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I INTRODUCTION

There is increasing  rublic cCongern over the
introduction ‘of harmful  rollutants in the drirnking water
surrly, The rarid advances in industrisl technologe have
brought sbout new man-made ordanic chemicals which were
hitherto unkrnown to Nature, The ubicuite of this rew class
of sunthetic molecules inm our environment is rotentislle
harardous because most living ordganisms  have delt  to adart
themselves to metabolize these molecules.

The most cCoOmmOn disrosal technicues include
landfillings chemical widationy Lhermal idation
(incineration) and biolodgical oxidation.

Landfills have been conventionsally wused to  dumes 211
kLinds of chemicals, This method has become the center of
controversy due to drinking water contaminstion rroblems.
Landfills do mot destrow the waste but merely store it,
Thereforer this is not a method of Fimal disrosal.

Chemical oxidstion mzskes use of oxidizing adents like
ozoney hudroden  reroxidey oxuseny huwrochlorous acid  and
elementazl chloriners which introduce wudgen into the
molecular structure of the waste ordgsnic comroundsy followed
by ring clesvasge and disintegration leading to the formation
of carbon~dioxide and water. Most of these tLechnicues are

arrlicable only to certain tures of comroundsey and 100 %



dedgradation maw not be rezlized., Some of them zre too
exrensiver while others recuire extensive rretreatment. Aall
of the oxidizing sdents camn form touic intermediastes ( some
of them chlorinasted ).,

Thermal oxidation wuses high temereratures rather than
chemical enerdgy to odidize ordanic molecules. Howsversy
chlorinated ordganics rose a thermodunamic rroblem hecause of
the stability of the carborn-chlorine bond in  an oxidizing
atmosrhere. The rotential  then wists for relessing
ehlorinsted fragments of the oridginzl moleculer which maw
themselves be toxic,

Biolodical oxidation rrocess oan he effectivelw used to
destrow many kinds  of toxic and harerdous wastes. Certain
fungi and bacteris maw be able to wutilirze the waste as a2
food source for drowth and enerdw eroductiorn. In othey
casesy 38 chemical subdect to microbizl azction maw not
contribute to growth or enerdw sroduction. This is termed
cometabolism and recuires an additiomnal food source to
maintain the microbiasl sorulation. Biologicsl oxidstion
reauires verw little emergw  inrpul (38 orrosed to  thermazl

didation )y since the organisms can wutilize enzumes to
catalutically oxidize the orgdanic molecule at TOOMm
temrerature. The enzumes are rroduced bw the orsgsnisms from
# synthesis of arrrorriate amin0wécids, Enzuematic asction is

wtremelw srecificy with some thaet clezve aromatic rings bu



widationy others that dehudrogenster hudroluzer eboe.

It is of dtreme imroritance to reslize thalt microbes
have taken millions of wears to develor this carabilits to
metabolize various comrounds which are naturally
sunthesized, As 2 resulty man-made comrounds can not  bhe
exrected to dedrasde readily unless their structurzl fealtures
were sreviously encountered in Nature., In many oasess bthe
microbes maw fail to rFroduce the necessary enIumes. A
molecule that coan not renetrate the cell wally 2nd  is not
modified bw an extracellular enzumer is recalocitrant.

The rresent stude will concentrate omn rhenol and its
halogensted derivatives. These compounds are relstively
non-biodegradables and their structure is similar to that of
many resticides as well as their precursors  and metabolic
rroducts.  Industrizal  sroduction of shenolic comsounds  is
verd lardge due to their diverse aprlicstionsy and shenolic
wastewater is denerated by rroduction of rolumeric resinss
Fulr and  rarer millsy o0il refinings cosl dgasificationy
linuefactiony and coking wlants.

It is desired to studw the effect of irncressins
chlorination on biodedgradability of aromastic structure.
O-chlororhenol has been examined in g rrior stude in our
laboratordy. In case of 2yé6-~dichloroshenol both the ortho
rositions are blocked bw chlorime atomsy  investigstion of

its swuscertibility to bhiodedradstion is  therefore more



interesting. Virtusalle no informastion is available sbout
piologicel trestment of 2eé-dichloroshenol from litersture.
Hencer the reresent work concentrazies on biological vemoval

of 2ré~dichlororhenol using asctivated sluddge.



