBR exhibited the largest

degradation rates and lowest retention times with a high

tolerance for system Perturbations* The CSTBR was the most

simple to operate but occupied the largest volume with the

lomsest retention time. None of the bioreactors were

successful in treatins cyanides, nitrates or ammonia. At 99

% conversion, the CSTBR handled up to 1400 mg/l at 2^67 gm

phenol/day^l of reactor volume, while the PBBR and FBBR

achieved 2 to 3 times the defradation rate but only for 500

and 700 ms/l of phenol, respectively. They also concluded

that conversions less than 99 % were mainly due to

insufficient dissolved oxygen (DO)^ The PBBR and FBBR also

had operational problems like excessive biomass formation

and difficulty in solids separation^

Pawlowsky, et al (56,57) proposed the Haldane model as

the best fit for phenol degradation due to substrate

inhibition (see Table *1), They found that bacterial

composition varied greatly with changes in residence time.

When the residence time was 4 hours, filamentous bacteria,

algae and funsi predominated^ On the other hand, with a

residence time of 6 hours spherical bacteria were

Predominant. The experiments were conducted at 28 C and pH

8



6,6^

Kim, et al (38v39) made a comprehensive study of the

effects of temperature, pH, and salinity on treatability of

Phenol and methanol* They observed that Y and Km (of

Michaelis-Menten model) chanted insignificantly with

tempereturev with values of 1^21 f O,O6 and 236 f 70 ma/l_ _

respectively, The Um for phenol increased from 0,0189 to

0.061 /hr with an increase in temperature from 5 to 21 C

according to an Arrehenius relation, The phenol

concentration used in the study varied from 650 to 1200 ppm^

They proposed an eouation of the form ~= U^- U- ̀  CT--~~) 
,

'̀~ 
'''' t 

~~ 

where 9 is the temperature coefficientr which is a function

of pH and salinity. (The eouation is not very useful since

0 is also an unknown function of the temperature range )+ 9

was found to be 1^076 at pH = 7 and salinity =O, for Phenol.

The temperature effect decreases as pH and salinity become

unfavorable to the organisms, Them proposed an eouation for

the cell decay coefficient (Kd) of Phenol in terms of Um:

Kd = 0^066xUm,

It was found that Kd increased from 0°602/hr showed

that the primary factor affecting decomposition in natoral

systems was pH^ Highly acidic (<4,O) or basic 09,5)

solutions upset the internal pH balance of the microbial

cells leading to a rapid decrease in bacterial a«rtivity.

The optimum pH range was found to be 6,5-9°0° The Um value

9



increased three fold when solutions were buffered. Effects

of pH have also been studied bw Yang, et al (84), Omori, et

al (54) and Radhakrishnan, et al (60), A significant

decrease in pH has been observed by all of them for phenol

dearadation, which in turn reduced the bacterial growth

(54)^

The effect of temperature on decomposition rate has

also been extensively studied by others (3809,41,506007)^

Radhakrishnan, et al (60) observed that for B^ Cereus,

values of Y and Um both chanted siAnificantly with changes

in temperature~ At initial Phenol concentration up to 800

ppmy the values of Y and Um chanted from ~606 and 0,144 /hr

to 0^548 and 0°0937 /hr when the temperature was varied from

40 to 30 C^ (This observation conflicts with that made by

Kimy et al (39)), Phenol concentration in the range of 400

to 800 ppm was used to study the biodegradation. The

temperature coefficient O, in that range was 1°044^ In

additiony they saw that the effluent concentration was

unaffected at 40 C although the bacterial concentration

increased^ Nitrogen deficient systems behave better at

lower temperatures since the critical nitrogen level for

maximum aerobic activity is lower at lower temperaturew

Thew concluded that in batch cultures, where bacteria grow

in the exponential phase with an unlimited food supplW,.

temperature Haws a significant role because enzymatic
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activity increases and bacteria :!grow at their maximum growth

rate, They also observed that the maximum specific growth

rate of the bacteria in the flow reactor was about 4 times

greater than that in the batch reactor~ The pH did not

chan!Ae much during all the experiments for phenolr

signifying that no acidic metabolites accumulated during the

experiments. It was more economical to operate at higher

dilution rates or lower detention times, provided the DO was

maintained. Thew also concluded that the Michaelis-Meoten

relation did not hold in continuous flow cultures. For

batch experimentsn they used a first order model (see Table

#1)^ The experiments were performed under aerobic

conditions at pH close to 7^0~ The micro-organism used in

the study was 8.& Cereus~

Vela and Rolston (77) studied the effect of

temperature on phenol degradation in some detail,,

Contradictory to other workers they found that the effect of

temperature was a very complex phenomenon and can not be

described by a simple Arrhenius eowation^ They concluded

that Phenol degradation was temperature independent between

10 and 24 C~ Below 10 Cv the number of Phenol degrading

bacteria decreased with temperature^ The rate of

degradation below 10 Cv was directly Proportional to the

rate of growth of bacteria^ On the other handy above 24 C,

the rate of Phenol degradation was much greater than the
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growth rate of bacteria and it increased with temperature.

Kostenbader, et al (41) found that in the temperature ramde

of 70 to 100 F, the oxidation efficiency was little affected

by temperatVre provided the phenol loading was kept

constant. Otherwisev reducing temperature from 90 to 60 F

at 99 % conversion increased the detention time 14 fold at

1/7th the phenol loading.

Nemfeld, et al (53) proposed the eouation, loW Um ~ =

5~58 - 1^816/Tv for phenol degradation. This is eouivalent

to an Arrhenius emoation,

Yana and Humphery (84) determined that due to

inhibition, parameters for phenol degradation were best

obtained in batch runs" They also found the Haldane model

to be the best fit~ The constants at 30 C for U autida,

and I., cutaueum are liven in Table #1° These values are

omite different from those mentioned Previously by other

wmrkers. Substrate inhibition was evident at concentrations

above 100 pPm~ The phenol feed concentration varied from 30

to 500 ppm°

Tabakr et a% (73) investigated 104 aromatics* As

observed by others (395 the formation of adaptive enzymes

to metabolize phenol was indicated by a marked law in oxygen

uptake in respirometric tests.

Wase and Hough (79) found that biodegradation of

Phenol by yeast Debacyomuces subglobosus was rapid below

12



1128 ppm (see Table 
 
U)^ Catechol was formed as an

intermediate.

Shivaramanp et al (68) found that yeast, Caodida

tmoaicalis, is capable of degrading phenol up to a

concentration of 2000 ma/l with an initial cell mass of 440

ma/l^ About 90 % of phenol was degraded at a feed

concentration of 650 Ppm in 24 hours, but with increase in

feed concentratimnr the rate of growth and degradation of

Phenol decreased, At a neutral pHv the »`resence of up to

even 10v000 ppm ammonium chloride did not affect the

degradation*

Luthy, et al (4049) studied biological oxidation of

coking and coal gasification wastewaters~ The ouenchins of

gaseous products after Pyrolysis results in liouors with

very high phenolic (400-3000 ppm), thiocyanate and cyanide

contents^ The yield coefficients for such lieuors were

characteristicallw low due to the presence of inhibitory

compounds~ He Proposed first order kinetics for phenol

degradation (see Table #I)^

Kestenbaderr et al (41) investigated oxidation of coke

Plant weak ammonia lieuors° 99,9 X efficiencw was observed

at aphenol feed concentration of 2500 ppm~ In contrast to

Shivaramam's (68) mbservationv thew found that an ammonia

concentration of 4000 Pp*m severely inhibited Phenol

defradationv but concentrations of about 2000-3000 ppm
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actually produced a 60 % increase in phenol removal

efficiency~ Therefore, controllin-q ammonia concentration

was found to be the key for optimization, They determined

the optimum temperature to be 95 FY althousih the removal

efficiency was not much affected by temperature (a:~gain

contrastin:9 with other investigators),

The studies done by Lee° et al (43) for breakdown of

Phenol by EA eutida in FBBR showed substrate inhibition at

Phenol concentrations above 200 ppm, with de~gradation rates

of 20-200 ppm/hr,

Because of the inhibitory effects observedv a number

of workers like Hill (33), Yansl (84) and Pawlowsky (56) used

the Haldane model to describe phenol biokioetics~ Neufeldv

et al (52) in anaerobic mediav also observed a maximum in

the specific cArowth rate for Phenol. They proposed a

Haldane model for anaerobic biodeEtradation of phenol op to

1500 ppm feed concentration (see Table #1)^ The specific

rate of de!gradaioo was about 160 times slower than those

under aerobic conditions. The experiments were conducted in

a fill-and-draw reactor with slud!ge a!ge varying from 30 to

120 days. The temperature was maintained between 32.2-40^5

C, and pH was kept between 7°5 to 8^0~ A mixed bacterial

culture was used+ No release of methane was observed°

In another study by Neufeld (53)w aerobic degradation

of phenol at feed concentrations below 100 ppm was examined
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in an aerated flow reactory with detention times varying

from 4 to 10 hours° The temperature was maintained close to

22 C, and pH was adjusted to 7~0^ A Monod model was found

to be the best fit (see Table #&),

Be1tramev et al My in contrastv found that phemol

degradation was not inhibited even at 380 ppm feed

concentration in a continuous reactor at 20 C and PH 7,2~

They also utilized a Monod model (see Table W. Though

ouestionable, he suggested that inhibition can occur only in

batch studies^ Like many other workers, he also concluded

that values of the kinetic Parameters could change with feed

concentration, particularly Um and Km* The change in

degradation rate resulting from variations in the feed

concentration was so large that he proposed the inclusion of

a feed concentration term in the Monod model°

In the studw bw Lmwandowski, et al (45), Phenol

degradation was found to follow a first order Grau model

with a rate constant of 0^04 /hr~ Phenol concentration up

to 500 ppm was studied in an aerated fill-and-draw reactor

at 26 C, They concluded that the addition of a co-substrate

(sucrose) did not change the rate constant, but considerablv

increased the lag time. The pH was maintained close to 7^0

for all the experiments* The seed organism used was.

obtained from the same source as the one in the present

experimental work~
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Some amount of work has also been done to study the

inhibition to phenol degradation bw cvanide and

thiocyanatesv largely due to their concomitant existence in

coal plant wastewaters (8v4040490203,6068)^ Neufeldv

et al (53) found that the presence of CNS- significantlw

inhibited phenol defradationv obtaining an eouation of the

form :

U = 0,275 S/ [ 2^11 f 1^67 \ASCN) + S]. Where SCN is

thimcyanate concentration. Shivaramany et al (68) also

observed inhibition due to caanide at CN concentrations

greater than 25 ppm+ Sinnificant decomposition of

thiocvanate was observedr but cyanides were relatively

recalcitrant~ On the other hand, Bhattacharya, et a% (8)

did not find any inhibition due to thioowamate~

Decomposition of di and trihydrmxyl Phenols like

resorcinol° ouinolr pyrogallol and phlorx»alacimol has also

been studied by a number of workers (501,18r5903).

Chambersy et al (11) found that catechol and resorcinol were 

readily oxidized, while auinol was slow~ Oxygen uptake for

them was comparable to Phenol while that for Phlmrmglucinml

was 1/4th and for Pwroaallml it was zero, Trihydrokvl

Phenols were much more resistant, Tahak, et al (73)

observed that the descendina order of biodegradability for

the above compounds was; Phenol, catecholy resorcinol,

ouinolv Phloroglmcinol and pyrowallml° Identical

16



observations were made by Barth (5) and Bunch (10)^ Flitter

(59) obtained degradation rates of 80 m5 COD/hr^gm of MLSS

for phenolv 57^5 for resorcinol, and O for pyrmgamllol^

B^ CHLOBDMOQLS1

Considerable work on ohlorophenoIs indicates the

general trend of a sharp decrease in degradability with an

increase in chlorine content^

Pitter (59) obtained rates of biodegradation of 25 and 

11 m5 C0D/hr,9m of MLSS for O and p ch1orophenml

respeotively° The experiments were conducted using an.

activated sludge at pH 7^2 and a temperature of 20 C. The

feed concentration was 200 ppm on a COD basis,.

Oxygen uptake for most chlorophenolsv observed by

Chambers (11) was less than 1/3 that for phenol° He

conducted respirometric tests using 2seudomooas at 30 C and

PH 7, Cell suspensions were omitted from one flask to check

that no substrate was lost due to chemical mxidation. The

addition of successive chlorine atoms brought lower removal.

rates. Tabak, et al (73) found that m- and p- chlorophenols

were degraded from 100 v"pm each to 50 and 66 ppm

respectively at a rate at least four times slower than that

of phenal°

A detailed review on bi«»de,..Iradation of
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20-dichlorophenol (2,4-DCP) and 04-dichloroehemoxgacetic

acid (2,4-D) was made by Tyler, et al (76) using batch and

continuous cultures of Eseudomooaxa KIM= In batch runs

with 2,4-D at 25 C and pH from 6,2 to 6^9, the maximum

specific growth rate was found to be 0~14 /hr~ The same

value was obtained for 2,4-DCP at 25 C and PH 7^1-7,8 at

concentrations below 25 ppm, Growth for 2,4-DCP was

strongly inhibited above a concentrations of 25 Ppm, while

no inhibition was observed with 2,4-D at concentrations up

to even 2000 ppm^ At 2,4-DCP concentrations above 25 ppm» 

the maximum specific growth rate was found to be 0.12 /hr^

The data for 2,4-DCP at low feed concentration could fit the

Monod model with Um =0°14 /hr and Km = 5~1 mA/l; but at

higher concentration, it failed and a linear correlationv 0

=0~156- 0,00155 S, was Proposed. The Haldane model for

inhibition kinetics was also tried (see Table W. A

computer fit for the data was obtained for 2v4-DCP but the

correlation did not seem to be very good. Batch cultures of

Eseudomouas drown on 2,4-DCP showed a sharp increase in lag

and total defradatimm time with an increase in feed

camcentrstion^ Very similar observations are also made for

2,6-[CP in the present research work.

Sjmblad, et al (69) determined that a phenol mxidase

was capable of polymerizind 2-chIoropheno8° 4-chlormpMenoX,

2r4-DCPP and 1-bnomo-2-ohlormphenol^ This kind of oxidative
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coupling by Q^ eraticola leads to their oxidation at a

rapid rate even at room temperature^

Baker and Mayfield (4) did extensive experimental work

on cblorophenol degradation~ They made sure that o-CP and

2v6-DCP were not photolwtically decomposed at 23 C by

conducting their experiments in the dark for both aerobic

and anaerobic conditions. In aerobic de.-iradation, 2,6-DCP

took 18 hours for 100 % decomposition, while 2,4-DCP, and

3v4-DCP took more than 40 and 160 days, respectively for 81

% removal° The o-CP took 36 hours for complete remmovalv

while P-CP and m-CP tooh more than 20 and 160 days

respectively ( 83 % removal). Increasing the number of Cl

atoms consistently reduced the biodegradability, and the

Presence of Cl in the meta Position made the compound much

more refractory (which is consistent with theoretical

predictions)~ The experimental work was conducted at 23 C

with 100 ppm feed concentration in a clay loam soil for all

the cowpounds° Thus this study was not done in am 

bioreactor~ They noticed that in the absence of

micro~mrganismew non-biological degradation of chlmrophenol

did occorr which increased with temperature and was

dependent upon the position of Cl atoms (with the ortho

posit1on being more susceptible). This mechanism did not

appear to involve significant volatilization or

photodecompositiom° However, like phenol, ch1mrophemmls
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could undergo auto-oxidation, thoush at a much slower rate,

Thew also reported that under anaerobic comditionsr

micro-ormanisms were incapable of degrading any

chlorophenol.

Identical observations were made by Barth (5)v and

Bunch (10) about the effects of chlorination on

biodegradability. The experiments were done using a Warburg

respirometer at 30 C with 100 ppm concentration of o- or

m-chlormphenol, 2,4r6-TCPr and 2v6-DCP, 2,4-DCP was also

tried with a feed concentration of 60 ppm,

Dence and coworkers (18) studied chlorophenols removal

using the fungus AseargilIus fumigatus and came to the same

conclusion* 2y4v6-TCP had the greatest effect of all the

Phenols tested in reducing the growth of the fungus^ For

the fungi Iriebodemma kauiogii and 2eoicillium uariablev 25

Ppw concentration of 2°4,6-TCP was sufficient to prohibit

growth; but for Assergillus c,igec, Aseersillus fumigatus,

2aecilomyces uariati and CIadoseorium becbarump Just 10 00m

of 2,4r6-TCP was sufficient for growth inhibition,

All of these fungi could crow on more than 200 PPwm of

Phenol without any serious inhibition, Thew also confirmed

that biodegradability of Phenols was structure relatedp the

nature of the substituted group, number of such groups, and

their positions, all play important roles* Other workers

like Barth Mr Bunch (105 Pitter (595 l[abmk K73045
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Chambers (11) etc, also came to the same conclusions.

Parisi, et al (55) used Pseudomouas autida to study the

biodegradation of halophenoXs like o-CP, p-bromophenoln

p-cyanophenoly p-cresolv p-nitrophenolp etc^n and developed

a relationship between rate constants and the electronicw

steric or hydrophobic characteristics of the compounds, In

contrast to most workers, they found biodegradation to be of

2nd order in terms of substrate concentration and reported

rate constants of 7xI0(-12) and 1^7x10(-12) l/hr/organism

for phenol and p-CP° respectively*

Lewandowskir et al (45) investigated microbial

degradation of o-CF' up to 40 ppm in a batch reactor with an

activated sludge~ They found the removal to follow a first

order Grau model with a rate constant of 0~002 /hr at 26 C°

Tabak and coworkers (74) studied a large number of

chlorophenols and other aromatics for their biodegradability

using a static culture-flask procedure~ Though they came to

almost the same conclusion as others, the usefulness of

their data is ouestionable for a variety of, reasons~ The

static-flask Procedure neither simulates what happens in

Nature nor does it Portray the industrial wastewater

treatment plant~ They did not provide any information about

the cultures used and the concentrations used for the feed 

compounds were also very loow, ( less than 15 ppm ). Bunch

himself has cautioned about the usefulness of such
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Procedures in developing a commercial design.

PentachIorophenol (PCP) removal has received special

attention because it is being used extensively as m

fungicide and bactericide in wood preservaton^ According to

one estimate (22), 5^5x10(6) gallons of wood Preserving

wastewater /day loaded with 40-100 ppm PCP is released

nationwide which must be treated before discharge due to its

toxic properties~

Kirch and EtzeX (40) suceeded in removing PCP at 30

ppm feed concentration in the presence of a prescribed

nutrient broth (cosubstrate) at a concentration of 1000 Ppm°

The overall recovery of PCP carbon as carbon-dioxide varied.

from 2 to 50 X. In the absence of the nutrient brmthv the

total conversion was reduced by a factor of 2 but the

oxidation rate became higher, Hencev theg suggested that

PCP is probablv not a primarw substrate in the presence of

the nutrient brothr but it is cometabolized by growing cells

which use the broth as a x~rimary ener9w source^ The

composition of the broth was not specified. However, the

addition 20 pPm of Phenol as cosubstrate had no effect on

the rate of oxidation of PCP° In another study by Etzel and

Kirsch (22)y an activated sludge under aerobic conditions

was used in a continuous flow reactor at 30-25 C and pH of

7°8-8^0^ With PCP concentration varying from 20 to 60 ppmv

and detention time of 6 to 12 hoursv they were able to
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obtain 96 to 99f % removal of PCP from authentic as well as

contrived wastewaters^ They also described the removal rate

for a large number of chlmrophenoIs with the same sludge

under identical conditions~ Unfortunately, the sludge

composition (ie~ bacterial culture) is not described,

Wallin? et al (78) also observed that PCP was far more

stable compared to Phenol for bio-oxidation^ In additionr

they found that in batch studies with an activated sludgen

PCP was not degraded but merely adsorbed by the bacterial

flocs^ This observation is muite different from those of

others*

Wukasch, et al (83) degraded PCP in a continuous flow

reactor from a feed concentration of 20 ppm to an effluent

concentration of 0,1 ppm, after an acclimation period of 90

days* Unfortunately, they have not mentioned the flow rate

at which the PCP was fed to the CSTBR^ They also found that

above 350 ppb concentration within the reactor~ the PCP

becomes toxic to the organisms. PCP degradation was found

to be first order with a rate constant value of 0^0042 /day.

The adsorption of PCP on the flocs was negli,4ible^

Similarly v air stripping of PCP was found to be less than

0~05 %° Labelled PCP was used and radioactive

carbon-dioxide was measured to study the biodegradation.

Baker and Mayfield (4) also found that PCP took 160

days for 80 % cmnversionv in aerobic conditions with 100 ppm
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initial concentration present in wet soil at 23 Cv using a

mixed culture~ In static culture-flask studies by Tabak et'

al (745 PCP was found to be degradable even at 10 ppm

concentration over a 2-4 week period,

Edlehill and Finn (86) were able to defrade 40-120 ppm

PCP in a batch scale activated sludge unit after 7 days'

acclimation~ Butv they found a law time of more than 2 days

when bacteria acclimated to 40 ppm PCP were subjected to a

shock loading of 120 ppm* The law time was considerably

reduced when a chemmstat culture of PCP-defradims bacteria

was fed slowly to the mixed limmor~

C, NIIEDEHEWOLS AND OIHEQ SUBSIIIUIED 2HENOLS.1

`

Chambersr et a8 (11) also investigated a variety of

nitrophemols° Addition of successive nitro groups reduced

the oxygen uptake and removal rate of Phenol* The oxygen

consumption was 1/3 to 1/4 that of phenol~ The degradation
`

of cresols was ouite rapid; in fact, faster than even

phenol, probably due to the electron releasing effect of the

CH3 Irmwps~

Sjoblad, et al (69) studied the biodegradation of a

variety of mitrophenols and amines^ They concluded that the

mitrmphenols and aromatic amines could not be oxidized

because of the presence of strong electron withdrawing
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nitrogen substituents which prevented the removal of an

electron from the Phenolic hydroxyI group,.

Similar observation was made by Tabak, et al (73)°

The bim-activity of cresols was found to be more than that

of phenml^ Other methyl substituted phenols were comparable

in biodegradability~ Substitution of a CH3 group in the

meta position was most favored for degradation, which is

exactly opposite to the case of a C1 or NO2 group which

withdraw electrons from the ring. In the static flask

study° mitrgphenol up to 10 ppm was easily degraded in a one

week testy but the addition of more NO2 groups sharply

reduced the removal rate~

Barth (5) concluded that the addition of a methyl

group at the Para Position resulted in a higher 02 uptake

rae but a lower conversion, while o- and m- cresols showed a

higher oxygen uptake rate as well as conversion. The

Presence of chlorine groups deactivated the effect of CH3 in

dichlormmethylphenoI^ Nitrophenol decomposed at a much

slower rate but with an increase in nitro groups on the

ringv the removal efficiency increased, which would be hard

to explain on theoretical grouRds^

pitter (59) reported more than 95 % removal of

nitropheRol at a rate of 17 mg COB/hr~gm of MLSS. The feed

concentration of nitropheno} was 125 ppm° Cresols were

removed at the rate of about 55 m-t COD/hr~gm of MLSS at 95 %
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efficiencyr compared to a rate of 80 msi C8D/hr,gm of MLSS

for phenol~

As Previously mentioned, Dencev et al (18) studied the

degradation of some substituted phenols using different

fungi and bacteria in shaker flasks at 28 C~ The pH was

maintained at 740~ The substitution of a CH3 group in

trichlorophene% immediatelv improved the inhibition

concentration reouired for all fun!Aii from 10 ppm to 25-50

Ppm° Methyl-catechol was more active than even phenol^

Paris and coworkers (55) found nitrophenol degradation

to be of 2nd order with a rate constant of Im1O(-13)

l/hr^organism which was 70 fold less than that for phenol,

The experiments were done in batch with E^ emtida

It is also of interest to view the effect of methoxy

groups on Phenol or benzene. Most of the above workers

observed that the 0CH3 group increased the resistance to

degradation~ The Presence of Cl and OCH3 groups together on

Phenol seem to make it highly recalcitrant (18)~

D^ 8ENZENESx CHLORO8ENZENES AND QIZQOBENZENES1

As the theoretical predictions su!gNest (see the

chapter on Structural Chemistrm and Biodegradability ), the

experimental biode:qradation rates of benzene, halobenzenes

and nitrmbenzenes were found to be much slower than for
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phenol, by most workers.

Tabak.p et al (74) surveyed the biodegradability of

benzene,, chlorobenzene(CB)r 1,2-DCB, 194-DCBr

trichlormbenzene, and ethylbenzene using static flask tests

at 25 Co For benzene, total biodegradation was observed at

5 and 10 ppm feed concentration over a week~ Most

chlormbemzenms were found to be significantly degradable up

to 10 ppm concentration~ With increasing chlorination, the

total removal as well as removal rate, both decreased^

Hexachlmrobenzeme was most recalcitrant~ However, o

significant accumulation and loss of biodegradability were

observed in second and third generation populations~

Nitrobenzene was completely biodegradable up to 10 ppm in

all Populations over a weeks' time^ As expectedp the

addition of more nitro groups decreased the

biodeNradability~ Of courser the usefulness of such data

from the static flask test remains ouestionabIe~

In the study of Rittmann and Kobayashi (63)° it was

found that a very low concentration of chlorobenzenes

Presented a special problem because the rate of cell growth

was less than the minimum necessary to sustain the

micro-organisms~ The inducible enzymes are not synthesized

because the substrate concentration is too low for

maintaining the cell metabolism~

In contrast to Tabak, Pitter (59) found that
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1,3-dinitrobenzene (DNB) and 1,4-IINB were among the few

compounds out of 123 tested that had zero biodegradability.

Nitrobenzene was found to be completely degradable at a rate

of 14 mg COD/hr.gm of MLSS.

Barth and Bunch (5) tested a variety of nitrobenzenes

and chlorobenzenes at 100 PPM according to the method

reported previously. As opposed to others, they found that

the activity of chlorobenzene to be the lowest and actually

below the endogeneous level. Addition of more nitro groups

increased the degradability significantly (this is

inconsistent on theoretical grounds ). Benzene removal was

very slow and increasing the chlorine content on the ring

decreased the removal rate as expected. All the tests were

done using Warburg respirometer. Each test was run over 200

minutes and the oxygen measurements were done every 10

minutes.

In another experiment, Chambers and Tabak (73) used

the shaker-flask test for phenol adapted bacteria. 100 PPM

each of benzene, chlorobenzene and nitrobenzene as well as

their derivatives were degraded at room temperature and at

PH of 7.2. Least degradation was observed for nitrobenzene.

Though inconsistent with theoretical predictions, increasing

the nitro groups on the rin5 seemed to increase the

degradability. The reverse was found to be true for chloro

groups. All the rates were much less compared to that of
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Phenol* In respirometric studies, m-DNBp and p.-DNB were

removed up to 25 % in 180 minutes while 99 % removal of

Phenol was observed over the same time period, All the

nitro and chlorobenzenes were classified as highly

resistant~

In the survey of 104 compounds by Chambers, et al (11)

benzene and its halo and nitro derivatives were very slowly

oxidized with rates at least 3 to 4 times less than those

for the analogous phenolic cmwpounds^ The respirometric

measurements were conducted at 30 C using Eseudomaoasv with

a pH of 7^0~

EA. BENZOIC ACID- AND IIS QERIVAIIVESIL

In the survey by Chambersv et al (11), the degradation

of benzoic acid and its derivatives was found to be ouite

rapid, Hmwevery the addition of nitro and chloro groups

readily decreased the removal rate, Similar observations

were made by Tabakr et al (73) for 100 ppm concentration of

various benzoates^

Barth and Bunch (5) reported high removal rates for

benzoic acid at feed concentrations up to 100 ppmv which

decreased with increasing substitution of NO2 or Cl !groups

on the ring^

Pitter (59) observed 99 % removal of benzoic acid at a
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rate of 88^5 mg CQD/hr,-Im of MLSSv compared to about 92 and

50 % removal of nitro and dinitrobenzoic acid at the rates

of 20 and 7 mg C0D/hr^9m of MLSS respectively,. The

experiments were conducted under the same conditions as

mentioned before+

Shamat and Maier (67) reviewed a number of

chlorobeezmic acids (CBAs)v and dichlorobenzoic acids in a

continuous flow reactor seeded with micro-organisms^ o-CBAr

p-CBH or 2,4-D were fed at concentration of 50, Illy and 98

ppm respectively^ All the experiments were carried in the

dark at 20 C+ o-CBA and p-CBA had at least 6 to 12 days lag

while the lag for DCBAs was even larger~ The values of

kinetic Parameters were evaluated using the Momod model~

The values were not very different for batch and continuous

rune, The main bacterial species was 2seudowouas~ The

observed lag was attributed mainly to the low initial

biomass concentration and to the unavailability of the

enzymes to metabolize the target substrate^ In additior"y

the metabolic capabilities were stable and did not disappear

even if the substrate became unavailabIe^ The meta

substitution made the benzoic acid even more recalcitrant~

Extensive work on various benzoates up to 16 ppmm feed

concentration was done by Haller (29) at 30 C^ The

experiments were dome in shaker flasks with an activated

slmd-4e^ The time lag for degradation was in the order'#
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benzoic acid < nitrobenzoic acid < chlorobenzoic acid, The

Presence or absence of an easily metabolized carbon source

did not seem to affect the biodegradability^

DiGeronimmw et al (19) observed that all the

mmmochlorobenzenes (MCBs) were rapidly dedraded, in the

orderx o > p > m; while the DCBs were very slow, Addition

of a cosubstrate Qlucose or sodium benzoate) did not affect

the rate of degradation of any of the substrates~ The

experiments were conducted using an activated sludge

die-away system in a well aerated 2 l Erlenmeyer flask at a

DO concentration of 6-8 ppm at 25 C and pH of 7^2°

Hartmann, et al (31) explored the degradation of m-CRY

P-CB and 3v5-DCB using 2seudomooasr and measuring the rate

of oxygen uptake at 28 C, The substrates used were the sole

source of carbon and enerly~ The cells were acclimated for

4 weeks with 3-chlorobenzoate at 3^66 ppmv and then tested

with other benzmates^ Complete removal was obtained for

4°71 ppm of m-CB and P-CB in 14 and 11 hours while 5~79 ppm

of 3Y5-DCB were removed in 29 hours, Elimination of

mrzamically bound Cl as hydrochloric acid in the system was

indicated by accompanying acidification of the medium.

Metabolic pathways for their degradation were also suggested

( see Figure #6)~
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EA. 2OLYCULO8INAIED B22HENYLSID.

Liu (46) conducted the biodeNradation of commercial

PCB formulations (Aroclor 1221, 1016, and 1254) in a

simulated batch and continuous wastewater treatment process

at 20 C and DO content of 2 ppm, The main bacterial

Population was 2seudomouas sa.& 2502^ The sludNe was

acclimated with Aroclor 1221 for 3 days~ In the continuous

runsv 50 to 100 ppm PCB emulsion was fed at a rate of 13-26

ml/hr in a 10 l tank. This was about 31,2-62,4 mst Aroclor

1221 per day^ As the retention times for such runs were

hidh (16-32 days), all the seven mono and dichIoro biphenyls

of Aroclor 1221 were found to be totally de!Elradable° A 

number of interestinN observations were made~ Biphenyl was

most easily metabolizedy while the addition of successive

chlorine atoms sharply reduced the metabolism. The position

of C1 substitution on biphenyl molecule is important°

Aroclor 1016 and 1254 were much more resistant since they

contained a hi!~her percentaNe of tri and

pemtachlorobiphenyls~ A significant improvement in

degradation was observed when the reactor was switched to

batch operation~

Perhaps the most extensive and systematic study on

PCBs was conducted by Furukawa, et al (26)^ The study was

divided into 8 !groups depending on the extent and Position
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of Cl substitution^ The effect of cell concentration of

species Alcalideues and Acioetabactec was also studied°

They concluded that PCBs containing 2 Cl on either ortho

position of a single ring (2r6-) or on both rings (2O/-)

were most recalcitrant^ The same total number of Cl atoms

degraded faster if present on one ring rather than

distributed on both rings, Ring fissure was preferred for

the ring with the least number of Cl atom. Yellow colored

intermediates (chloro benzoic acids) were formed, The rate

and extent of removal sharply decreased with increasing

chlorination, Both microbial species were able to degrade

mono chlorinated biphenyl at a rate greater than 8,1 ppm/hr

after 1 hour of incubation^ Dichlormbiphenyls except

2,6-DCB showed a similar rate~ 2,6-DCB, 2,3v6-TCB degraded

at a rate lower than 0^66 ppm/hr~

Tucker, et al (75) reported that 2^ nutida oxidizes

the PCBs through 2w3-dihydrm-2,3-dihydroxybiphenyI and

benzoic acid route, They used a semi-continuous procedure

with a locally obtained activated sludge culture, acclimated

over 3; weeks with glucose* The PCBs were dissolved in

ethanol due to their low smlubility. Measurements were made

at intervals of 30 minutes for 48-72 hours* They concluded

that the level of chlorination was the most significant

factor in biodegradation, The PCBs lost due to stripAinnW

were found to be 4,2, 60r and 3°6 % for Aroclmr 1221, MCS
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1043 and Aroclor 1016 respectively^ The mono and dichloro

compounds were not very difficult to degrade but the rest

were much more recalcitrant^

Baxter, et al (6) conducted batch studies (shaker

flask) with an activated sludge at 25 C in the dark. The pH

was adjusted to 7°00° The feed concentration of PCB was 100

ppm, They also concluded that the degree and pattern of

chlorination would determine the extent of biodegradation.

Some of the lower chlorinated compunds which appeared to be

only slowly degradable when alone, degraded ouite readily

when present in the mixture (e^g^ 4,4'-dichlorobipheny1

Present with biphenyl). Cometabolism was suspected for the

enhanced biodegradation of certain PCBs when biphenyl was

added as a cosubstrate~ Organisms which had become adapted

to a simple PCB were then capable of metabolizing more

complex structures.

Choiv et al (12) used an activated sludge from a

municipal sewage treatment plant to study the degradability

of PCBs in a continuous system with 5-10 hour retention

times^ The DO was maintained at 4 ppm^ The PCB was

dissolved in butanol and emulsified in wastewater using

ultrasonics^ Contrarw to others, thee did not observe

significant degradationv instead the PCB was found to be

adsorbed on the surface of the suspended materials in the

sludge. Hence, a high concentration of the PCBs in the
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sludge created sludge disposal problems+

Won:El and Kaiser (82) analysed various commercial

mi-ttmres in a shaker flask study with bacterial speciesq.

Acbromobacter sa^ and 2seudomouas se^, No inhibition was

seen up to 1000 ppm of various Aroclors (122191242,1254) in

109000 ppm glucose medium^ 500 ppm Aroclor 1221 and 1242

were easilw used as carbon source for growth (this seems to

be hi.,~hly improbable due to their insolubility and stabilitw

toward biological attack)^ Over a period of one month

Aroclmr 1221 and 1242 were totally degraded into several

metabolites of lower molecular weight. Biodegradability Was

strongly dependent on the extent and position of

chlorination^ The degradation rates were found to decrease

in the order biphenyl > 2-chlorobiphenyl > 4-chlorobiphenwlo

Clark, et al (13) investigated similar PCBs in the

shaker flasks with different enriched soil bacteria in the

dark at 26 Co The cultures were charged with 7 ppm ArocIor

1242 or other formulations, and the degradation was studied

for 5, 10 and 15 days, Identical conclusions were reached

about the effects of chlorination* Cometabolism of PCBs in

the Presence of sodium acetate was also studied.

Degradabilite of the higher chlorinated isomers was Nreatlm

enhanced in the Presence of a cosubstrate, The bacteria

were growing on acetate which was easilm metabolized and the

enhanced growth improved the PCB mxidation^

35



Ahmed and Focht (1) were able to isolate two species

of Acbromobacter usinz p-chlorobiphenyI and biphenyl as sole

carbon source at a concentration of 1000 ppm~ The

exx»^eriments were dome at 28 C in a shaker-flask for 36 and

66 hours respectively~ The degradation of P--CB was

accompanied by the formation of an intermediate

p~-chlmrobenzoic acid~ Biphenyl as well as p-CBv both were

rapidly degraded~ Biphenyl formed benzoic acid as an

intermediate~ It was Proposed that the cleavage of the

unsubstituted ring was favored over the one with chlorine

attached to it, Chloride was not released. No further

degradation was observed since bacteria were incapable of

forming enzymes to mineralise the intermediates to

carbon-dioxide, water and hydrochloric acidy and the C-CI

bond could not be cleaved,

Herbst and others (32) studied degradation of 2,5,4^

tnichIorobiphenyl and 2,4r6,2~,4`-pentachDorobiphenyl and

chlormaIhylene-9 at concentrations of 0,170, 0~231 and 0,356

ppmm respectively, An activated sludge was obtained from a

municipal sewage treatment planty with experiments performed

at 8-14 C in a batch reactor^ The PCBs were dissolved in

ethanol before being inJected° Samples were taken every

hour for 6 hours° 90° 15 and 10 % of chloroalkylene-9x TCB.

and pemtachlorobiphemyl were removed respectively^ They

concluded that all the PCBs were almost undegraded by the
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activated slgdgev but rather were merely distributed between

water and slud5e^ Thus the isomers with high Cl content

were very persistent, These findings are similar to those

of other investigators (12)~

The study conducted by Reichardtv et al (61) showed

that micro-ordanisms from Alaskan seawater were capable of

de5rading biphenyl, 2-chlorobiphenyl (2-CB), 3-CBv 4-CB at

concentrations of 0^72 ppm, 0~28 ppm, 0~68 ppm and 0^54 ppm

respectively at 10 C, without aeration, over 21 days~ The

rates varied from 1^19x10(-3) ppm/day for biphenyl to

4^225x10(-4) ppm/day for 3-CB, The relative rates for 2-CB,

3-CB and 4-CB were 0^43x0°27 and 0°33 compared to BP~ The

only si5nificant product was carbon-dioxide~ No

chlorobenzoic acid or phenylphenol were observed as

W-Product. The effect of Cl Position on the ring was

evident from the relative rates^ It was concluded that meta

substitution had a treater rate retarding effect than Para

substitution, As the number of non-chlorinated p- and m-

P«nsitions increase on the biphenyl template° the rate of

biodegradability also increases°

Su, et al (71) reviewed a number of Aroclor mixtures

for their degradabilitv by an activated sludge in a batch

reactor, U autidav Acetobacter, Acioetobacter , etc^

cultures were identified in the slmdoe~ It was found that

Aroc%mr 1242 was more degradable than 1254 due to less
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chlorine content in the former. Accumulation of acidic

metabolites, mainly chlorinated benzoic acids was observed

depending on the nature of the parent PCB. Similar

conclusions as mentioned beforev concerning the extent and

Position of Cl on the rinlv were made.

G^ DIHER MONO AND 2OLYCYCLIC ARQWICS!

Saefer and Thompson (64) surveyed 32 halogenated

biphenylmethanes for their biodearadability using an

activated sludge and river water micro-organisms in a

mannetically stirred fill-and-draw reactor at room

temperature~ The results indicated that the DPMs having

substituents in only one ring were generally degraded more

rapidly, Surprizingly, DPMs with OCH3, CH3 and C2H5 groups

in the 2nd rimA appeared as refractors as those containinA

chlorine in both rings. It was suspected that steric

factors contributed to the decrease in biodegradability,

The presence of up to 2 substituents wielded about 97-99 %

removal Provided both were on the same ring. More than 2

swbstitments, or those on different rinNsy wielded less than

35 % conversion. The DPMs showed the following order of

decreasing biodegradabilitw%

2 > 04-

3 or 4 or 2,4- > 2v3v4-
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2r4v5- > 2,6- } 2,3,6- > 2,4,6-.

Omori, et al (54) used 2seudomooas at 30 C and pH 7~0

in a soil test study with resting cells to measure the

degradation of 16 aliphatic and halogenated aromatics in 24

hr tests. All but one were dehalogenated, and the halogen

was even cleaved from alkyl side chains of aromatic

compounds, The pH fell as halide was removed, This

increase in aciditw stopped cell growth and further

dehalogenatimw^ The removal of Cl from side chains

preceeded removal of Cl bound to the ring, They Proposed

that Cl was replaced by OH before the ring was cleaved (This

is theoretically umlikely)^ Non enzymatic dehalogewation of

various compounds was also seen^

Sjob%adw et al (69) investigated dewradati= mf~

amilinesw chloroanilinesv methoxyanilinesr and 1 and

2-naphthol^ An enzymatic phenol oxidase from @x ecaticola

was found to be capable of Polymerizing naphthols hi

oxidative coup8inlw followed bw hydrolysis and ring

clmaVade, but chlorm and bromoanilines were not altered by

the Phenol oxidese~ A number of chlorophenoxvacetic acids

were found to form chlorophenols as intermediates^

Bailey, et al (85) studied the biodegradation of the

fungicide orthmphenelphenol (QPP) using an activated sludge

in river-die-awaa tests, 50 % decomposition took 3 hours in

the case of the acclimated sludwen 24 hours for virgin
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sludle, and a week for the river-die-away procedure~ 65%

of the carbon in OPP was converted to carbon-dioxider while

the rest was considered to be metabolized as cell biomass.

In a batch study by Pitter (59) with an activated

sludge at 20 C, pH 7~2r and at an initial concentration of

200 ma COD/l, it was found that more than 95 X decomposition

of the chloroanilines occured in 120 hours at deeMradatioo

rates varying from 6 to 17 mg CQD/hr.gm of MLSS~ 1 and

2-naphthol showed 90 % degradation with a rate of about 39

ma COD/hr.9m of MLSS^ The nitroanilines did not show any

degradation under these conditions, Significant total

deZradation of the methylanilines was observed although at a

much slower rate^ A number of other substituted aromatics

were also studied by Pitter^

Under the conditions mentioned previously, Barth, et

al (5) studied the degradation of benzaldehyde and its iara

hydroxyl derivatives* A high level of oxygen uptake Was

seen for both of them* Replacement of the hydroxyl by I

nitro group blocked the activity° Benzamide was also found

to be resistant^

Tabak, e% al (74) also studied a large number of

px»lycyclic and other substituted aromatics under the

conditions aforesaid, Naphthalene was found to be most

readily biodegradable. Except for Bis-

(2-etwlhexyl)phthalate ([HPE) and di-n-octyl phthalate
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(DOPEK all others were r«eadilq removed at an initial
^

concentration up to 10 ppm. Compounds like anthracene,

phenanthrene and other tri and tetracyclic aromatics were

highly resistant.

In another study by the same croup, the nitroanilines

were found to be highly recalcitrant~ At 100 ppm feed

concentration only 25 % oxidation of nitroaniline was

observed in the shaker-flask study using an activated sludge

bacteria at room temperature. This was attributed to the

NO2 dromp~ The oxidizability of nitroanilines was in the

order m < p < o,

Chambersp et al (11) made similar observation in the

batch culture studies for benzaldehydes~ While aniline was

found to be as degradable as toluene, nitroanilines were

found to be very resistant. m-MA was most easily degradable

ammma all nitroanilines*
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III^ SIRUCIU8AL C8EMISIBY AND BIODEGRADABILM

This chapter can be divided into 2 parts:

(1) The first part deals with the nature of the

carbon-hydroxyl, carbon-chlorine and other related bomdsv

and their strenoth, stability, and susceptibility to

nncleophilic and electrophilic attack* An attempt is

therefore made to predict the general behavior of a variety

of substituted aromatics towards biological oxidation on the

basis of electron distribution and energy stabilization~

(2) The second part deals with experimental findings of

numerous workers about pathways/ metabolism, and

intermediates for a variety of aromatics subjected to

microbial action. Generalized trends have been established

based on experimental evidence~

Extensive research work has been done since 1940

concerning the mechanisms of biodegradationv the metabolic

Pathways involved and enzyme reauirements^ Chemical

reactions involved in biodegradation of an aromatic

structure are extremely complex and are not precisely knownr

though in the last 2 decades considerable progress has been

made in prediction of the most probable overall mechanisms

consistent with electronic theories of bond formation and

structural stability.

In general an electron releasing group like CH3 on a
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benzene ring facilitates bacterial attack and deZradation,

while an electron withdrawing group like NO2 and Cl retards

the sctivitw° The factors affecting the biological

dewradability can be divided into 3 groups (59);

(1) Physico-chemical factors ( temPerature° solubilitwv

degree of dispersion of the compound in the medium, pH, and

dissolved oxygen content ),

(2) Biological factors ( history of the microbial

culture, its agev mannerx and time of its adaptation,

toxicitv of the compound and effects of other substrates )^

(3) Chemical factors ( size of the molecule, length of

chain, kind, numbery and position of the substituemts in the

molecule and stereochemistry ),

The first 2 factors can be controlled and manipulated

to some extent. It is the last aspect that really

determines a molecule's susceptibility to microbial action

and unfortunately nothing can be done about it except to

elucidate the structural stability in order to develop and

use the most suitable micro-mrganisms^

Some of these factors can be illustrated by examining

the seriest phenol, Pyrogallol° chlorophenols°

nitrmbemzenesv anilinesn and cresols^ But before doin!9

thisv it would be helpful to consider the nature of carbon

bowds. The bonds between C atoms and N or S or 0 or H are

mostly covalent, The valency electrons are thus shared to
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obtain a noble 5as structure (nS2mP6)^

In the case of benzene, the six C atoms have SP2

hybridization resultincl in 3 covalent si5ma bonds between

adjacent C atoms and H atoms. Resonance occurs between six

overlapping 2P orbitals in benzene so that 6 Pi electrons

are delmcalized over the ring; this arranElement minimizes 

their emergy^ This resonance energy stabilization makes

benzene least susceptible to bimdegradatioN°

Ideallyv the electrons between the C atom and the

other bondin5 atoms should be emual1w shared, but that is

rarely the case due to the hiElher electrone!jativity of one:

of the atoms^ The inductive effect arises due to the fact

that even in covalent bonds, the electrons are not eoually

shared* An atom with hidher electron affinity (e'°g#

halogens) pulls the electrons closer to itself. If

electrons are pulled away from the rinEl C by the suMstitoent

leadin~g to lower electron density in the rin!1, the

substituent is said to have -I effect~ -% and fI effects

for different siroups are listed below*+

~Ii+*+ H < C6HS < OCH3 < I < Br < Cl < F < 002

fI ++ H <* CH3 <C 2115 < CH(CH3)2 < C(CH3)3

The electromeric effect is a temparory effect induced

by the Presence of an attackin!A swbstituent in the vicinity

of an aromatic ring° For example, adding o 2nd Cl atom to

chlmrobemzene leads to the release of a lane pair of
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electrons from the Cl atom already present on the rin.-A~ It

is denoted as fE if the electrons are released to the rin.-A,

-E otherwise,

Mesomeric effects arise from the fact that no siniale

structure for a compound is able to describe all the

Properties of the compound, The actual structure of the

chemical lies somewhere between a series of structures^ If

the electrons are released towards the rin~g to obtain a most

stable structurev the substituent is said to have fM effect

(-M otherwise),

If the net effect of all the above interactions is to

withdraw electrons from the benzene rin!A, then the ring is

said to be deactivated towards electrophiIic attack^ This

is the case with haloc-len or NO2 substituted rin:gs° Table #2

shows the behavior of various groups with some specific

examples.

On the other handy the OH- group has an overall

electron releasinA effect as follows*+

(1) OH- group has a weak -I inductive effect in which pi

electrons are withdrawn from the ring*,

(2) Electromeric effect (fE) in which electrons are

released toward the rinsj*+

45



(3) Mesomeric effect (fM) in which a lone pair of

electrons of the oxygen atom is released to the

benzene ring*+

The sum of 'E' and 'M' is called 'T' (Tautomeric

effect) which is larger than the inductive effect in the

case of OH- substitutioP^ Hence, the ring is activated and

the attack of an electrophilic oxyr4en at the ortho or Para

Position is favored due to a high electron density at these

two sites^ Thereforev aa dihyrdmxyl alcohol is readily

formed^ This implies that catechol is the most logical

intermediate in the case of Phenol oxidation~ This is found

to be true as supported by a number of experimental

evidences° Catechol readily oxidizes to the corresponding

carboxylic acids.

On the other hand? the chlorophenols are far more

stable* The C-Cl bond ener~gya is very high^ Chlorination of

Phenol occurs by an electrophilic Cl+ ion reaction, Phenol

exists as a phenoxide ion in even a slightly Polar mediaw

again leading to an increased electron density at the «»ntho

and Para Positions where Clf attack is readily favmred^ The

resu%tin-ci chIormphenol has a lower resonance energy* One

mode of its oxidation reouires Cl be replaced by OH or CQOH
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via mucle»mphilic substitution. This reeuires a low electron

density at the seat of reaction. This is very difficult due

to the effect of Cl which introduces a certain amount of

double bond character in the C-Cl bondf thereby increasing

the electron density at the chlorine bound carbon atom~

The C-Cl bond length in a ring is 1^70 A while in an

aliphatic compoundv it is 1,76 A suggesting that Cl is

strongly attached to the carbon atom in the ring. This is

more unfavorable toward attack by a nucleophilic reagent

like OH- which reouires a low electron density in the ring

carbon atoms and separation of chlorine in sole possesslon

of its bondins electron pair as a negative chloride ion to

l
ive0 
 , (This is so because both the electrons

forming the C-Cl bond are in reality attached to chlorine

alone^ Hemcer if this bond is to be cleaved the electron

Pair must be possessed by chlorine because a ring C atom can

not hold 2 free electrons).

Therefore reactions like:

must remuire a very Powerful enzymatic action bw bacteria+
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Chlorine release before rinn cleavage has been

smlmested by a few workers (29) based on based on

experimental findinmsy but that does not alree with present

theory~ Haller's Proposition (29) for m-chlmrobenzonic acid'

deMradation via hydrolytic dehalogemation to live lentisic

acid as shown below, is very unlikely.
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Similarly, oxidation of ch1orobenzene via a phenol

Pathway also does not seem to be probable, because the OH-

attack at a chlorine bound carbon atom is not favorable. As

discussed later, it is therefore more appropriate to

consider the attack of an electrophilic oxygen on the rinl,

and subseouent rins cleavalev before chlorine release~

Since the further addition of Cl atoms continues to withdraw

electrons from the Only it reduces the probability of

oxygen attack~ This explains the recalcitrance of

polychlorinated aromatics toward microbial attack^

The nitro group also has an electron withdrawin!A

characteristic when attached to a rinn This makes^

nitrobenzene less susceptible to degradation than benzene^

The example of p-chIoronitrobenzene is interestind because

the electron withdrawins nitro group, with a higher

electronewativity than the Cl Aroup, opens the way for



attack of nucleophilic OH- at the p POSitiOnv leading to the

formation of nitrophenol. This is shown below.

The Presence of a methyl group on the aromatic ring

produces only a +I effect. The pi electrons are released in

the ring. Electrophilic ox en attack is readily favored,

and hence, xwlene is more rapidly oxidized than toluene,

which in turn is more rapidly biodegraded than benzene. The

same is found to be true about the cresol and phenol Pair,

Similarly, nitrophenol can be expected to be

relatively easily biodegradable compared to nitrobenzene due

to the electron releasing effect of the OH grouP. Aniline

is less biodegradable due to the electron withdrawing

character of the NH2 group. Nitroaniline is even more

recalcitrant due to the presence of 2 electron withdrawing

groups of comparable strength.

Most bacteriologist and biochemists have unanimouslw

accepted that dihwdroxwlation is a first step toward

enzwmatic fission of the benzene ring (14,15,16,24,25,26,

28,51,70,79,84). Although the compounds that undergo a ring

fission may vary in their nuclear substituents, thew all

have 2 hydroxyl groups. The hydroxyl groups may be ortho to

each other as in catechol (29,33,84) and protocatechuic acid
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(14) or Para to each other as in gentisic and homogentisic

acid. These structures are shown below.

Catechol has been found to he an essential intermediate

before ring fission in the microbial degradation of phenol

benzene, naphthleney o-cresoly Phenanthreney anthraceney

benzoic acid, etc. Protocatechuic acid has been found to be

an intermediate prior to ring fission for m-cresoly

P-cresoly phthalic acidy P-hydroxwbenzoic acid and

p-aminobenzoic acid (14,15,16,23,24,28). Thus, catechol and

protocatechuate play a critical role, and most studies have

concentrated on these two compounds. Evansy et al (24) and

Gibson (28) have proposed reaction schemes for degradation

of a variety of aromatics via catechol and protocatechuate.

The enzYmes catalyzing the hydroxylation of the

aromatic ring have been termed as mixed-function oxidases.

In such reactions one atom of oxygen is incorporated into

the substrate molecule. In, the presence of a suitable

electron, donor (like NADH2y the reduced form of Nicotinamide

Adenine Dinucleotide ) the other atom of the oxygen molecule

is reduced to water. If XH2 is the donors

R-H + 02 + XH2 ----> ROH + H20 + X

OR
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R-H f NAD(P)H + Nf f 02 ----> ROH f NAD(P)+f f H20

Hypothetical Pathways for the formation of catechml

from benzene are shown in Figure #1 (28)^ A similar pathway

is also proposed for protocatechuate from benzoate. Further

denradation of both can occur in numerous wags^

However, no general consensus exists among

bacteriologists about position, mature° and Products of ring

fission. This is becausev the action of enzymes is

extremely specific and depends on Physical factors like pH,

and temperature. Different strains of even the same

speciesv like Pseudommmesr have shown different types of

ring cleavage (16,2W This is so because different

bacterial species activate molecular oxygen in different

waes° Oxygen has two unpaiped electron spins and the

molecule is paramasnetic (pseudo-paramagnetic). Since

carbon in the organic compound is in a singlet stater

concerted reaction with oxygen are spin forbidden. In order

to react, oxygen must be activated in a controlled manner by

means of an enzyme-mxwgenase° A scheme for the degradation

of protocatechuate by 2^ eutida is shown in Figure #8 (28)^

It is now confirmed that further metabolism of

catechml can occur at least via 2 Paths as detected by

Feisty et al (25)4 A large number of Pathways are proposed

for further oxidatior`v it is not pogsible to describe all of

themv although the most general schemes are Presented:
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(1) Catechol is cleaved in the ortho position by

02-oxygenase between two carbon atoms bearing the OH

wroup and metabolized via the B-ketoadipate pathway

as shown in Figure #2,

(2) The meta cleavage of catechol by 20-oxygenase between

the carbon atom bearing the OH Broup and the adjacent

carbon atom carrying a carbon side-chain* This is

shown in Finure #3, This is the most common pathways

in micro-organisms (16v28)^ Catechol is converted to

pyruvate without evolution of carbon-dioxide, and the

only consumption of oxyBen is that needed for rin.cA

fission. The detailed action of 2,3-dioxynenase is

discussed by Gibson, et al (28)^ The oxylen combines

with ferrous in the enzyme to form perferyl ion. The

oxylen is then activatedv and catechol is attacked to

form a peroxide intermediate which undergoes

molecular rearransement to form 2-hydroxymuconic

semialdehyde,

Metabolism of toluene and isoproPylbenzene by 2^

autida leads to the formation of orthodihyroxy compounds in

which the side chains are left intact^ It is therefore

extremely likely that many aromatics underso an enzymatic

hydroxylation of the aromatic nucleus in preference to

deAradation of the side chain (28)~ This was also observed
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by BaAleYx et al (15)~ The cleavaae of cresol after

addition of another OH group occured with the methyl group

intact as shown below (15)^

On the other handy another strain of 2^ eutida was able to

cleave methyl catechol «»nls« after cmmvertins the methyl

croup to carboxyl^ Dawley also Proposed a leneraX scheme

for the oxidation of substituted catech«vl by meta cleavage

Dawley, Evans and Ribbons (16) also proposed most

likely Pathways for defradation of benzoates° They found

that micro-oraamisms which denrade polycyclic aromatic

compounds like mapk»thIener agthracene, and ehenamt#renes

employ a stepwise end-rinn attack Kving alternate routes

(18)^ That isp the attack on the second or third ring would

depend upon the nature and position of the first rin:9

cleaved because the electron distribution would be

s1noificantly different in different cases*

Evaosv et al (24) found that 2^ fluoresceos Produced
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catechol as an intermediate in the degradation of benzoic

acid. They concluded that B-ketoadipate was the central

metabolite in the biodegradation of benzene, phenol,

catecholv and even protocatechuate^ A similar conclusion

was also drawn by Stanier, et al (70)^ Harris, et al (30)

showed identical results while degrading phenols with yeast^

McKinney, et al (51) studied the degradation of

phenol, o-, m-, and p-cresols, benzoic acidsv etc^ in an

aerated batch reactor using an activated sludge^ Warburg

respirometric measurements showed different metabolic

Pathways* Phenol metabolism was found to be via

B-oxidation, where catechol was not a reouired intermediate.

This is shown in Figure K.

An excellent discussion about the metabolism and

ultimate fate of other man-made chemicals has been given by

Dawley (14), Two factors play an important role* First,

the ability of microbial enzymes to accept the chemical as

substrate^ Second, the ability of this substrate to induce

or depress the synthesis of necessary degradative enzymes.

Any naturally occurins substitution readily activates the

ring for bacterial attack. For example, the p-methoxy group

in the pesticide methoxychlor is far more susceptible to

biodegradation than the p-chloro croup in DDT because DDT is

not synthesized in Nature~

Alexander (2) and Evans (23) found that degradation of
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chlorocatechol and chlorophenols is via ortho fission. The

cleavase occured before chlorine release, and the

lactonizins enzyme that released chloride ion from the

substrate has different properties from the correspondini

enzymes for chlorine-free substrate* Unfortunately, they

have not shown any defradation Pathway.

Haller (29) found that m- and p- chlorophenml both

denraded via 4-chlorocatechol with a wide variety of

bacteria. But, m-chlormbenzoic acid could degrade via

3-chlorocatechol, 5-chloro-20-dihydroxy benzoic acid, or

even by immediate hydrolytic dehalowenation throush gentisic

acid.

The study of Saeger and Thompson (64) showed that

phenylacetic acid was a likely intermediate in the oxidation

of diphenylmethanes^ A number of workers (1000590304)

have reported very hish resistance of trihydroxyl alcohols

compared to Phenol and catechol^ This might be attributed

to the fact that ring cleavage could not occur due to the

lack of suitable oxygenase to form carboxylate since all the

attack sites are stable due to uniform electron

distribution^

Hartmann and coworkers (31) have Proposed degadation

routes for chlorobenzoic acids (CBA)^ As suspected, the

Pathways are muite different from benzoic acid^

Chlorophenols would be expected to behave in a similar way^
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Chlorocatechols are found to be central metabolites for all

of them^ Identification of CBA pathways is important

because they are found to be intermediates in cometaboIism

of PCBs (1,13,61), These routes for 3-CBA, 4-CBA and

3,5-DCBA are shown in Fidure #6~ Chloromuconolactones were

considered as intermediates prior to the chlorine liberation

step in the degradation of all the CBAs, but they could not

experimentally verify their existence in all cases^

4-chloromuconolactone was detected in degradation of

3-ch1orobenoate with 2seudomoaas sa^813^ The degradation of

DCBA and DCP was also considered as occuring via the

dichlorocatechol route*

In the case of PCBs, the pathways are diverse since

the enzymatic attack would stron5ly depend on the number and

location of Cl atoms on each rin5, However, a weneralized

route was proposed by Ahmed, et al (1).

Anaerobic metabolism of phenol, and other aromatics,

is ouuite different from that of aerobic attack (23,5N^

The bacteria use inor5anic electron acceptors instead of

oxy5env and the enzymes produced are (predictably) ouite

different* The cleavase of the aromatic nucleus reouires

that extensive pi electron delocalisation must be altered by

hydration or hydrodenation because no oxy5en is available.

For benzoic acidv Evans (23) proposed anaerobic

photometabolism usin5 Rbodoaseudomouas aalustzis; nitrate
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respiration using Mocoxella saA and a methanooenic

fermentation route using mixed cultures, These are shown in

Figure #4^

They concluded that anaerobic degradation can occur

only after complete reduction of the benzene ring followed

bw hydrolytic c%eavage. Hydroven, carbon-dioxide and

methane would be released in the process^

Neufeld, et al (52) reported the findings of a number

of other workers on the anaerobic decomposition of phenolv

p-cresol, resorcinol, and benzoate* Total conversion of all

carbon to carbon-dioxide and methane was reported via a

number of intermediates. Two distinct steps werer

hydrogenation followed by alicyclic rins-fission and

methanowenesis of alicyclic byproducts^ On the other hand,

anaerobic non-methanowenic phenol degradation showed

distinct substrate inhibition above 686 ppm feed

concentration. The metabolism is shown in Figure #5^
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IV, EX2ERIMENIAL A22ARAIUS

A^ BEACIOB SEIcU21.

The main set-up consisted of two working reactors and

one acclimation tank.

The accumulated activated sludge was immediately

aerated in a 5 gallon glass tank* Another five gallon tank

was used to supply nutrients and acclimatint substrate (500

ppm phenol) using a peristaltic pump (Game instruments,

model 375A, Div, Orion Research, fitted with one mm id

tubes) at a rated of 1,225 l/day^ The feed lines were of

1/2" Tyson tubing,

The two reactors were of lucite, each one of

approximately four liter capacity~ Reactor-1 consisted of

6" o^d, and 5" i^d~ tube of height 13^5" mounted on

9,6"00" base^ A lid, 6,75"x6^5", with two 3/16" holes at

center, was provided. The reactor-2 consisted of 6° o^d^

and 5" i^d^ tube of height 106" mounted on 7"x7.4" base,

Three holes of 1/2" diameter on a lid of dimension 7°x7^4"

were Provided.

Laboratory compressed air was supplied to all the

reactors after passing it through a glass wool filter. The

air to reactor-1 passed through a rotameter which had a flow

range of 0-8 l/min^ While the air to reactor-2 entered via
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a rotameter with a flow range of 0-1~25 l/min^

The schematic diagram of a typical reactor assembly is

shown in Figure #9,

B^ ANALYIICAL EQUI2MENII-

During each experimental run, the following parameters

were measured:

(1) pH

(2) Sludge concentration (as MLSS)

(3) Substrate concentration

(4) Chemical Oxygen Demand (COD)

In the sample preservation and biocide experiments,

the pH was approximated using litmus paper, Later on, in

Phenol and 2,6-DCP runs, accurate pH measurements were

accomplished with a pH meter (Orion Researchy model 701A,

Cambridle, Mass,; accuracy up to 3 decimal difits)^

The sludge concentration was measured by a dry weight

technimue using an oven at 95 C.

The substrate concentration was measured using:

(1) UV Spectrophotometer (Perkin-Elmer model #571)

(2) Gas Chromatographs (Tracor model 0565, with

model 4770 Auto-injector, or, model #560 with manual

inJection). Both the GCs were connected to Hewlett Packard

3390A integrators. The chromatographs had 5'x1/8" S^S^
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column Packed with 5% sp 2100 on 100/120 Supelcoport~

The chemical oxygen demand was measured usind a COD

reactor heater (Hach model 416500) at 150 C and Kimax glass

digestion reagent vial with teflon-lined cap (both supplied

by Hach Chemical Company, P.O. Box 907, Ames, Iowa)^

An ammonia test kit was periodically used to measure

ammonia concentration in the sludle~

C^ MAIERIALS!

All the chemicals, phenol, 2,6-DCP and other nutrients

usedv were reagent arade. Phenol was obtained from J~ T^

Baker & Co. and had 99~8 % purity^ 2,6-DCP was obtained

from Aldrich Chemicals Co, and had 98 % Purity*

The activated sludge was obtained from the Livinuston

Wastewater Treatment Plant (N^J^)^ The MLSS of the fresh

sludge was about 2500 to 2600 ppm^

The nutrients were supplied in a C/N/P ratio of

50/14/3^ A number of other proportions like 7^6/1 (C/N),

100/10/2 (C/N/P)v 50/10/1 (C/N/P) and 100/23/4,6 (C/N/P)

have also been recommended (709,52,60), It is necessary to

have a slight excess of M and P when performing carbon

substrate degradation studies, so that the organisms are not

N or P limited,

For each tram of phenol, 0°17 sms of ammonium
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dihydrowen phosphate and 0^56 trams of ammonium nitrate were

added. Similar proportions were also used for 2,6-DCP.

L-Glutamic Acid (LGA), L-Histidine Hydrochloride

Monohydrate (LHHM), L-Lysine Monohydrochloride (LLMC),

L-Arginine Hydrochloride (LAH), and L-Cysteine (LCN) were

supplied by Aldrich Chemicals Cot and had an average purity

above 98 %^
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U^ EX2ERIMENIAL PROCEDURES

All the experiments were run at room temperature (26

C).

The GC conditions depended on the substrate* In the

case of phenol, the oven, injector, and detector

temperatures were 120, 250, and 300 C, respectively* In the

case of 2,6-DCP these temperature were 155, 300, and 300 C,

respectively^ The sample injection size, for both the

compounds was 3 ml, The attenuation for phenol was varied

from O to 3 while that for 2,6-DCP was kept at O^ The peak

width for both was 0,04 cm, Thymol was used as internal

standard for phenol analysis, In the case of 2,6-DCP, the

runs made before 1/1/83 had phenol as internal standard.

This internal standard did not give good accuracy and peak

separation. Hence, phenol was replaced by

1-chloro-2,4-dinitrobenzene. The retention time for 2,6-DCP

varied from 0^81 to 1,19 minutes, while that for phenol

varied from 0,59 to 0.80, The peak shift allowance for

Phenol and 2,6-DCP were kept at 10 and 15 %, respectively.

The flow rates of carrier was (nitrogen), hydrowen and

air were set at 40, 30, and 400 cc/min (at STP),

respectively^

The process air was supplied to the acclimation tank

at a rate sufficient to keep the solids in suspension and
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maintain a saturated DO level~ After 3/1/83, the sludwe was

also fed with 20 ppm amino-acids, once a week. The filtered

air was supplied to both the reactors during all the runs at

a constant rate of 1 l/min throush a diffuser stone^ The

slud5e was completely mixed in all the reaotors^

A^ AIR SIRI22UG EX2[RIMENIS1

Any biodedradatiom study must be accompanied by

examination of all other possible means of substrate

disappearance,

Two Possibilities existv besides biodearadation,

(1) Air strippind of substrate^

(2) Adsorption of the substrate on bacterial flocs,

and reactor walls~

As mentioned before, most workers have found that for

phenol, chlorophenols, and nitrophenols, the evaporation

loss was less than 3 % at air flow rates rannins from

0^5~1^0 l/min^ K,22v8090-92)~

Air strippins data was obtained in the present study

for 2,6-DCP at air flow rates similar to that used in

biodegradation itself ( 1 l/min, see Tables #3,4,5)°

The reactor tubing and diffuser stone were sterilized

by repeated cleaning with hydrovem peron«idev soap solution
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and water, 3^5 l of deionized water was boiled for 1/2

hour^ The solubility of 2,6-DCP in water is less than 150

ppm, hence a 100 ppm solution was prepared in distilled

water. This preparation was then used to charge the reactor

after dilutins it to the reouired concentration° 2 l of

diluted solution was used at the start of each experiment.

The experiments were conducted at 20, 30 and 40 ppm of

2,6-DCP^ Each experiment was carried out over 6-7 days.

Samples were withdrawn once or twice each day, The samples

for 20 and 40 ppm concentration were analyzed immediately by

GC (model #5605 while those for 30 ppm were refrigerated

till the experiment was over and then analyzed by GC (model

#565)^

B^ SAM2LE 28ESEQVAIIO0 EX2EBIMENIS1

The objective of this study was to determine the most

effective way of storing the samples during an experimental

run for later analysis.

The reactor was washed and sterilized, and charged

with two liters of activated sludge and phenol^ Samples

were taken at the beginning of each experiment as well as at

fixed time intervals, Five samples were taken for each

observation and treated as follows:

(1) Sample-1 was centrifuged for 10 minutes at 1200 rpm,
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immediately analyzed by GC, and then stored in a

refrigerator,

(2) Sample-2 was treated identically as sample-1, except

that isopropanol was added to inactivate the

bacteria* (10 % isopropanol concentration in the

sludle).

(3) Sample-3 was treated identically to sample-1 except

that after centrifuninl, the decanted solution was

vacuum filtered through a 0^45 Um Millipore paper and

then refrigerated,

(4) Sample-4 was treated identically to sample-3 except

that filteration was followed by addition of

isopropanol to a sample concentration of 10 %.

(5) Sample-5 was treated like Sample-3x but was not

refrigerated.

Periodic analysis was done to detect the sample

deterioration.

Sample-1 (without a biocide) showed progressive

degradation. However, the rate of phenol removal is still

very slow (0^14 ppm/hr) compared to the rate beinn measured
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in the bioreactor (170-213 ppm/hr, see Table # 29-34)° Even

thoudh this sample was the least preserved, its rate of

dewradation is less than the error in GC analysis dorins an

actual run~ Millipore filtration was more effective than

isopropanol in sterilizing the samples°

However, the use of ismpropanol to kill the bacteria

was discontinued Primarily because it interfered with the

Phenol peak on the GC. In most runs with phenolv and all

the runs of 2,6-DCP, 3 drops of 1000 ppm copper sulfate was

used instead as a biocide. Two experiments were performed

to determine the effectiveness of copper sulfate, 1000 ppm

copper sulfate was added to centrifused reactor samples

involving 2v6-DCPv and then refrilerated^ The samples were

analyzed periodically by GC, and the results are shown in

Table #8^ No significant loss of 2v6-DCP was observed~

Hencev in all the biodefradation rums, copper sulfate was

used as bactericide°

C^ 2x6=DC2 IONIZAIION EX2EPIMEWIS!

The aim of these experiments was to determine the

effect of variation of pH on observed readings on the las

chromatofraph^

For this purposev standard solutions of 15 and 20 ppm

2,6-DCP were made op with distilled water^
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1-chloro-2,4-dinitrobenzene was used as an internal

standard* The pH of the solution was varied by adding a

drop of dilute NaOH or HCl solution, and 2,6-DCP

concentration measured by GC,

It was found that the observed readings on the GC were

not sinnificantly affected (see Table W.

D^ UV DEGRADAIION EX2E8IMENIS

The objective of these experiments was to determine

the defradation of 2,6-DCP due to its exposure to UV

radiations for a prolonged time period. For this purpose,

two standard solutions of 15 and 20 ppm 2,6-DCP were

Prepared to which 20 ppm internal standard

(1-chloro-2,4-dinitrobenzene) was added^ Both the solutions

were immediately analyzed on a GC. Each mixture was then

stored in a closed vial at room temperature near a window,

facins direct sun-light for more than a week^ Each solution

was analyzed aAain (see Table *10)^ No sidnificant loss of

2,6-DCP was observed due to UV radiations from the sun over

a week's time^

E^ COD DEIEBMINAIION EX2ERIMIS

Chemical OxyIen Demand (COD) represents the amount of
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oxygen consumed in the oxidation of organic and oxidizable

inorganic matter in waste-waters, The theoretical COD can

be calculated from a balanced eouation for total oxidation

of the organic matter in to carbon-dioxide and water^

Knowint the theoretical and experimental COD, it is possible

to estimate the extent of mineralization of the organic

waste^

The theoretical COD for 2,6-DCP can be calculated from

the following emuation^

C6H3Cl2OH f 6,502  > 6CO2 f 2Cl f 2H20

Hence 1^276 mg oxygen/mo of 2,6-DCP are reouired for

total carbon oxidation,

The experimental COD was determined according to the

Procedure of Jirka, et al (96)^ A digestion solution was

made-up by adding 7^5 gms potassium dichromate, 10^0 gms

silver sulfate and 5.0 Ims mercuric sulfate to a 2^5 l

bottle of concentrated sulfuric acid, The mixture was

magnetically stirred and heated overnight to dissolve the

salts^ 5 ml of cooled digestion mixture was pipetted in a

screw top vial to which 3 ml of sample (or blank) was added^

The cap was screwed tightly on the vial^ Three such vials

were prepared for each sample. Water was used as blank in

same amount as any sample. All the vials were then placed

in a Hach dry-bath reactor heater for 2 hours and heated to

150 Co A 0~025 N solution of ferrous ammonium sulfate (FAS)
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was prepared by dissoIvins 19^6 sms of FAS in 1980 ml water

to which 20 ml concentrated sulfuric acid was added.

After heatinlv the samples and blanks were cooled to

room temperature. The contents of a vial were emptied in a

250 ml flask containing 50 ml of deionized water. The vial

was repeatedly rinsed with deionized water which was also

added to the flask. 5-6 drops of Ferrion were added as an

indicator, O^03 gms of mercuric sulfate were also added to

reduce the chloride ion interference. The mixture acouired

a greenish color. It was then titrated vs FAS solution in a

burette to a bright orange end-point^

The experimental COD was determined from the following

eauation:

COD (mg/1) = (V1-U2)xNx8000/sample size

where N is the normality of FAS solution (0^025 N), sample

size is the amount of sample used for each titration (3 ml),

and V1 and V2 are the volume of FAS solution consumed in ml

by blank, and sample respectively.

E^ 28EWOL AND 2,6=DC2 BIODEGBADAII001

The sludge was preacclimated to 500 ppm phenol for all

the runs^ During acclimation, 0,17 grams of ammonium

dihydrogen phosphate, 0,56 grams of ammonium nitrate, and

0^50 grams of phenol were added per liter of sludge, every
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day or alternate day for more than 15 days, In additionr

the acclimation tank was fed continuously with 500 ppm

Phenol (and a calculated amount of nutrients) at a rate of

1^225 l/day^

Before conducting experiments with 2,6-DCP, the phenol

acclimated sludge was spiked with 15 ppm 2,6-DCP in a batch

reactor periodically for more than 15 days. No dropwise

addition of 2,6-DCP was made in the reactors. Thus, for

Phenol and 2,6-DCP the sludge ace was at least 15 days and

45 daysv respectively^ The pH was measured once or twice

Per week in the acclimation tank, and whenever a change was

observed, sodium bicarbonate or ammonium bicarbonate were

added as buffer. Ammonia concentration was not measured,

All the runs were started with 2 l of total liouor in the

reactor, aerated at a rate of 1 1/min. All the experiments

were conducted at 26-27 C. Before spiking in the bach

ractor, it was checked that phenol concentration in the

sludge was zero*

No amino-acids were added in phenol runs, In certain

runs with 2,6-DCP (15 ppm concentration) amino-acids were

added at a total concentration of 20 ppm, Without

considering the effects of amino-acids, the C/N/P ratio was

kept at 50/14/3 at the start of each experiment^

At the completion of a runv if a significant pH change

was observed, sodium bicarbonate was added to the reactor to
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readjust the pH between 7,0 to 7^5 before proceedins to the

next run^ The pH of the reactor medium was measured

approximately every half hour in the case of phenol. In the

case of 2,6-DCP, the measurements were less fremuent because

the denradation rates were much less compared to phenol^

The mixed liouor suspended solid (MLSS) concentration

was measured periodically by withdrawins 10 ml of liouor and

emptying it into a preweished aluminium dish, The dish was

then dried at 95 C in an oven for about 12-24 hours^ The

final weight was then used to calculate the dry solids

concentration.

Samples (15 ml) for substrate analysis were taken from

the reactors at fixed time intervals, The samples were

centrifused for 10 minutes at 1200 rpm^ In the runs with

phenol, 0,5 ml of 1000 ppm Thymol was added to 9,5 ml of

sample as an internal standard for the GC analysis^ In the

runs with 2,6-DCP/ 2 ml of 100 ppm

1-chloro-2,4-dinitrobenzene was added in 8 ml of sample as

an internal standard. For all samples after 1/1/83, copper

sulfate was also added as a biocide°

The following runs were made for phenol:

(1) Two runs each with 250 ppm initial phenol

concentration. (see Table #29 and 30),

(2) Two runs each with 400 ppm initial phenol

concentration (see Tables #31,32)^
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(3) Two runs each with 600 PPM initial phenol

concentration (see Tables *33,34).

In the runs with 2,6-DCP, the following amino-acids

were used to examine the possibility of cometabolism or

substrate inhibition:

(1) L-Glutamic Acid (LOA).

(2) L-Histidine Hydrochloride Monohydrate (LHHM).

(3) L-Lysine Monohydrochloride (LLMC).

(4) L-Arginine Hydrochloride (LAN).

(5) L-Cysteine (LCN).

The following runs were made for 2,6-BCP (The sludge

was acclimated to phenol for all the 2,6-DCP runs.

Hereforth, the term 'acclimated' or 'unacclimated' is used

in relation to acclimation to 2,6-DCP onlw). Appropriate

amounts of ammonium dihydrogen phosphate and ammonium

nitrate were also added at the beginning of each run:

(1) One run of 10 PPM 2,6-DCP with unacclimated sludge,

no amino-acids added (see Table *23).

(2) Two runs of 15 PPM 2,6-DCP with acclimated sludge, no

amino-acids added (see Tables *11,12).

(3) Two runs each of 10, 15, and 20 PPM 2,6-DCP with

acclimated sludge, all amino-acids added at a total

concentration of 20 PPM (Tables #13,14,24-27).

(4) Two runs of 15 PPM 2,6-0CP with acclimated sludge,

L-Histidine Hydrochloride Monohydrate (LHHM),
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L-Lysine Monohydrochloride (LLMC), and L-Arginine

Hydrochloride (LAH) added (total concentration 20

ppm, see Tables #15,16)~

(5) Two runs of 15 ppm 2,6-DCP with acclimated sludge,

LHHM, and LAH added (total concentration 20 ppm, see

Tables #17,18)^

(6) Two runs of 15 ppm 2,6-DCP with acclimated sludge,

LHHM, and LLMC added (total concentration 20 ppm, see

Tables #19,20)^

(7) Two runs of 15 ppm 2,6-DCP with acclimated sludge,

L-Glutamic Acid (LGA), and L-Cysteine (LCN> added

(total concentration 20 ppm, see Tables #21,22)~

(8) One run of 28 ppm 2,6-DCP with acclimated sludge, all

amino-acids added (total concentration 20 ppm, see

Tables #28)^

In the case of 2,6-DCP, samples were withdrawn after

45 minutes to one hour depending upon the initial substrate

concentration, In some runs, pH and MLSS were only measured

infreouently^

A UV spectrophotometer was used in a number of 2,6-DCP

runs prior to 1/1/83. These runs are not listed here

because they were not made to evaluate kinetic parameters,

but were intended to determine and identify the nature of

intermediates, if Present. Water was used as a blank, The

spectrum was varied from 230 nm to 320 nm^ The scanning
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speed and chart speed were 12 nm/min and 10 nm/cm

respectively* The ran5e was varied from 1^0 to 1,50^ The

absorbence of various standard solutions of 2,6-DCP were

measured and plotted, and the samples were compared with

these standards,

74



UI^ ANALYSIS OE DAIA AND 8ESULIS-

A^ AIR SI8I22ING1

Substrate strippint was found to be insinnificant

durins the biodegradation runs (see Tables #3,4,5)^

Leishton and Colo measured the distribution

coefficient (K=Yi/Xi) for 23 chlorinated hydrocarbons in

dilute air-water systems in the temperature ramne O to 30 C.

The distribution coefficients for benzene, chlorobenzenev

toluene, and o-chlorotoluene have been mentioned

(Unfortunatele, no phenolics were reported). They also

Proposed an expression of the form;

lnK = A - B/T ;

where A and B are constants, and T is absolute temperature.

The values of A and B are listed in the Table below* WWI

these values, the infinite dilution activity coefficients

for benzene, toluene, chlorobenzewe, and o-chlorotoluene are

calculated at 27 C and 1 atmosphere (assuming the fugac'tw 

coefficient in the vapor phase to be ymitv° This may

introduce an error of 5 % in the value of the activity

coefficients). An increase in chlorination leads to a sharp

increase in the value of the activitv coefficient^ The

measured values afreed with Predictions based on the UNIFAC

method^
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Due to the Presence of two chlorine groups, the

infinite dilution activity coefficient for 2,6-DCP is also

expected to he very high. Or, the other handy the value for

phenol would not be high due to its Polar nature*

Perhaps the most extensive and systematic work to

determine the substrate removal mechanism has been done bY.

Kincannony et al (90)y and Stover, et al (91). Kincannony

investigated the disappearance of 8 aliphatic and 7 aromatic

hydrocarbons and their chloro and nitro derivatives. They

reported that stripping was the major removal mechanism for

most aliphatic hydrocarbons and their derivatives, all of

which were essentially non-polar. All the polar compounds

(Phenol, 2y4-DCPy 20-dinitrophenol) studied by themy were

removed only by biodegradation. 99 "X removal efficiency was

obtained for all of them, and loss due to stripping was

virtually zero. The removal mechanisms were the same in

batch and flow reactors. However, the total removal

76
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COMPOUND 1 A

1
I B
I

I VAPOR
1 PRESSUREICOEFFICIENTI

1 ACTIVITY I

1**************************************************;
• I --- 1 K 1 mm Hg 1 --- 1

1 **************************************************1
Benzene 119.02 1 3964 1 103.00 : 2453.37 1

Chlorobenzene 116.83 I 3466 1 13.94 1 10670.03 1

Toluene
4-
:18.46

+ 
1 3751

+ 
I 32.03

+ 1
1 9165.02 1

l o-Chlorotoluene117.18 1 3545 1 6.12 I 26508.90 1



1 COMPOUND1% OVERALL:
1 REMOVAL !STRIPPING:SORPTION:

1**************************************************

% 1 % 1 % B1ODE-
GRADATION

Benzene 1 99.9 : 16 1 0 1
+ 

84

1,2-DCB
+  + 
1 +99.9 1 22

+ 
I1 0 I

 + 
78

H  
1 1y3-DCB

+ + 
: 99.5 1 **

+
1 ** I **

1  .4 
1 Nitro-
benzene

+
1 97.8 1
1

0
 +-  4-

1 0 1 100

1 
Phenol

+ 4. 

1 +99.9 1 0
+-  +
: 0 1 100

1 
2,4-DCP

+  _.+ 

1 95.2 : 0
+ + 

.1 0 , 100
-+ 

1 2, 4-LIMP 1 +99.3
+ 
1 0

+ +
1 1 1 99

efficiency was considerably Poorer in hatch reactors

(Particularly for 2,4-LIMP) . They suggested that if the

compound is striPPabley it is more likely to he stripped

from a batch reactor than from a CSTBR. Significant

stripping was found in the case of benzeney and its chloro

derivatives like 1,2-DCB, and 1,3-DCB. In the case of

benzene and its chloro derivatives, the value of Henry's Law

Constant (90,91) is of the order of 10(-3) atm.m
3 
/mole.

Therefore, significant loss occurred because of striPPing.

On the other handy nitrobenzene, Phenol, and its derivatives

had Henry's Law Constants of the order of 10(-5) atm.m3

/mole, and practically no stripping was observed for these

compounds.

The following Table summarizes the findings of

Kincannon (90) and Stover (91).
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Based on the values of Henry's Law Constant,

corresponding values of the infinite dilution activity

coefficient of each compound can he calculated. The values

for phenol and 2,4-DCP are not very accurate because of the

difficulty of extrapolating low Pressure data given in the

Handbook of Chemistry and Physics, and Lange's Handbook, of

Chemistry (94,95). These values are calculated at

atmospheric pressure and 27 C.

Using the values of infinite dilution activity

coefficients calculated above, the substrate loss due to
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i***********************************rn** ******
I COMPOUND
1

1 VAPOR
1 PRESSURE

1 HENRY'S LAW
1 CONSTANT

: ACTIVITY
1 COEFFICIENT

1 ********************************************W***

1 **************************************************
Hg

3: Atm.m./mole : ---

: Benzene 1 103.00 I 6.0x10(-3)
+

1 2459.54
 4-: -4- 

I 1,2-DCB 1 1.6856 1 1.9x10(-3) I 47593.81

1,3-DCB 1 2.2628 1 2.6x10(-3) 1 48514.41
------

1 Nitro-
1 benzene

0.3033
I

 +
1 2.4x10(-5)
,1

1 3341.13

Phenol
+ 
I 0.8790
1 044191

1.3x10(-6)
1

I 62 to 131

4-DCP 1 0.30 to
0.20

1 4.2x10(-5) : 5911 to 8866



air-strippins can be computed using the eouation:

Y = Ps~X,r/P, where r is the infinite dilution activity

coefficient and Ps and P are vapor pressure and total

»̂ ressure, respectively^

Therefore° stripping rate (moles/hr) = Yxair flow rate

(moles/hr), The maximum theoretical loss of phenol and

2,6-DCP due to air-stripping in the experimental

concentration range were found to be 8^393 ppm/hr and 0~844

ppm/hry respectively; while the experimental loss of these

compounds were 0^14 and 0~044 pPm/hr, respectively.

Therefore, it can be concluded that the air leaving the

bio-reator was less than 30 % saturated with respect to the

substrate. Hencev air-strippim5 is nellisible,

In the case of pentachlorophenol (PCP), Wukasch, et al

(83) found that loss of PCP due to air stripping was below

0,05 %, Similar observations were made bv Etzel, et al (22)

about PCP, and Baxtery et al (6) about PCBs.

However, caution should be exercized when considering

the possibility of stripping in the presence of activated

sludge~ Stover, et al (91) found that several compounds

that showed little or no stripping while present in a

biological reactor, were completels stripped under identical

conditions without the biological population (This seems

rather implausible). On the cmntrarvp Gaudy et al (88v89)

found that a variety of aromatics, which were not stripped
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in the absence of a microbial populationv were lost as

unidentified compounds in the Presence of an activated

slmdge° Kincanmeny et al (90) reported that removal

mechanisms for 1,3-dichlorobenzene could not be identified

because it was converted to two unidentified chemicals which

were then stripped out of the lieuor at room temperature,

In the present work, the 2,6-DCP runs did not last

more than 12 hours, and phenol runs did not last longer than

7 hmurs^ Phenol and 2,6-DCP losses due to air strippin,_1

were below the sensitivity of the GC analysis (about 1^5

ppmm) for a sinale run (see Tables #3,4,5),

B^ ADSOR2IION1

At 600 ppm feed concentrationv it was found that no

Phenol disappeared for a prolonwed period of time (45

minutes, see Fifure #13)^ This time law implies that no

surface adsorption was occurins for preacclimmted s1udwe. A

similar conclusion can be made about 2°6-DCPr for which

disappearance was newlilibIe over the first 1^5 hours at a

feed concentration of 15 Ppm (see Filure #19)^ These

observations are in line with the findinns of Kincannon/ et

al (90), and Stmvery et al (91)° In their extensive

research on identification of removal mechanismsx they

concluded that loss of substrate due to adsorption of any
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kind in the case of benzenev phenol, and its derivatives was

essentially newlinible,

C^ aHl

The pH measurements for Phenol showed that the

reaction proceeded with a significant decrease in pHr

Probably due to the formation of carbon-dioxide and

carbonic-acid or due to nitrification of ammonium (see

Fi5ures #14050607)^ No buffer was added while the

experiment was in progressr althou5h it was corrected with

sodium bicarbonate before repeatind the run* This behavior

has also been reported by numerous other workers

(38,39,54,84), In the case of 2,6-DCP degradation without

addition of amino-acids, the reaction proceeded with a

decrease in PH. But when amino-acids were added, in most

cases the reaction proceeded with a significant increase in

PH. This could be due to decarboxylation of the amino-acids

or due to air-strippin, of HCl formed during the

bioreactions (see Fi5ures #28-34).

The 2,6-DCP ionization experiments showed that the

experimental variation of pH had little effect on the GC

readings, implying that ne5ligible amount of 2,6-DCP was

ionized^
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D^ dIXED LIQUOU SUSPENDED SOLIDS!

The MLSS concentration of fresh sludge from the

Livingston Wastewater Treatment Plant was about 2600 ppm and

the sludge appeared greenish brown in color, After its

acclimation to phenol over 15 days, the greenish cast

disappeared. However, after further acclimation to 2,6-DCP

there was no observed color change^

The bacterial population was found to be very

heterofeneous (93). Though the bacteria have not been

completely identified as yet, a rich variety of eucaryotic

organisms were noticed, including ciliated protozoa

(Colaciumv Vorticella, Epistylis), flagellated protozoa

(Lionotus, Peranema) and amoeba (Valcampfia, Polychaos,

Mayorela)° In addition, rotifers that feed on protozoa and

bacteria, and even watermites and flatworms that feed on

other micro-organisms, have been detected under the

microscope. This was found in fresh sludge as well as in

the sludge acclimated to 500 ppm pheno1^

It was observed that the MLSS concentration varied

somewhat during a run (see Tables 11-28, and 29-34)^ No

well-defined pattern could be established for the variation

in sludge concentration, and the most probable reason is the

measurement technioue. It was difficult to measure the

Precise dry weight in a 10 ml sample of reactor liouor,
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Probably because of the relatively short duration of the

runs, no significant decrease in MLSS was observed even when

2,6-DCP was fed at a much lower carbon level (15 ppm vs

250-600 ppm phenol),

E^ LAG IIMEI

Practically no time law was observed for phenol up to

400 ppm, since the sludge was already acclimated to 500 ppm

(see Figures #11,12)^ But, the law time was evident at 600

ppm feed concentration, and the rate of disappearance was

also considerably reduced (see Figure #13),

As expected, for 2,6-DCPv the lad time for

unacclimated sludle (as well as acclimated sludge without

addition of amino-acids) was ouite larle (4 hrs, see Figure

#19)4 The rate of degradation seemed to be linear with

2,6-DCP concentration, Addtion of amino-acids reduced the

time Ian to less than 1^5 hours, and increased the removal

rate (see Figures #20-27)^

E^ OEIA8OLIC INIERMEDIAIES1

2,6-DCP lives two absorption peaks at freooencies of

278 and 285 nm^ Auto-oxidation of 2,6-DCP was evident

because the UV spectrophotometric analysis showed the
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Presence of an intermediate at 300 nm which increased

rapidly even in air stripping runs (see Figure #39)^ These

Peaks partially overlapped in both spectrophotometric and

was chromatographic analysis for air stripping as well as

biodegradation experiments (see Figure #10)^ An attempt was

made to identify the peak at 300 nm^ 3,5-dioxohexanoic acid

( O 
>0 C)* 

) was the only six carbon structure to live a

Peak in the vicinity of 300 nm, However this compound is

not very likely because of two reasons:

(1) Since the peaks were overlapping in both the

detection methods° the structure of the intermediate

should be more similar to that of 2,6-DCP^

(2) Fundamentally, the carbon-chlorine bond cannot be

easily cleaved Just by a supply of air at room

temperature because this bond is very stable^

A more likely intermediate would be dichlorocatechol^

Formation of dichlorocatechol has been already reported in

the degradation of dichlorobenzoate (31)^ On same grounds,

2,6-DCP would be expected to form 2,6-dichlorocatechol^

Unfortunatelyv the maximum UV absorbance peak for this

compound could not be found in the literature*

Further experiments showed that a freshly prepared

solution of 20-100 ppm 2,6-DCP, left overnight at room
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temperature in a closed bottle, would oxidize by itself

resultins in the same UV peak shift,

Durins the biodedradation runs, the peak separation of

2,6-DCP and the intermediate was better defined by GC after

most of the 2,6-DCP had degraded. Because of the

intermediate peak (see Filures #1O,39), the GC was

occasionally unable to identify the proper reference peak^

The accuracy of the GC was about 1^5-2 ppm, Furthermorev as

the run proceeded the size of the unknown peak appeared to

to throush a maximum^

G^ COD DEIEBMI0AIION EX2E8IMENIS

The accuracy of the data was tested by determining the

theoretical and experimental COD for different standard

solutions of pure 2,6-DCP^ The experimental data was not

very consistent and an average of 25 % deviation from the

theoretical value was observed for standard solutions, At

such a low level of carbon content, the above procedure does

not seem to be very accurate (see Table #35)^ The followin.,~

table shows the % deviation measured in theoretical and

experimental values of COD for standard solutions of

2,6-DCP^
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KINEIICS OE BIODEGRADAIIONI

First and second order kinetic models did not fit the

data for either compound, which display convex curves in the

initial region and a straight line later on (see Figures

*11-13, and 18-33).

An attempt was made to fit the data to a Monod model.

The Lineweaver-Burk (53), Hanes (20), and Henri (72)

linearizations of the Monod model were tried.

Lineweaver-Burk differential form:

-dt/d8 = {km/Uma}E1/83 + 1/EUm.X3,

so that at constant XV a plot of -1/CdS/dtJ vs 1/S would be

a straight line with slope tkm/Um.X1 and intercept 1/EUm.X.I.

Hanes differential form:
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-S[dt/dS] = {Km/Um,XT f S/[Um^X],

so that at constant X, a plot of -S/CdS/dt] vs S would be a

straisht line with slope {1/UmM and intercept Km/[Um^X]^

Henri intewral form:

[lnS/Su]/t 
= {S-S}/[Km^t] f Um^X/Y,Km,

so that at constant X, a plot of 1/t[lnS/S.] vs {~~S}/t~ ~

would be a straisht line with slope 1/Km and intercept

Um,X/Y^Km^

In all the above methods, an assumption is made that

MLSS concentration remains constant~ In the Present work,

an averane variation of 7-8 % was observed for 2,6-DCP

experiments, For phenol, the MLSS variation was about 11^5

%^ The standard deviation for phenol and 2v6-DCP varied

from about 12 to 100 ppm (of MLSS) with an averawe value of

50 ppm^ The differential methods reouired evaluation of

dS/dt, This was done Araphically by plottins S vs t^ A

smooth curve was drawn and slopes were measured at different

substrate concentrations. All the above models gave

newative values of Km^ The method of Gates and Marlar (72)

was not tried due to the failure of Henri's linearization

method.

Inhibition models (generally Haldane) have been

successfully emplmved by a number of workers for Phenol

(3052,56Y84), particularlm at concentrations above 360 ppm.

~
Haldane model: -dS/dt = Um~%,S/[Km f S f S /Ki]
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The observations in the present work also show that at

feed concentrations higher than that for acclimation, a

sionificant lag period was observed (see see Figure #13).

For S << Ki, the Haldane model can be linearized to

obtain a Lineweaver-Burk form of straight line~ This also

did not seem to fit the data,

~
For S f S/Ki >> Km, the Haldane eouation reduces to:

-dt/dS= 1/[Um^X] f S/[Um^X,Ki],

This eouation was also tried, and it also failed to dive a

wood fit,

Therefore, in spite of the fact that the curves often

seem convex, the experimental data is best fit (in terms of

correlation coefficient) by a straitht line over most of its

range. Hence, the rate of substrate disappearance was

nearly constant for most runsv and a zero-order kinetic

expression seemed to fit the data best.

For the sludge acclimated to 500 ppm phenol, the

average degradation rate for feed concentrations below 500

ppm (4 observations) was 206^45 ppm/hr, with a range of

198^98 to 214,92 ppm/hr. It has been confirmed by a number

of researchers that defradation rates are often a function

of feed and biomass concentration, Hence, the average

degradation rate per unit dry mass of organisms is 0^0738

ppm/hr.ppm of MLSS (for an MLSS of 2780 ppm)^ These rates

are based on a linear regression of data points which did
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not show a time lag, The correlation coefficients for all

regressions were above 0,97,

The behavior of the 600 ppm runs was ouite different.

An appreciable lag time was observed although a zero order

kinetic model appeared to be a best fit during the period of

falling substrate concentration. The average rates of

Phenol degradation during and after the law period were

found to be 82,87 ppm/hr (0,03280 ppm/hr,ppm of MLSS), and

188^1 ppm/hr (0^0768 ppm/hr^ppm of MLSS), respectively^ The

average MLSS concentrations in these two periods were 2520

and 2450 ppm respectively, The correlation coefficients

were above 0^99^

In the case of 2,6-DCPv for unacclimated sludle,

without addition of amino-acids, the zeroth order kinetics

fit gave rates that varied from 0,16 to 0^45 ppm/hr^ For

sludge acclimated for at least 15 daysv the rate increased

to 0^54 ppm/hr (1°893x1O(-4) ppm/hr^ppm of MLSS, MLSS = 2850

ppm)^

The addition of one or more of amino-acids (L-Glutamic

acidv L-Histidine Hydrochloride Monohydrate, L-Lysine

Monohydrochloride, L-Arsinine Hydrochloride, L-Cysteine)

significantly affected the biodegradability of 2,6-DCP~

Though the exact effect of amino-acids on 2,6-DCP metabolism

was not determinedv it seems that addition of these acids

helped the bacteria to synthesize the reouired extracellular
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enzymes~ Once these enzymes were manufactoredv bacterial

attack on the substrate increased significantly~ The lag

time decreased with repeated exposure using different

amino-acids, to the point that the S vs t relationship

became a straight line with no apparent lag time (see

Figures #2026)^ Unfortunately, no specific conclusions

could be reached about the effects of individual amino-acids

because the time for complete degradation did not vary

sionificantly with different acids, The variation that was

observed, could be due to other physical factors like pH,

repeated exposures, etc. (see Figures #23-27)^ The average

degradation rate for 2,6-DCP was 1^62 ppm/hr (5,43x1O(-4)

ppm/hr^ppm of MLSS) at an average MLSS concentration of 2980

ppm, The rates and MLSS concentration varied from 1^55 to

1 ^74 ppm/hrr and 2890 to 3000 ppm, respectively^

Although 2,6-DCP feed concentrations of IN 15v and 20

ppm behaved similarly, a feed concentration of 25 ppm caused

a sharp drop in degradation rate to (1^01 ppm/hr), even

though all the amino-acids were added (see Figure #27).

When the feed concentration was varied from 10 to 25

ppm for 2,6-DCP, and from 250 to 600 ppm for phenol, the

total time for complete degradation increased exponentially^

At 25 ppm concentration, the time reouired for complete

removal of 2°6-DCP was twice as much as that for 20 ppm

concentration^ Similar behavior was seen for phenol (see
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Finures #35OW^

The table on the next pace summarizes the experimental

findinns of the present research work. Compared to the

rates reported in literature, the rate of biodetradation of

Phenol in the Present experimental work is found to be

signifiantly hither^ Little information is available about

the rate of biodearadation of 2w6-DCP from literature~

Baker, et al (4) found that 2,6-DCP was rapidly

biodefradable at 100 ppm feed concentration at a rate of

5,56 ppm/hr in aerobic media. In the case of 2,4-DCPv only

81 % denradation was observed over 40 days at a feed

concentration of 100 ppm^ In the present work, the rate of

biodetradation of 2v6-DCP varied from 0,445 to 2°32 ppm/hr

dependins on the experimental conditions. The experimental

Procedure in the Present work and that of Baker, et al, are

howeverp s1onificsntly different^ (They studied the

bimdewradation of 2p6-DCP in a clay soil where 100 ppm of

the substrate was added. The soil was kept in a sealed

flask to Prevent any volatilization* The flask was

incubated at 23 C. No nutrients were Provided),
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Ull^ CONCLUSIONS AND COOMENIS1

Experiments were conducted on the biodegradability of

phenol and 2n6-DCP in batch reactors with activated sludge
'

obtained from the Livingston (N~J^) Wastewater Treatment

Plant. The following results were obtained:

(1) Loss of substrate due to air stripping is meglisible,

but as noted by Gaudyv et al (88,895 a distinct

Possibility exists that the stripping of a compound

in the Presence of micro-organisms could be ouite

different~ Athough the compound is relatively

non-volatile, the intermediates formed by microbes

maw be rapidly stripped from the solution (90)^

(2) For both the substratesv unaccIimated sludge showed a

much larger lag-time and a very slow removal rate as

compared to acclimated sludge. A sharp drop in rate

was also observed when the acclimated sludge was

exposed to a higher substrate concentration.

(3) For acclimated sludle, it was found that Phenol and

2,6-DCP follow zero-order kinetics* At

concentrations up to 500 Ppmm phenol, and 20 Wpm

2v6-DCPY the average degradation rates were 0°0738o
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and 1^893x10(-4) ppm/hr,ppm of MLSSv respectively^

(4) Addition of amino-acids to 2v6-DCP significantly

improved the biodegradability* When 20 ppm (total)

of L-Glutamic acid, L-Histidine Hydrochloride

Monohydrate, L-Lysine Monohydrochloride, L-Arfinine

Hydrochlorides and K'-Cysteine were added to the

aoueous solution, 2,6-DCP removal (for feed

concentration up to 20 ppm) averaged 5,4305x1O(-4)

ppm/hr,ppm of MLSS (a three-fold increase)^

(5) 2,6-QCP showed an additional unidentified peak in

both UV spectrophotometry or GC analysis, upon

exposure to air. It is important to identify this

Potential intermediate because it may be the first

step in biode5radation^ GC analysis indicated that

the size of this peak generally went through a

maximum as the reaction proceeded^
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Table 41 Literature survey summary

One or more of the followint models have been tried by

most of the workers to obtain the kinetic rate constants.

2-
Haldane model: -dS/dt = Um,X^S/ [Km f S + S /Ki]

Monod model: U = WS/ [Km f S]
Grau model: -dS/dt = k.X^S/So

First order model: -dS/dt = KS
Second order model: -dS/dt = 

k~S~~

where,
So = Initial'substrate concentration, ppm.

S = Substrate concentration, ppm^
X = MLSS concentration, ppm,

t = time, hours.
Km = Michaelis-Menten (substrate saturation) constant, ppm^
Um = Maximum specific growth rate constant, ppm.

k = Rate constant for 1st order or 2nd order or Grau model.
Ki = Substrate inhibition constant, ppm,.
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/* **Tm****
|REF|
| # |
| \

* *
COMPD~|C0MC|

* ****

|PPM
|

* *m)K **** ******)K* *
MODEL

|
|

** * ** *)K)K ***)K * * **)K *
| COMMENTS (Temp.,
| pH, or~anis IT, s
| etc^)

| 33|
| |

~ |
| |

Phenol|200
|

/
|

| Haldane,

| Um=0,534,
|Km<1.O, Ki=470,
| Y=0°52

| 30 C, pH=6^5,
| Pseudomonas

/ putida
|

|---f-------f----f-- 

1 331
| |
| |

Phenol|700
|
|

1 Haldane,
| Um=0^481,
|Km<1^O, Ki=840v

Y=0^52
 =c~=- 

+
| 30 C, pH=6.5,
| ATCC17484

1
|

|-_-~-- 

1 521
| /
| |
| |
| |

Phenol|15001
~_---Ar 

|

|
|
|

- 

Haldane,
|Um=0^08, Km=700,/pH=7~5-8,0,
| Ki=966,
| Y=^82-1,22,

1 Kd=3~45x10(-4)

-----=

i 32-40 C,
mixed

| culture,
| anaerobic

1
|===~-------~--_-*----------==~===~==========~~=====

| 561
| |

| |

Phenol|800
|

|

1 Haldane,
| Um=0~66v

Km=86^7,
|Ki=34~2, Y=0.616|

1 28 C, pH=6^6v
| filamentVus
| bacteria,4 hr

residence time
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1REF(
| #
| |

COMPD^ /CONC|

|

*ww**w^^+ww**w^v**~~***4~w**wwwwwwv`*www 

PPM
MODEL

|
|

IT, ww

/ COMMENTS (Temp.,
| pH, orslanisms
| etc^)

| 56|

| |
| |

PhenolI800

|
|

| Haldane,
|Um=1,O1~, Km=16O,|

|Ki=14,7x Y=0^5451
|

| 28 C, pH=6^6v
spherical

bacteria, 6 hr
} resider-ice time

|=~=~-------r-~~=~===-----~=======~~~===~===~=`"=====

| 84|
| |
| ~

| |

Phenol|5OO
|
|
|

| Haldane,
| Um=0^464v
!Km=1^66, Ki=380,;
| Y=0,85

~ 30 C, pH=4^59 T^
| cutaneum

|
|---f-------f----f----------------f------~---~------

~ 84|
~ |
| |
| |
|_--~-------~----~===------_-===~=~~==-----_=========

Phenol|500
|
|
|

| Haldane,
| U~~O^567,
|Km=2^38, Ki=106,|
| Y=0.85

| 30 C, pH=6^0,
| Pseudomonas

putida
|

~ 871
| /
| |

Phenol!
|
|

- | Haldane,
|Um=0^29p Km<1+0v 1
| Ki=110Y Y=O^59

| 27 Cy p11=7.09
BacteriLIm

| NCIB8250

1 7 7 |
| |
| |

Phenol|360
|
|

!Monody Um=0.17,
|Km=245, Y=0^45,
| Kd=0~008

| 20 Cv pH=7,2,
| mixed culture
| ~

~ 20|
| |

Phenol
|

~

 60 |Monod, UmV=0^63,
| Km=30, Y=O^47v
| Kd=0,05

| 24 C, pH=7^O, ~

!coal, clasification~

| wastewaters

/ 381'

| |

Phenol1650

|

|Monody Um=0,019,/
Km=236,

!Kd=0,002P Y=1,21|

5 C, p11=7^1,
| mixed culture

|---f-------f----f~---- 

| 381

~ |
~---f---~~--f----f f-----~------~----

Phenol1720

|

!Monody Um=0,070r|
Km=236r

|Kd=0~006, Y=1°211

f-----------------

23 Cr pH=7,05,
| mixed culture

| 38|

| |

Phenol|790

|

:Monody Um=0^072,|
Km=236,

|Kd=0~007r Yr`1^211

28 Cy pH=6^9r ~
/ mixed culture |

|

| 53|

| |
.~-~+-~--~--~----~ 

Phenol|<100|Monodv

|

Um=O^287,|
Km=2.11, |

|Kd=0^01p Y=1^20 |
------~--_--- 

22 C, pH=7^09 |
mixed culture |

|
---



1REF|

| # |
| |

COMPD^ /CONC/

|PPM
|

MODEL 1

\ }
| |

COMMENTS (Temp,,

pHY organisms
etc,)

| 79|
| |

| |

Phenol|100

|
|

!Monody Um=^328, |
| Km=24,96, |

| Y=0^011 |

30 C, Yiest
Debaryomyces

subtlobosus

| 451

| |
Phemol|500
|

|Grau, k=0^04 /hr;

| |

26 Cv pH=7.0,

mixed culture

| 60/
| |
| |

Phenol/800
|
|

Exponential, /

| Um=0^144, |
i Yc0006 |

40 Cr pH=7^09
Bacillus Cereus

---------------------------

1 601
| |
| |

PhenoA800
|
|

| Exponentialr |
| Um=0~0937, 1

i Y=0,548 |

30 C, pH=7^0,

Bacillus Cereus

| 491
| /
| |

~ |

Phenol|400
|
|

|

| 1st orderp
/ k=0,004 |
| l/mg^dayy |

| Kd=8,33x10(-4) |

A*/ mixed culture

~ 551
~ |
|

Phenol!***
|
|

| 2nd order, |*&
1 k=7x10(-12) l/hr|
| per organism |

mixed culture

~ ===~=------~----~=---- 
' 55/

~ |
|
|

P-CP

~
|

/***
|

-  -~-------======~===

| 2nd order, A*,
1 k=1^7x10(-12) |
~ 1/hr per ~
| orwanism I

mixed culture

---~-----_-~_---~--- 

76|2,4-DCP|

|
|
|

|
|
|

25

-- ---~_---_---=========

|Monody Um=0^14, 125
Km=5~1p **OR** |
| Haldane, |
| Um=0,228, |
|Km=11^7, Ki=35^71

Cy pH=7^1-7^89
Psuedomonas

NCIB9340

|

831
|
|

PCP /
|
|

20| 1st order, /**,
| k=1^75x1O(-4) >
| /hr |

mixed culturei
|
|
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***************************************************I
REFI
# :

,,
***************************************************1

COMPD.ICONCI
:PPM
,,

MODEL
I
,

I COMMENTS (Temp.,:
: PH, organisms :
: etc.) I

671
1,
,I

2,4-D :111
1
,,

I Monad,
I Um=0.0958,
I km=5.47 Y=0.14

I 20 C, PH=7.0t I
I Pseudomonas I
I putida , ,

55:
I
,,

nitro
phenol!

A.

I***

,,

I 2nd order,
:k=lx10(-13) 1/hr.
I per organism
A. 

I**, mixed culture!
,,

I I
4. I V 

671
,1
:

P-CBA I 50
I
:

:Monody Um=0.05,
I Km=1.1y Y=0.25
'I

 V

: 20 C, pH=7.0, I
: Pseudomonas I
I, Putida :

-,.. 
671

ii
,,

i•

0-CFA
•T• 

I 98
1
,,

 'I' 

:Monody Um=0.042, 1
i km=2.4, Y=0.22
,

1

20 C, PH=7.0, 1
: Pseudomonas 1
,, putida I

:
671

I
I

m-CBA

A.

I *
,,
I

..

 .t. 
:Monod, Um=0.025,1
: Km=2.0, Y=0.14
,
.1. A. 

20 C, pH=7.0y I
: Pseudomonas I
, , putida ,

1........* 

67:
I
I

2,5-
DCBA

I *
:
:
A.

.T.

:Monody Um=0.025y:
I Km=1.5, Y=0.16
,,
A. 

.A.

20 C, pH=7.0, :
I Pseudomonas I
, ,, putida ,

1'r

67:
1
,,
A.

I'

3,5-
MBA

A.

I *
1
I

"r

I Monod, Um=0.002,:
1 Km=25.3
I
A. J.

v
20 C, PH=7.0, 1

I Pseudomonas I
, ,, putida ,
 1



|TYPE|SUBSTITUENT
> |

| EFFECT |POSITIOH
| |

OF OXYGEN|
ATTACK |

|**************************************************|
| 1 | Cl | Deacti*ation| ortho, Para |

----- |----f 
| 2 |

---f-----------~-f 
NO2 | Deactivation!

---|
meta |

|----f 
| 3 |

-----f-- 

OH
f------------------|

| Activation 1 ortMmr Para |
|----f--~---------f-------------f------------------|
| 4 |
|----f------------f-------------f------------------|

COOH | Deactivation! meta |

| 5 | CH3 | Activation 1 orthm, Para |
|----f----- 

| 6 |
f--------~----+~~-----------~----|

NH2 |
.

Deactivtion |
.

meta |
.

Table #2 Interaction of various substituents
with the rins carbon atom
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DATE

_ _ 

,, TIME
1
A. 

1 TIME FROM
; START

: CONCN 1
1

 1.7-
**** 1 HOURS 1 HOURS ,, PPM

1 7/28/82

 .....==-*:-

1 9:45 am I 0:00 40.538 1

7/28/82 1 8:00 PM 1 10215 39.900 1

7/29/82 1
 + 

9:45 am
4-

24:00 ,, 30.339 :

7/29/82 : 8:00 PM I 34:15 ,, 38.235

1 7/30/82 1 9:45 am i 48:00 1 37.576

1 7/30/82 1 8200 PM t 58:15 1 37.429 1

7/31/82 1 9:45 am : 72:00 : 36.594 :
:-

8/1/82 1

_

10200 am

 • _

1 96215 1
 - -1
35.947 1

:
1 8/2/82 1 9:45 am 1 120:00 1 35.195
1  4-

8/2/82 1 8300 PM 1 130:15 i 34.487 1

8/3/82 i 12 noon : 146:15 : 33.869 1
1

: 8/3/82 1 8:00 PM 1 154:15 1
_______

32.480 1
•

8/4/82 8:00 PM 1 178:15 1 30.647

Table 443. Air striPpin of 2,6-DCP at 40 PPM
7/28/82
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Table t4. Air strippir, of 2,6-DCP at 30 PPM
8/11/82

112

 ... 
DATE 1

,

T. 
TIME 1 TIME FROM

1 START

v ,
1 CONCH :

,: ,
1

1 ** 1
A. 

HOURS
A. 

 .T. 
1 HOURS 1 PPM ',

.T. 
8/11/82 1

.r 

10:30 am 1 0:00
 1

1 30.232 1
1  + 
1 8/11/82 1 7:30 PM

+ 
i 9:00

+ - - 1
1 28.770

1 + 
1 8/12/82 1 10:30 PM

+ 
i 24:00

+ 1
1 28.516 1
+ 1  -+ 

: 8/12/82 1 8:00 PM
+ 
1 33:30 1 27.519 1

1 + 
1 8/13/82 : 10:30 am

+ 
1 48:00

+ 1
: 26.971 1

1  + 
1 8/13/82 1 8:00 PM

+ 
1 57:30

I 
1 25.387 1

1 + 
8/14/82 1 2:30 PM

+ 
i 76:00

+  1
1 24.082

1 + 
8/15/82 1 11:00 am

+ 
1 96:30

+  1
1 25.281 1

1 + 
1 8/15/82 1 7:30 PM

+ 
1 105:00

+  1
: 23.788 1
+ 11  + 

1 8/16/82 1 11:45 am
+ 
1 121:15 1 22.623 1

1 + 
1 8/16/82 1 8:00 PM

+ 
1 129:30

+ 1
1 i9.816 1

1 + 
1 8/17/82 1
. _._

7:30 PM
+ 
1 153:00
 1

+   1
1 17.641 1
± ,



, DATE 1
1 1
1  

TIME I
1

,

TIME FROM 1
START 1

4.-

CONCH

. **** i

1 

-1.  

HOURS : HOURS : PPM
:  
I 3/5/83

r
1 4:15 PM i 0:00 i 18.696

: 3/6/83 1 2:15 PM 1 22200 1 15.731

1 3/6/83 1 7:45 PM 1 27:30 1 17.313
1
1 3/7/83

+ +
1 10:45 am

f
1 42:30 1

......

17+813
4. 

1 3/7/83
+

1 9400 PM i 52245 1 17.638

1 3/8/83 1 12:30 PM 1 68215 1 18+353
1
1 3/8/83
: 4-  

 +  +.
i 5430 PM 1 73:15 1

-4-
17.915

3/8/83 1 9:30 PM 1 77:15 1
+-

18.461
1
1 3/9/83
 +

1 1:00 PM 1

f.
92445 1 17.681

1 3/10/83 1 11400 am 1 114:45 1 16+882

1 3/10/83 1 7215 PM 1 123:00 1 17.483

1 3/11/83
. a

1 9:30 PM 1 149:15 1 16.427

Table t5, Air strip ins of 2y6-DCP at 15 PPM
3/5/83
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Table *6. Sample preservation experiment-1

114

, ' DATE 1
.,' '

TIME 11IME FROM:
: START'

SAMPLE I
I TYPE :

CONCH
PHENOL

. **** 1 HOURS I HOURS : **** : PPM

1 8/11/82 I 8:49 PM 1 0:00 I Sample -11 366.060

, 1 10:02 PM: 0:00
..

1 Sample-2I
+ 1

304.230
I - +--
. 1

-+
9:31 PM 1 0:00 1 Sample-3: 341.900

, I 9:00 pm 1 0:00 I SamPle-41 380.870 1

I 8/16/82 1 11:23 am:
-

110:34 1
4
Sample-11

+
344.440 1

.. I
1 1:05 PM

+-
1 111;03 1 SamPle-2I 373.850 1

1 11:41 am1 110:00 1 Sample-31 342,840 1

: 1:32 PM 1 112:32 1 Sample-4: 374.220 1

8/26/82 1 1;04 pm 1 352:15 1 Sample-1: 302.510 :
- f

1
+-

1:31 Pm 1
- .+

351:29 I
4

SamPle-21
I

355.780 1

1 2:36 Pm 1 353:05 : SamPle-3I 319.490 1

: 2:00 Pm 1 353:00 1
f

Sample-41
:

353.850 1

9/02/82 : 2:35 PM 1 521:46 I Sample-1: 289.750 1

I 2:01 PM 1 519:59 1 Sample--21 333.180 1

1 2:15 PM 1 520:44 1 Sample -31 307.290 :

1
i _

1:54 PM 1
.1.....

520:54 1
._.1,».«..«..« .1.

Sample-41 356.150 1



', DATE :
: ,

TIME :TIME CROW
: START

SAMPLE
1 TYPE

1 CONCH
1 PHENOL

**** 1 HOURS 1 HOURS 1 **** : PPM

9/4/82 1 1:20 PM 1 0:00 1 Sample-11 285.1/0

., 1 12:30 Pm! 0:00 1 Sample-21 205.630
1 +
1 : 2:09 PM

-

f
1 0:00

-
1 SamPle-31
+

207.600
+.1  + 

', : 10:44 am;
+

0:00 1 Sample-4! 200,790

. 1 11:54 am: 0:00 : Sample-51 240.400

1 9/8/82 1 11:45 am! 94:25 1 Sample-1: 277.330

, ; 12:30 pm: 96:00 1 Sample-21 197.200

, : 10:50 aml 92:41 1 Sample-31 201.231

: 12:45 PM; 98:01 1 SamPle-41 203.250

', 1 1:15 PM 1 97:19 1 Sample-51 241,100
1 
1 9/20/82 1 10:00 amt 380:40 1 Sample-11 235.870

', 1 12:43 Pm: 384:13 1 Sample. 21 199.570

', 1 11:10 am: 381:01 : Sample-3:
+-

208.960
f+ ....

1 12:34 Pol l
 + 

+ - 
385:50

+ -
1 SamPle.41 190.000

',
.

1 1:50 PM 1 385:56 1 Sample-51
.

239.310

Table *7. SamPle preservation exPeriment-2

115



.DATE .
. ., .

A. 

TIME

a..

1 TIME FROM 1
... START .

 A.

CONCN
PHENOL

-7--
*** 

I 
* t

.,-
HOURS 1 I HOURS 1t PPM

I 9/14/82 1 5:49 PM 1 0:00 1 285.610

1 9/15/82 1 4:20 PM 1 22:31 1 000.000

i. DATE
:
 4.

1 TIME 1
. . I

TIME FROM
START

1 CONCN I
I PHENOL 1
 :1

1 
**** 1 HOURS I

a., 
HOURS 1 PPM .

1  .L, 
: 9/17/82 1 7:59 PM I

-.
0:00

1
1 975.480 1

I 9/18/82 8:30 PM 1 24:31 I 969.730 1

Table #8. Biocide exPeriments

BIOCIDE-1y 10 % ISOPROPANOL. IN SLUDGE

BIOCIDE-2y 10 % ISOPROPANOL IN SLUDGE
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BIOCIDE-3y 25 % ISOPROPANOL IN SLUDGE

BIOCIDE-4y 1000 PPM COPPER SULFATE

BIOCIDE-5Y 1000 PPM COPPER SULFATE

DATE
:

I TIME ;
I
TIME FROM
START

I CONCN
PHENOL I

****
A.  
I HOURS I

.L.
HOURS

 -____

: PPM
.y. ,

I 9/19/82 I 9:45 am : 0:00 I 152.870

I 9/20/82 I 6:30 PM 20:45 I 138.230

,DATE ,
,

TIME I TIME FROM :
1 START

4.

CONCN
I 2y6-DCP

_ A. ,
.**** $

.L. 

HOURS
,
. .. HOURS . PPM

2/21/83 : 7:00 PM .
1 0:00 . 15.429

2/27/83 1
.

3:01 PM i 140:01
.

16.229

DATE
I

: TIME
I
,

I TIME FROM I
I START
, 

CONCN
: 2,6-DCP

I 
**** : HOURS

,
I HOURS : PPM

: 
I '1/20/83

+
I 5:45 PM

+- I-
1 0:00 I 13.556

I 2/27/83
.

1 5:56 PM
.

1 168:08 1 11.574
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! PH
 A. 

T ...-. 
1 CONCN (PPM)
.7-

! 6.6 , 15.636
1 4-
, 10.7 1 15.193

! 5.4 1
! .1.

+
14.828

PH
1

 IT. -
1 CONCN (PPM)
A. .r. 

, 6.7 , 24.429
+ 

! 10.2 I 23.879
1 
, 4.6

4-
I 24.906
4

Table *9. 2,6-DCP ionization experiments
(15 PPM 2,6-11CP)

8/21/83

(20 PPM 2,6-DCP)
8/21/83
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Table $10. UV deSradation experiments
(20 PPM 2,6-DCP)

119

DATE : TIME
1

: TIME FROM
I START

1 2,6-DCP CONCN
:

 + 
: HOURS

+ 
: HOURS

+ 
1 PPM

8/21/83
 + -+ 

:5:50 Pm: 0:00
+ 
: 22.180

8/30/83
 + + 

:9:45 Pm: 219:55
+
: 20.910

DATE

8/21/83

8/30/83

: TIME
1

 + 
: HOURS

 + 
15:50 PM:

 + 
:8:40 Pm:

: TIME FROM
: START
+ 
1 HOURS
+ 

OM

+ 
218:50

: 2,6-DCP CONCN
:
+    .

: PPM
+ 
1 13.983
+•--•
1 15.270

(15 PPM 2,6-BCP)



Table *11. Diodesiradation of 15 PPM 2,6-DCPy
(no amino acids added acclimated slug e)

2/14/83

120

1 
TIME

:

... .--,-
1 TIME FROM:
: START

 1,= =______,

MLSS I
I 1

PH ; CONCN

: HOURS : HOURS : GM/LITER; **** : PPM
1 
9:15 am 1 0:00 1 2.77 I 7.03 1 16.924

10:00 I 0:45 1 **** 1 7.01 1 17.099

10:45 1 1230 I 2.78 I 6.96 0 17.394

I 11:45
 + 

1 2:30
+ 

1 **** 1 6.92

__-___

1 16.812

: 1:00 PM i 3:45
f 
: 2.81 6.80 16.479

I 
1:45

+ 
1 4:30

f  
I **** 6.75
 f

: 16.076

: 2:30
-4- 

5815 : 2.82 6.67

4._.__w.___.__._

I 15.601

, 3:15 I 6:00 : **** 1 6.63 I 15.421
1
I 4:00

 4.«.......»..«....._.»....».....f.... -4- 
1 6:45 I **** :

-
6.61

+
1 14.872

1 -  
1 4:45

+ 
: 7:30 1 2.85 6.57 ' 14.401

6:15
-

1 9:00
4. .
1 2.89 6.51

f
1 13.599

1   _.  

1 7:30 I 10215 1 2.89 1 6.50 : 12.919

8:15 1 11:00 I **** 6.49 1 12.554
:  
: 9:00

f
1 11:45 1 2.91 1

-

6.46 1 12.03

. 9:45 12:30 1 **** : 6.44
 f

11.788
:  
1 10:45

4-  4--
: 13:30

- --+ 
I 2.90 6.43

________

S 11.112

1 8:15 am
: 

1 23200
4

1 2.90 1 6.15 i 6.212

1 9:00 I 3:45 **** 1 6.14 1 5.791
1

9:30
 4- __

1 24:15 **** 1 6.12 1 5.404



10430 1 25:15
4- 4

1 2489 1 6412
--,

i 54462 1

11:30 1 26:15 1 **** 1 64 12 i 44509 1

1230 PM: 27:15 2488 1 6.12 34864 1

1:30
+
1 28:15

f
: ****

1  
1 6.12 3.430

--------
2:30

— 4-
i 29:15 1 ****

4- -4-
6.13

:
1 34398 1

4:30 31:15 2.87 1 6.15 1 14552 1

5:30
-- —

1 32:15
f
a ****
.

1 **** 04000 1
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Table *12. Bioderadation of 15 PPM 2,6-DCP?
(no amino-acids added, acclimated slude)

2/14/83

1-1,1

, TIME :TIME
:

 ...

FROM:
START 1

J. --,-
MLSS 1

1

=*=======-=:

pH CONCN 1
, ,  ,

1 HOURS 1 HOURS 1 GM/LIU:RI **** : FPM ,

: 9:15 am 1 0:00 1 2.79 1 7.20 : 16.145 :

10:00 1 0:45 : **** 1 7.18 1 16.386 1

1 10:45 1:30 1 2.79 1 7.12 16.583 1

11:45 : 2:30 1 **** 1 7.07 : 16.357 1
:   + 

1:00 PM 1
+

3:45 :
--- -f. 
2.81 1 6.98

+ -- 1
15.709 t

1:45 1 4:30 1 **** 1 6.93 1 15.951 1
1 + 

2:30 1

1.

5:15 :

... 4.

2.82 :

..._ _

6.88

f _ 1
1 15.188

3:15 1 6:00 1 **** : 6.92 1 14.702

, , 4:00 1
 +

6:45 1 **** 1
+

6.86
--

1 14.851 1
f- 1

4:45 : 7:30 1 2.83 6.90 1 13.562 1

, 6:15 1 9:00 1 2.8 6.76 1 12.754 1

7:30 1
- + 

10:15 1
4

2.86 1 6.69 1 12.170 1
 - 1

8:15 1
1  

11:00 1
+

**** 1
  +

6.67 1 11.659 1

, 9:00 1, 11:45 1 2.86 1 6.65 1 11.448 1

9:45 12•'30 1 **** 6.63 1 10.954 :

10:30 : 13:15 1 2.87 1 6.61 : 10.414 :

1 8:15 am 1 23:00 1 2.89 1 6.40 1 5.867 1

, 9:00 : 23:45 1 **** 1 6.37 1 5.379 1

9:30 :
,   ..i. 

..4

24:15 1

_ .... .... ..f

**** 1

_  1
6.33 1

. :
4.910 :



10*+30 | 25*015 | 2^89 | 6.34 | 4^372

114030 260+15 | 260+15 | **** | 6^29 1 4^034

1.2*+30 Pml p"ml 27*415 | 2~08 | 6~28 | 3^434
 ~~---------f---------f--- 

1~30 28115 28t15| i 6°32 1 2^451
-------------------f----------

2*0 30 |29*#15 i
 f-- 

6°32 |

-

2°401
 ---f 

4*+30 |
--f 

31+015
f 

| 2~88 |
f 

6~29

-~--

O^973
-----------

54+30 |
_------ --- 4. 

32*+15 | |
~---------+---- 

i
~_-_----_-

00000
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Table *13. Bioderadation of 15 PPM 2,6-DCPy
(acclimated sludge, all amino-acids added -20 PPM total-)

2/16/83

124

;-»» -  
1 TIME
,;

:TIME FROM1
I START

MLSS 1 pH I CONCN
;;

1 HOURS : HOURS I GM/LITER: **** : PPM
:   -/- 
1 10::00 am:

.1- 
0:00 1 2.84
 r• -

: 6.32
4,
: 15+567

.1-
1 11:00 1 1:00

+ 4-
1 **** 1 6.53

 +
1 14,358

: 12 noon 1 2:00 2.93 I 6+66
-- - -
14+374

1  .4-
1 1:00 1 3:00 1 **** 6.79 13.157

2:00
+ 
1 4:00

+
1 2.95 1 6.81

------
I 11.935

3:00 I 5:00 1 **** : 6.92 I 11.191

3:4 5:45 1 3.01 1 7+01 1 10+313

I 4:30 6:30 **** 7.10 1 9.273

: 5:15 I 7:15 1 3.01 1 7.12 8.299

6:35 I 8:35 1 3+01 1 7,17 : 6+312
-
7:15

+ .f--------------------
1 9:15 1 **** ' 7.20 I 5.125

1 7:45 9:45 1 3.00 7.20 1 4,757 :
: »»»»»__+»».»___»_»_+
1 8:30 : 10:30 1 2.99 1 7,23

4 1
1 2.691 1

9:15
i

1 11:15
 1

: **** 1
L. i 

7,22 1 0.000 :
;



Table 114. BiodeSradation of 15 PPM 2,6-DCPy

(acclimated sludsey all amino-acids added -20 PPM total-)
2/16/83

125

TIME 1TIME FROM1
1 START 1

1 4- - *=========

MLSS
,'
: pH : CONCN

' ,

1 
HOURS
 -.- 

1 HOURS : GM/LITER1
 ...

****
 "I-  

PPM
4 --...:

10 am
   T. -...

1 0:00 1 2.85 : 6.61 : 14.369

: 11:00 : 1:00 ' **** 1 6.70 : 13.896
41  

: 12 noon
+
: 2:00 1
+ -4.

+
2.97 :

+  
6.74

4-
1 12.820

:  
: 1:00 PM 1 3:00 1

.__._._.._.}_._____._.__._+._. 4
**** 1 6.83 1 12.603

1 2:00
+
1 4400 : 3.02 : 6.93 : 11.577

3:00
 4-

: 5:00 1 **** 1 7.07 1 10.387

3:45
:

 +  -+
1 5:45 i
+  + 

 .__+_______._.._}_

3.01 1
f 

7.10 1 9.649
+

1 4:30 1 6:30 1 **** 1 7.18 ! 8.900

5:15 1 7:15 1 3.04 1 7.18 1 7.624

: 6:35 : 8:35 1 3.03 1
-+

7.20 :
-+

5.284

1 
7:15

4.• +
1 9:15 1 >::*** 1

-1
7.24 1

4-•
4.146

1
7:45

+  +
9:45 : 3.02 1 7.26 1 3.407

1 8:30
+  4
1 10:30 1

-+  
3.02 : 7.28 :

f 
2.733

1 9:15 1 11:15 : **** 1 7.31 1 0.000



TIME
:

:TIME FROM!
1 START

MLSS
1

pH
1
J. 

: CONCN

; 
HOURS

A.  ,-
: HOURS

, 
: GM/LITER:

.T. 4 

****
,
: PPM

;  
1 9:00 am 1 0:00 2.86 1 6.63

. ____

: 15.734

10:00 1:00 : **** 1 6.97 : 15.309

11:00 : 2200 2.94 1 7.21 1 14.577
:
1 12 noon
 + 

1 3:00 1 ****
+  
1 7.41

f
1 12. J54

1 1200 1 4:00
+ 

2+98 1 7.53
+

1 10.426
+1 

2:00 : 5:00 **** 7.55 : 7.703
:
1 2:50

+
: 5:50

+
: 2.99 1 7.65 i 6.160
 f1

1 3:30
 + +

1 6:30 : **** i 7.66 4.386

1 4:15 1 7:15 : 3,00 1 7.72 1 2.628

1 5:15
 +

1 8:15 1
,

2.99
+
1 7.74
,

+-
1 0.00

Table *15. Bioderadation of 15 PPM 2y6-FICP,

(acclimated sludAey amino-acids LHHM, UAL', and
LAH added -20 PPM total-)

2/17/83
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1 TIME
.
: 

1TIME FROM;
I START

 4. 

MLSS
1

: pH
.. . .

: CONCN I
4 .

1 HOURS
,
; HOURS
4. 

I OM/LITER:
 1. 

**** I PPM :
1
I 9:00 am 1 0:00 : 2.88

 4: 
I 7.07 1 14.852 1

1  
: 10:00

+
1 1:00 : **** 1 7.21 1 14.399 :

:  -
1 11:00

+
1 2:00 3.04 : 7.34 1 13.780 :

--4- 
: 12 noon : 3:00

- -
****

4- + 
I 7.39 :

1
12.066 1

I  
I 1:00 PM i 4:00 : 3.12 : 7.51 1 9.407 :

2:00 1 5:00 **** 1 7.53 1 7.579 1
:  
: 2:50
I --

+
1 5:50
+ 

1 3.15 : 7.58 : 5.4'28 1
--:

I 3:30 6:30 I **** 1 7.59 I 3.681
I 
: 4:15

I- ._ --
1 7:15

 + • 

4. - -
1 3215
+ -

.4 - -4-
1 7.59 1

1
1.047 1
.-- :

5:15 8215 1 3:15
+ 

1 7.56 1
-.4- 

0.00 1
I

Table *16. Bioderadation of 15 PPM 2,6-DCP,
(acclimated sludiley amino-acids LHHM, LLMCy and

LAN added -20 PPM total-)
2/17/83
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Table #17. Biodesradation of 15 PPM 2,6-DCPy
(acclimated sludsey amino-acids LHHMy and

LAH added -20 PPM total-)
2/19/83

128

- -,
TIME

:

-
:TIME FROM:

START :
MLSS 1 pH I

I
CONCH

HOURS : HOURS I GM/LIT-R1 **** : PPM

12 noon 1 0100 1 2.80 I 6.70 1 15.243

12:45 PM: 0:45 : **** : 6.76 1 14.980

1130 1 1:30 1 2.86 1 6.90 1 14.250

2:15 I 2:15 1
-+ 

**** 1 7.09 I 13.878

3:00 1 3100 1 2.91
 + 

1 7.24 1 12.472
+ 

3145 1
4

3:45 1 ****
+ 
1 7.30 1 12.147

 4-
4:30 1
  + 

+ 
4:30 1

+ 
3.00

+ +
1 7.37 1 11.250

6:00 1 6:00 1 **** 1 7.30 1 9.461

6:30 1 6:30 1 3.16 1 7.44 1 8,677
+ 

7100 I
+

7100 1 ****
 +  

1 7.49 1 8,064

7:45 1 7:45 1 3.19
f ............ 

1 7.50 1 7.330

8:30 1
 -+ 

8:30 1 **** 1 7.51 1 6.274
.

9115 I

.._

9115 I 2.99 1 7.51 1 5.117

10100 I 10100 1 **** 1 7.54 1 3.641

10145 1 10145 I 3.17 1 **** 1 2.568
_ -_ 4- 
11115 1

* 
11115 1 ****

+  
1 7.48 I 1.505



=*=========t 

1 TIME :TIME
:
4.  

FROM1
START :

MLSS :
, .

 

pH :
.

1
CONCN 1

.1
1 HOURS I HOURS : GM/LITER:

 ,
**** : PPM :

1 12 noon I 0:00 2.74 6.80 I 14.975 1
+  

1 12:45 Pm: 0:45 I
 +

**** I
+

6.94 I
1

14.695 I

1:30 I 1;30 : 2.80 : 7.06 : 13.931 :
+

I 2:15 :
+

2:15 :
 +
**** I 7.09 : 13.332 :

3:00 3:00 I 2.90 7.24 : 12.350 :

1 3:45 : 3:45 : **** : 7.30 1 11.458 1

4:30 : 4:30 2.92 7.37 : 10.826 :
+

6:00 1
+

+
6:00

+  

».._-_.._....-+ 

**** :
+

7,44
f- 1

8.979 :

6:30
+  

6:30 :
+

2.96 I
+-

7.47
4.--

8.591 1
 I

7:00 1 7;00 I **** 7.50 : 7.766 :

7;45
+

7:45 1 2.96 ; 7.52 6.993 1

8:30 1 8:30 : **** 1 7,54 1 5,866 I
•

9:15 1 9:15 : 2.97 7.53 1 4.652 . .

1 10:00 10:00 1 **** 7.55 I 3.427 :

1 10:45 1 10:45 : 2.96 1 **** 1 2.289 1

: 11:15 11:15 : *h,** 7.56 1 1.419 :
. _.

Table #18. Bioderadation of 15 PPM 2y6-DCP,
(acclimated sludge, amino--acids LHHMy and

LAH added -20 PPM total-)
2/19/83
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Table *19. Bioderadation of 15 PPM 276-DCP,
(acclimated dud e, amino-acids LHHM, and

LLMC added --20 PPM total-)
2/20/83

130

: TIME
,

ITIME FROM1
I START

MLSS 1
I 1

PH 1 CONCN
, 

 ...

1 HOURS ; HOURS : GM/LITER: **** I PPM

: 10:30 am; 0:00 1 2.66 : 6.92 : 14.988

11:15 I 0:45 1 **** 1 7.16 1 14.067

: 12 noon I 1:30 1 2.75 1 7.30 1 12+698

I 12:45 Pm: 2:15 : **** I 7.43 1 11.874

1 1:30 1 3:00 I 2.78 1 7.55 1 10.747

1 2:15 I 3:45 : **** 1 7+60 1 9+617

I 3:00 1 4:30 1 2.88 1 7.63 1 8.870

: 3:45 1 5:15 ' **** 1 7+65 1 7.457

1 5:00 1 6:30 1 2+93 : 7.70 : 5.369

5:45 I 7:15 I **** 1 7.71 1 4.231

: 6:30 : a:oo 1 2.98 1 7.73 : 2.883
: -
1 7:15 : 8:45 1 **** 7.73 1 1.799

: 8:00 1 9:30
4-
1 3.00 1 7.72

4
1 0.795

1 8:45 1 10:15 1 **** 1 7.72 1 0+397

1 9:30 1 11:00 I 3.01 1 7.72 1 0.105

I 10:15 1 11:45 1 **** : **** 1 0.000



TIME ITIME
: 1

FROM:
START 1

MLSS : pH
..

I CONCN :
.. ,

HOURS 1 HOURS : GM/LITER: **** : PPM 1
1  .T-
1 10:30 am: 0:00 : 2.70 1 7.14 ; 15.048 1

: 11:15 :
+ 

0:45 I
.f

**** I 7.30 I 14.153 1
- ..... 1

12 noon I 1:30 I 2.76 1 7.48 I 12.582 1

: 12:45 1 2:15 i **** ! 7.57 i 11.560 :

: 1:30 pm : 3:00 1 2.80 t 7.65 1 10.350 I

2:15 1 3:45 I **** I 7.69 1 9.5':)9 I

3:00 1 4:30 I 2.87 : 7.72 1 8.696 I

! 3:45 : 5:15 1 **** 1 7.78 1 7.318 :

., 5:00 ! 6:30 I 2.94 : 7.84 : 5.506 I

5143 I 7:15 : **** I 7.83 1 4.228 1

I 6:30 I 8:00 I 2.96 1 7.80 I 2.899 :

. 7:15 1 8:45 1 **** 1 7.80 I 1.786 :

, 8:00 I 9:30 : 2.97 I 7.79
--f-
: 0.760 !

1
; 8145
:

I 10:15 I
4. 4-

--+  
**** I 7.80
 4.-

' 0.356 I

9:30 1 11400 1 2.97 I 7.81 1 0.095 1

10:15
.

I 11:45 1 **** 1 **** 1 0.000
.

Table 120. Biodestradation of 15 PPM 2.6-DCP9
(acclimated sludSey amino-acids LHFIMp and

LLMC added -20 PPM total-)
2/20/83
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Table 421. Biodegradation of 15 PPM 276-DCP,

(acclimated sludge, amino-acids LOA, and
LCN added -20 PPM total-)

2/21/83

132

, TIME
,.

ITIME FROM
: START

MLSS
:

A 

: pH
..

: CONCH
. ,

:  .4. 4. 

1 HOURS : HOURS
 T  

: GM/LITER1
T  

**** 1 PPM
1 - 
1 11:00 aml

r 

0:00
T *....-..*.»...Z

1 2.75 1 6.72 1 15.284

1 11:30 I 0:30 1 **** I 6,42 I 12.378

1 12 noon 1 1:00 I 2.83 1 6.49 I 12.182

: 12:45 pm: 1:45 1 **** 1 6.53 1 11.084

1 1:30 I 2:30 1 2.99 I 6.42 1 9.718

1 9:15 1 3:15 1 **** 1 6.32 1 8.157

1 3200 I 4:00 1 3.00 1 6.27 1 7.196

1 3:45 1 4:45 1 **** I 6.17 : 5.660

: 4:30 I 5:30 I 3.11 1 5.95
  4-

1 ****
- -

,..140,) I 6:55 : **** i 5.79 1 9.449

: 6:30 1 7:30 : 3.09 I 5,71 : 1.729

1 7:15 : 8:15 I **** 1 5.62 1 0.181

I 8:00 1 9:00 : 3.08 I 5.50 : 0.000

: 8:45 1 9:45 I **** : 5.45 I ****

I 9:30 1 10:30 1 **** I 5.42 1 ****



1 TIME
.'

:TIME FROM:
: START

 -,- 
ML SS

1

J.  .A.-,-
: pH
..

CONCN
..

HOURS
:

HOURS
 4. 

1 OM/LI1ER: **** 1 PPM

1 11:00 amt

r

0:00

r 

1 2.80 1 6.82 1 1a',.008
1

11:30
+ 4- 
1 0:30 1 ****

4
1 6,69 1 12.517

1 12 noon
I 
1 1:00

I-
1 2.85 : 6.71 1 11.941

1 12:45 PM: 1:45 1 **** 1 6.59 1 11.239

,. 1:30 1 2:30 1 2.97 1 6.56 9.346

1 2:15 3:15 : **** : 6.47 1 7,940

: 3:00
4  

1 4:00
4-

1 3.03 1 6.37 1 6.727
_ ...

3:45

__ _

1 4:45 ****
+   -4-
1 6.32 1 5.402

: 4:30 : 5:30 1 3.05 1 6,18 1 ****

c..==
J.00 1 6:55 1 **** 1 6.12 1 2.233

1 6:30 1 7:30 1 3.05 1 6.08 1 1.366
:-
1 7:15

4.  +
1 8:15 : ****

f
1 6.04 1 0.109

1 e:oo 1 9:00 1 3.02 ' 6.00 1 0.000

1 8:45
4--

1 9:45 : **** 1 5.98 : ****

1 9:30 1 10:30 1
4 4

**** 1
4.-

5.96 1
  I

****

Table #22. Biodesradation of 15 PPM 2,6-DCP,
(acclimated slur.Ney amino-acids LGAY and

LCN added -20 PPM total-)
2/21/83
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Table *23. BiodeE4radation cif 10 PPM 2y6-DCP,
(unacciimated siud5ley no amino-acids added)

2/23/83 2/24/83

134

-4.
TIME

',

 -..
I IIME FROM:
: START :

MLSS 1
1

pH :
:

CONCN :
:

: HOURS 1 HOURS : GM/LITER: **** I ,PPM •

1 7:30 am : 00:00 : 2.59 : 7.15 : 9.994 1

: 8:15 : 00:45 1 **** : 7.16 1 9.788 :

, . 9:00 : 01:30 : **** 1 7.12 : 9.187 :

9:45 1 01:15 1 **** I 7.08 1 8.853 1
1
1 10:30

4
1 03:00 1 2.61 1 7.09 1 8.595 1

I 11:15 1 03:45 : **** I 7.06 1 8.289 1

I 12 noon I 04:30 : **** : 6.96 I 8.120 I

: 1:00 PM i 05:30 1 **** 1 6.91 1 7.993 1

.• 2:00 1 06:30 1 2.66 1 6.88 1 7.828 1

: 3:00 1 07:30 I **** : 6.84 : 7.655 I

, 3:45 : 08:15 : **** I 6.78 I 7.599 I

: 4:30 I 09:00 : **** : 6.79 1 7.426 1

I 5:30 1 10:00 : ',.73 1 6.77 I 7,321 I

: 6:15 : 10:45 I **** I 6.74 1 7.177 :

1 7:50
-+

1 12:20 I **** 1 6.71 :
f

7.088 I
-1-

: 8145
-+

1 13:15 1 **** 1
+-

6.69 :
I

6.995 :

9:45 1 14:15 1 2.75 1 6.72 1 6.902 1

I 10:30 pm: 15:00 1 **** 1 6.69 : 6.859 :

: 8:45 am
1

: 25.15 1
A

e.'2...81 : 6.47 1 4.989 I



10*430 1 270+00 11 6^44| 4^257 ~
--~-------+ 

12 noon 1
--- --- ---- ----f--------~~F---------f-- 

28**30 Is 2~77 1 6°43| 3°873
---------f---------4----------f---------f---------|

24.00 Pm | 30*#30| 6^45 | 2~362

3**30 1 1
~ --------~f---------f---------f

32~+100| **** | 6°37
 -~~---------~

1,535 ~

44015 1 32*445 1 24.73 1 6,35 1 1^186 |
- --f---------f---------~------~--f---------|

5*+45 | 34*015 | 6~33| 04925 |

/ ---------f---------~~---------~---------~---------|
7#030 36+000 1 **** Y 6^32 1 O,323 |

|---------1~---------f---------f---------f---------|

| 84#30 1

/ --------_~---- 

370*00| 2^72

~-~_-----_~---------~-~-------!

| **** 10~000 2nd!
peak |
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Table 124. Bioderadation of 10 PPM 2,6-DCpy
(acclimated sludep all amino-acids added -20 PPM total-)

2/24/83

136

TIME
..

:TIME FROM1
I START

-4=----=-----,i,_=--....==—..74,--:-.==.... 

MLSS
I

1 pH
.,

: CONCN
.,

1 ---------44-- -----

I HOURS 1 HOURS : GM/LITERI ****

—

: PPM

: 7:30 am 1 00:00 ''.76 1 6.81 : 9.902

6:00 ! 00:30 : **** 1 6.88 1 9.903

8:30 1 01:00 : 2.79 ! 7.01 I 9.469

9:00 1 01:30 : **** : 7.04 1 9.251.

9:30 I 2:00 1 **** 1 7.13 : 8.925

10:30 1 03:00 1 2.92 I 7.12 1 7.594

11:00 : 3:30 1 **** 1 7.16 1 7.198

12 noon I 04:30 1 **** 1 7.18 : 5."8

01:00 PM:
f --f

05:30 1 2.92 1 7.19 1 2.274

02:00 : 06:30 1 **** 1 7.19 1 0.836

3:00 1 7:30 1 **** 1 7.16 1 0.000

4:30

,.
.

1 9:00 1 **** 1
, 1, 1

. ., ,

. .

**** 1 1.326
11 (2nd '
1 peak) 1
.



t TIME :TIME
. 1 [

FROM1
STAT 1

MLSS 1
st

PH
1t

CONCH

1 HOURS 1 HOURS i OM/LITER1 **** 1 PPM

1 7430 am 1 0;00 1 2.81 1 6.91 t 10.093

1 8:00 1
t

0:30 1 **** : 7.05 1 09,955

, ' 8:30 1 1:00 1 2.38 1 7.18 1
- 4

9.600

9400 1 1430 1 **** 1 7.11 1 10.278

a ' 9:30 1 2:00 : **** 1 7+20 1 8.929

1 10130 1 3400 1 2.93 1 7+27 1 7.799

1 11:00 : 3:30 : **** 1 7.20 1 6.902

1 12 noon 1 4:30 1 **** 1 7.30
f 4

1 5.327

1 01400 Pm: 5430 1 2.95 1 7.31 1 2.841

02:00 : 6:30 1 **** 1 7.32 I 0.884

t 3410 1 7:40 1 **** 1 7.35 1 0+000

Table *25. Biode5radation of 1.0 PPM 2,6-DCP9
(acclimated stud e9 all amino-acids added -20 PPM total-)

2/23/83
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Table #264 Dioderadation of 20 PPM 2,6-DCPr
(acclimated sludge all amino-acids added -20 PPM total-)

2/25/83

138

.. TIME 1TIME
: 1

FROM:
START 1

MLSS :
1

PH
1

CONCH !
1

 -11  
1 HOURS 1

,  
HOURS 1 OM/LITER:

- -
**** 1

4. 
PPM 1

- 11 .1-
: 11:30 aml

*
0:00 1

* 
2.89 '

.T.
6.77 : 20.489 1

1 01:00 Pm! 1:30 :

----

****

.....-

7.07 1 19.606 1

1 02:00 PM: 2:30 1 3.01 1 7.27 1 174972 1

,1 2:45 1 3:15 1 **** 1 7+39 1 17.747 1

1 3:30 1 4:00 1 3.08 1 7.46 1 16.399 1

: 4:15 1 4:45 1 **** 1 7.42 1 16.413 :

1 5:45 1 6:15 1 3.17 1 7.59 1 13.934 1

1 6215 1 6:45 1 **** 1 7.64 1 13.390 1

7:30 1 8:00 ' 3.23 1 7.65 1 10.755 1

8:30 1 9200 1 **** 1 7.69 1 9.546 1

1 9:15 1
1 +- _.___

9:45 1
....«..«..._._ 

3.23 1
««««.1...«._ 

7.70 i
.L.«. . 1

8,438 1

10:00 1 10:30 1 **** 1 7+70 I 6.158 1

1 10:45 1 11:15 1 3+22 1
---.

7+65 1 3.215 1

1 11:15 1 11:45 1 **** 1 7.69 1 2.111 :

1 12 1
: midnite 1

12:30 1
..

3.21 1
1

7.68 1 0.181 1
.1 ,

: 2 nd Peakl
l

.. ..
-----------

  A

. .. .
I



TIME ITIME
I

FROM!
START

MLSS I
: 1

pH

=,.......4=========1

1 CONCH I
i

HOURS I HOURS I GM/LITE **** ! PPM ..R1

11:30 am: 0400 1 2.90 1 7.01 1 19.969 I

01:00 pm: 1:30 I **** : 7.20 : 19.468 I

2:00 I
--

2:30
t- _ .»+--  

I 2.95 : 7.40
4 - I
I 17.962 I

+
2:45 :

-4-
3:15

-+
I **** :

-
7.44

f * I
1 17.334 1

3:30 I 4:00 1 3.02 1 7.50 1 16.759 1

4:15 1 4:45 1 **** I 7.53 1 14.664 I

545 1 6:15 i 3.10 I 7.57 1 12.641 I

6:15 i 6:45 1 **** 1 7.62 I 11.960 1

7:30 I
.... ... -4.

8:00
_

I 3.13 I
+ • +

7.61
-

1 10.483 :
+ .

8:30 I 9:00 1 **** I 7.63 : 8.563 I

9:15 I 9:45 1 3.13 1 7,64 1 7.520 1

10:00 1 10:30 1 **** : 7.65 : 5.683 1

10:45 1 11:15 1 3.15 1 7.66 1 2.925 I

11:15 1 11:45 1 **** 1 7.67 : 1.803 I

12 1
midnite :

«......1..«.«_«

12:30 1 3.15 1
, ,
+»«...._. -4-

7,68
- 1

I 00.169 1
, ,
I-- -

2nd Peak : 1 : , .
:

, ,

Table *27. Bioderadation of 20 PPM 2y6-DCP,

(acclimated sludsley all amino-acids added -20 PPM total-)
2/25/83

139



Table *28. Biode!gradation of 25 PPM 2y6-DCpy

(acclimated s7.ud5ey all amino-acids added -20 P,PM total-)
2/27/83

1.40

: TIME .TIME
.' :

FROM:
START

MLSS
:

: pH
.'

: CONCN
.'

I HOURS : HOURS : GM/LITER: **** I PPM

I 11:30 AMI 0:00 1 2.74 I 6.35 I 26.244

I 12:15 pm: 0:45 I **** : 6.79 : 25.792

: 1:00 I 1:30

.

I 2.75
+  
: 7.06

+
: 23.696

I 1:45 : 2:15 1 **** I 7.20 I 23.890

I 2:30 I 3:00 I 2.74 : 7.22 I 23.065

I 3:15 : 3:45 I **** : 7.23 I 25.984

: 4:00 I 4:30 I 2.77 : 7.27 i 21.570
I 
, 5:15 I 5:45 : **** I 7.30 i 20.507
1   1--
'. 6:00 I 6:30

- .4.
: 2.78
  -1

I 7.33 1 20.014

. 6:45 I 7:15 : **** I 7.35 : 19.6)1

I 7:30 1 8t 00 I '1.78 I 7.36 1 18.686

. 8:15 : 8:45 : **** I 7.39 I 17.912

. 9:00 I 9:30 I .81''' 1 7.39 I 17.087

I 10:15 I 10:45 : **** : 7.38 I 15.604

I 11:00 1 11:30 : 2.83 : 7.43 14.653

: 11:45 : 12:15 I **** : 7.43 : 14.100



TIME :TIME
i 1

FROM1
START

MLOS
1

a rH : CONCN
1i

1 HOURS 1 HOURS 1 OM/LITER! **** 1 PPM

1 3:30 PM i 0:00 i 2.63 1 6+49 1 250.080

1 3:45 I 0:15 I **** 1 6.45 1 230.640

1 4:00 1 0:30 : 2.69 i 6.24 1 185.700

I 4:15 1 0:45 1 **** 1 6.04 : 142.500

I 4:30 : 1:00 1 3.02 1 5.76 1 102.660

1 4:45 i 1:15 1 **** I 5.72 I 023.429

: 5200 i 1230 1 2.81 1 5.69 : 000.000

Table 129. DiodeSradation of 250 PPM phenol,
(acclimated sludsey no amino-acids added)

1/20/03
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Table *30. Dioderadation of 250 PP phenoly
(acclimated sluthley no amino-acids added)

1/26/83

142

.... ..... 

TIME 1TIME FROM!
START 1

MLSS 1 pH 1
, ..

CONCH

HOURS 1 HOURS : OM/LITER: **** 1 PPM

6:30 PM 1 0:00 1 2.53 : 7.42 1 248.650 1

6:45 : 0:15 : **** : 7.36 : 228.490 :

7:00 1 0:30 1 2.61 : 7.18 1 185.140 :

7:15 1 0:45 1 **** : 6.95 1 138.570 :

7:30 1 01:00 1 2.89 : 6.84 1 091.897 1

7:45 1 01:15 1 **** 1 6.80 1 006.451 1

. 8:00 1 01:30 1 2.71 1 6.72 1
.
000.000 1

.



, , TIME
, .

:TIME FROM;
STARTI

;'11...,S5
1

1 pH
..

: CONCN
, ,

si

1 HOURS 1 HOURS 1 OM/LITER: **** 1 PPM i ,

: 9:30 PM i 0:00 1 ':).5':' I 7.09 I 397.300 I

, 9:45 1 0:15 : **** 1 **** 1 384.000 1

: 10:00 I 0:30 : **** 1 7.07 I 346.790 1

I 10:15 I 0:45 1 2.64 1 **** 1 311.990 1

1 10:30 1 1:00 1 **** 1 7.01 1 288.490 1

: 10:45 : 1:15 : **** : **** 1 255.470 1

I 11:00 ; 01:30 1 2.96 1 6.95 I 154.980 1

11:15 1 01:45 1 **** 1 **** 1 103.500 1

I 11:30 I 2:00 1 **** 6.79 1 031.643 1

1 11:45 1 2:15 1 2.91 1 **** 1 000.000 1

, 12
1 midnit e

,. 2:30 :
I1 ,

**** 1 6.64
I,

1 **** 1

143

Table #31. Biode5radation of 400 PPM PheMOlY
(acclimated stud e9 no amino-acids added)

1/20/83



Table 41:32. Diode5radation of 400 PPM phenols
(acclimated sludlley no amino-acids added)

1/21/83

144

I TIME :TIME FROM1
I START

MLSS
1

1 pH 1 CONON

I HOURS I HOURS GM/LITERI ****
 A. 

PPM

1 6:45 PM 1 0:00

 -..
i 2.50 1 6.94 1 391.97

1  
1 7:00

4-
1 0:15
+  -+

4
1 ****

4. 
****

+- ..

1 383.280

I 7.15 1 0:30 : **** 1 6.87 1 346.590

1 7:30
,

1 0:45
4 

I 2.63
+

**** I 314.670

1 7:45 1 1:00 1 **** 1 6.71 260.800

8:00 1 1:15 1 **** 1 **** 1 205.570

8:15 1 1:30 1 3.02 I 6+54 I 144.330

1 8:30 1 1:45 I **** 1 **** 1 059.023

1 8:45 1 2:00 1 **** 1 6.36 1 000,000

1 9:00
,

1 2:15
 1....

1 2.96
 A.  

1 6.30 1 ****
L .



: ... 

: TIME
,,
1  

, ... 

:TIME FROM:
: START

,
MLSS

I

...,
: PH
,,

 1 

4:
1 CONCH
,,
1 

1 HOURS

1 

 , T 

1 HOURS 1 OM/LITER:

T

****

T

1 PPM

I 4:30 PM
 ,

1 0200

, 
i 2.38
 r 

1 7.51
1-

1 606.420
: 

4:45
1 

+-  
1 0:15
+ 

+ 
1 ****
+ 

+ 
1 ****
+ 

+ 
1 603.410
+ 

I 5:00 1 0:30 1 **** 1 7.52
+ 

: 591,79
+  --+  

: 5:15 1 0:45
+ 
I **** I **** 1 582.290

1 
1 5:30

+ 
1 01200

+ 
1 2.48

+ 
1 7.52

+ 
1 574.240

I 
1 5:45

+ •f 
1 01:15 1 ****

+  
1 ****

+ 
: 566.970

1 -
: 6:00

+ 
1 01:30

+ 
1 ****

+ •f 
: 7.45 I 548.260

+ I 
: 6:15

+ 
1 01:45

+ 
1 ****

+ 
1 **** 1 525.500

: 
I 6:30
I 

+ 
1 02:00
+

f _____+ 

I 2.51
4 

  -+ 
1 7.38
f-  

1 507.750
+ 

: 6:45 1 02:15
 + 

: ****
+  

I ****
+ 

1 483.430
+  -

1 7:00 1 02:30
-

1 ****
+ -+ 

1 7.29 1 462.590
+ 1  -+

: 7:15 1 02:45 1 **** : **** : 461.730

1 .._+_______-.__+ 

I 7:30
1 

1 03:00
+ 

1 2.54
+

4• 
1 7.23
+ - -+ 

+ 
1 432.91

: 7:45 1 03:15 1 **** : **** 1 401.060
+ I 

1 8:00
+ + 
1 03:30 1 ****

+ 
1 7.11
+  

1 393.930
+_....-:

1 8:15
 f - -

: 03:45
+ 
I **** 1 ****

+ 
1 366.860

1-
1 8:30
1 

+ - +
: 04:00 1
+ + 

2,54 1 7.08
+ 

1 353.330
+ 

I 8:45 : 04:15 I
 I.  + 

**** 1 ****
+ 

1 321.210
+ 

1 9:00 1 04230 1 **** 1 7.04 1 296.760

Table *33. Biodegradation of 600 PPM Phenol,
(acclimated sludge, no amino-acids added)

1/23/83
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v
.. Aso ... Ison• oewsm moson

9:15
+

S•••6 *woo • .o•S* woos o•ss

1 04:45 1

AA.* ammo SA. roma sss

****

A.... .ssom moss As A .s......

1 ****
I

osso As ••

1 269.190

9:30 : 05:00 2.50 1 7.02 1 235.000

10:00 1 05:30 ****
_ ..... _

****
_____

1 160.410

10:15 1 05:45 1 **** 1 6.98 ****
...,

10:30
4
1 06:00 i 2.40 1 **** 1 75.963

11:00 1 06:30 1 **** 6.99 1 ****
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Table 134. Diodesiradation of 600 PPM PheMOlv
(aCCiiMated slud5gey no amino-acids added)

1/24/83

[47

TIME :TIME FROM:
1 START

MLSS
I

1 pH
, ,

1 CONCN
,

1 HOURS 1 HOURS 1 OM/LITER1 **** 1 PPM 1

1 3:45 PM 1 0200 1 2.37 1 7.69 1 619.030 1
1  
1 4:00

4. 
1 0:15

4-
: ****
  -4-

1 ****
1

1 610.530 1

1 4215 i 0230 1 **** 1 7.67 1 605.670 1

: 4:30 1 0:45 1 **** : **** 1 592.530 1

1 4:45 1 01:00 1 2.43 1 7.63
4- 1
1 582.170 1

: 5:00 I 01:15 I **** 1 **** 1 553,420 :

: 5:15 1 01:30 1 **** 1 7.57 1 544.880 :

1 5:30 1 01:45 1 **** : **** : 524.640 1

5:45
4.
7 02:00 1 2.47 1 7.50 1 506.670 1

1 6:00 : 02:15 : **** 1 **** 1 481.680 1

1 6:15 1 02:30 1 **** 1 7.48 1 474.920 I

1 6:30 1 02:45 1 **** 1 **** 1 451.350 1

1 6:45 1 03:00 1 2.50 1 7.29 1 434.250 1

1 7:00 1 03:15 1 **** 1 **** 1 406.360 1

1 7;15
4
1 03:30
-

1 **** 1 7.17 : 392.330 :
4 - -1

1 7:30 1 03:45 1 **** I **** 1 372.600 1
1 --
1 7:45

4-
1 04:00

1- •
1 2.49

4.-
1 7.07

1
1 35.810 1

1 8:00 i 04:15 1 **** I **** 1 323.210 1

1 8:15 1
.

04:30 1 ****
,

1 7.10 1 288.360 1



r- — —
1 8: 30

— — -- —
1 04 : 45 1

_ _ _

****

_ _ -- —

; **** 1

— — — — ----1

261.000
;
1 8 : 45

+ - +
1 05 : 00 ;

-+
2 . 46

f
; 7.01 ;

•
22.2.870

; 9.00 1 05.1c ; **** 1 **** ; 180.750
1
1 9 :15

f
1 05 : 30 1

•
****

-1-•
1 7 .00 ;

—

151.650
1 —
1 9 : 30

+ • .}-
; 05 : 45 ; ****

1-•
; **** ; 087 . 167

, 9:45. ; 06:00 1 2039 1 6.99 1 005 a340

1 10:00 ; 06:15 ; **** 1 **** 1 000. 000
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Table *35. COD determination experiments for 15
PPM 2,6-DCP (acclimated sludiley

no amino-acids added)
9/10/83

Sample size = 3 ml
Normality of FAS = .025 N
Blank readinst = 11.00 ml

*****' indicates that COD values were riot experimentally

determinable.

149

,  .7.
1 TIME

-,.
1 READING :COD

,
(EXPTL) :

11  .1 
HOUR

1  ..,
I ML 1

 4. ,,-
MG/L 1

1
I 9:15 am 1 10.70 : 20.00

1
: 10:45
 4.  4. 

I 10.70 : 20.00 •
I
I 1:00 PM
1  

+  +
1 10.75 1
4  4-

1
16.67 ,

 I
2:30 PM i 10.67 1 22.00 ,

  I1   .1-
4:00

1 

+
1 10.80 I
+  + 

13.33 1
1

: 7:30 : 10.90 1 **** 1

I 9:00 I 10,75 1 16.67 ,
11  

1 10:45
4. +- 
1 10.90 1 **** 1

1  
: 8:15 am
I  

+ 4--
1 10,90 1
4 4- 

****
1

1 10:30 aml 11.00 1
4- 

,**** ,

 1:
12:30 PM:

1  

4- 
10.95 1

I. 4
**** ,



EIGURES
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Figura #1 Pathways for degradation of benzene to catechol

Figure #2 Pathway for ortho fission of catechol

151



Figure #3 Pathway for meta fission of catechol

152



PHOTOMETABOLISM:

NITRATE RESPIRATION SBENZOIC ACID): 

NITRATE RESPIRATION (PHENOL): 

Figure # Pathways for anaerobic metabolism of aromatics --CONTINUED--

'53



METHANOGENIC FERMENTATION,

Figure #4 Pathways for anaerobic metabolism of aromatics

154-



Figure #5 Pathway for anaerobic metabolism of phenol
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Figure #6 Pathways for degradation of chlorobenzoates
156



Figure Pathway for anaerobic metabolism of phenol via B-oxidation

Figure #8 Pathway for desradation of protocatechuate

157



Figure #9 Typical reactor set-up

15S



Figure #10 CC output showing overlapping of peaks for 2,6-DCP

and its metabolic intermediate ( Table #24, 2/25/83).

► 59



Figure #11. Plots of concentration vs time for 250 ppm phenol

o -- Table #30.

a -- Table #29.

Slope .4.85.21 ppm/hr



Slope: -193.51 ppm/hr

Figure #12. Plots of concentration vs time for 400 ppm phenol

o --Table #31.

G --Table #32.

1 61



A62-

Slopes -99.40 ppm/hr

Figure #3.3. Plots of concentration vs time for 600 ppm phenol

o -- Table #33.

m -- Table #34.



Figure 414. Plot of pH vs time for 250 ppm phenol

o -- Table #29.



Figure #15. Plot of pH vs time for 250 ppm phenol

o -- Table #30.

164



Figure #16. Plots of pH vs time for 400 ppm phenol

0 -- Table #3l.

m -- Table #32.



Figure #17. Plots of pH vs time for 600 ppm phenol

0 -- Table #33.

m -- Table #34.
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Figure #19. Plots of concentration vs time for 15 ppm 2,6-0CP,
(no amino-acids added • acclimated sludge)

0 Table

A - Table #12.

o slope: -.539 ppm/hr
it, Slopes -.534 ppa/hr

168



Figure #20. Plots of concentration vs time for 10 ppm 2,6-DCP,
(all amino-acids added, acclimated sludge)

E) -- Table #24.

A -- Table #25.

Slopes -1.714 ppm/hr

1 6 9



Figure #21. Plots of concentration vs time for 15 ppm 2,6-DCP,
(all amino-acids added, acclimated

O -- Table #13.

ZN -- Table #14.

Slopes -1.164 ppm/hr



Figure #22. Plots of concentration vs time for 20 ppm 2,6-DCP,
(all amino-acids added, acclimated sludge)

0 -- Table #26.

-- Table #27.

Slope: -1.385 ppm/hr

1 71



Figure #23. Plots of concentration vs time for 15 ppm 2,6-DCP,
(amino-acids LHHM, L1MC, and LAH added,
acclimated sludge)

0 -- Table #15.

LS -- Table #16.

Slope: -2.175 ppm/hr

1 72.
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Figure #24. Plots of concentration vs time for 15 ppm 2,6-DCP,
(amino-acids LHHM, and LAH added,
acclimated sIudae)

() -- Table #17.

ZS -- Table #18.

Slope: -1.311 ppm/hr



Figure #25. Plots of concentration vs time for 15 ppm 2,6-0CP,
(amino-acids LiiIHM, and LIMC added,
acclimated sludge)

O -- Table #19.

-- Table #20.

Slopes -1.388 pp /hr

174.



Figure #26. Plots of concentration vs time for 15 ppm 2,6-DCP,
(amino-acids LGA, and LCN added,
acclimated sludge)

O -- Table #21.

ZS -- Table #22.

Slope: -1.636 gpaihr
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Figure #27. Plot of concentration vs time for 25 ppm 2,640CP,
(all amino-acids added, acclimated sludge)

0 -- Table #28.

Slopes —0.997 ppm/hr

1 7 6
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Figure #29. Plots of pH vs time for 15 ppni 2,6-DCP,
(no amiuo-acids added, acclimated sindge)

1 7g

() -- Table #11.

Table #12.



Figure #30. Plots of pH vs time for 15 ppm 2,6-0CP,
(all amino-acids added, acclimated sludge)

0 —Table #13.

Table #12f,

1 79



Figure #31. Plots of pH vs time for 15 ppm 2,6-DCP,
(amino-acids LHHM, LIM, and LAH added,
acclimated sludge)

0 -- Table #15.

LS Table #16.

1 g 0
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Figure ,#32. Plots of pH vs time for 15 ppm 2,6-DC?,
(amino-acids LIIHM, and LAH  
acclimated sludge)

0 — Table #17.

A --- Table #18.



Figure #33. Plots of pH vs time for 15 ppm 2,6-DCP,
(amino-acids LGA and LCN added,
acclimated sludge)

0 -- Table #21.

A -- Table #22.
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Figure #34. Plot of pH vs time for 25 ppm 2,6-DC?,
(all amino-acids added, acclimated sludge)

0 -- Table #25.
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Figure #35. Plot of initial concentration ve complete
degradation time for phenol



Figure #36. Plot of initial concentration vs complete
degradation time for 2,6-DCP

1 S.5
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Figure #37. Plots of concentration vs time for 10 and 15 PIS
0 2,6-DCP (no amino-acids added and all amino-acids

0 added)

o -- Table #114,
A Table #12.
0-- Table #13.
m -- Table #14.
0 Table #20.
A -- Tablel#21.
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Figure #33. Plots of concentration vs time for 10, 15, 20, and 25 ppm
2,6-DCP (all amino-acids added, acclimated sludge)

C) -- Table #13.

ZS -- Table #25.

0 -- Table #26.

O -- Table #28.



Figure #39. Progressive oxidation of 216-DCP as
observed on spectrophotometer - CONTINUED --



Figure #39. Progressive oxidation of 2,6-DCP as
observed on spectrophotometer.

1 fg"9
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