Ii. LITERATURE CRITIQUE

An extensive amount of literature has slreadwy been
rublished on biodedradation of various ordanic comrounds,
Kinetic rarameters for bateh or continuous oreration of
industrial wastewster trestment rlants have also been
evaluated, Resesarch has been rerorted on  shermols o~  and
r-chlororhenolsy 2v4-dichlororhenols 2r4sé-trichloroshenol s
and rentachlorvorhenols but eratically ro  informstion is
available about 2Zesé-dichlororhenol excert that from Rakers
et. 81 (4), Herncer the exrerimental work and results
described in  this study marks almost the first attemert to
evaluate the biodedradabilits of 2:6-DCP,

One or more of the followingd models have been used bw
most workers in  the field to evaluate the kinetic rate
constants.

Michaelis Menten modell -d8/dbt = Um.X.85/ [Km + 81
Haldane model! -d8/dt = Um.X.5/ IKm + 8 + SZVKiJ
First order model? ~dS/dt = k.S

Second order modeli -dS/dbt = k*Sn'

Grau models -df8/dt = k.X.85/80

wheres

8o = Imnitizl substrate corncentrationy rrm.

i

b Suhstrate concentrationy #rm.

pad
i

MLSS concentrations FFm.

%



t = times hours.

Km = Michaelis Menten (substrate utilizastion) constants
FEm

Um = Maximum swrecific dgrowth rate constants /hour,

k = Rate constant for lst order or 2nd order or Grau model.

Ki = Substrate inhibition constants rem.

A. EBHENOL AND OTHER BOLYHYDREOXYL BENZENESS

Since shenol is toxic and imparts 8 bad taste Lo water
even at low concentrations the EFA hes set 38 limit of 1 seh
of rhenol in drinking water (84), Exrerimental and
theoretical work on  the biodesgradation of rhenol and other
shenolic comrounds have beean rerovried since 1950
(798119145157 16918520:23,24533535:36y3873F941942543945+46y
48549552553, 56957 94682,70,84), Thousth most of this
information is about aerobic trestments Neufeld (52) as well
as Evans (23) have studied anserobic biodedgradsation and
cometabolism of rhernols.

Kramer and Doetsch (42) survewsed the dedradation of 395
rhenolic comrounds with 8 larde varietwy of micro-organisms.
Most of the observations thew rerorted have been reresatedly
asserted bw numerous workers since then. Thew concluded

that +the sresence of nitros 2Bmirno or multirle hudroxzl

grours reduced microbial sttack. Unfortunatelwry thew were



not able to sxelain this behavior. Alsoy the ortho and rars
rositions arreared Lo be more suscestible to biological
attack than the mets rositiomy as demonstrated bw  the
r-oresol/m-oresol or eatechol/resorcinol s3irs,

In bateh and continsous studies om shernol using
Peeudomonas sutidary Hilly, et a8l (33) observed substrate
inhibitions andg therefore wused +the Haldane model  to
correlate their datz (see Table #1). Substrate inhibition
with rhenoly rarticularle st concentrations above 340 rrme
has also heen rerorted by a rsamber of workers
(Br33939943+42:52,53556+68s84), Howevers the values of the
kinetic rarameters obtazined and models rrorosed seem to vary
according  to the nasture of the micro-organism  (84)y
temreratures rHy and other factors. Hilly et 81 (33) zlso
observed that wall dgrowth on the reactor interior exerted 3
significant effect on the biomzsss concentration and rhenol
conversiony both of which decreassed with an incoreasse in wall
growth. A similar observation was made bw Fawlowskyy et al
{573y thew concluded that rFrorer kinetic studies must bhe
done before scale-ur can rroceedy since wsll growbh dreatls
influences the substrate concentration. Beltrames et sl
(46 found that the data were inconsistent wunless  the
reactor walls were scrarred at lesst twice 2 daw,

Holladags et a3l (35¢34) studied the biodedradstion of

rhenolic wastes in  stirved tank (CSTBRBR)Yy racked bped (FRER)



and fluidized bed (FEBR) bio-reactors . The CSTBR was found
to be the most vulnerable to shockse while the utilisation
of PRRR for waste trestment was stronglw derendent on
biomass zcoumulation. FEBR arned FRER exhibited the lardgest
dedradation rates and lowest retention times with a high
tolerance for sustem rerturbztions. The CH8TER was the most
simrle to orerate but occuried the lardest volume with the
longest retention  time. Nome of the biorescltors were
successful in treating cwanidesy nitrates or ammonis. AL 99
% conversiony the USTER handled ur to 1400 mg/l  at 2.467 4m
rhenol/davw.l  of reactor volumesr while the PRRER and FRER
achieved 2 to 3 times the dedradation rate but onlw Tor 500
and 700 mg/1  of rhenoly resrectivelw. Thew 3lso concluded
that conversions less than 99 A were mainlzw  due  to
ingsufficient dissolved oxwgen (DO), The FBER arnd FRBR aslso
had orerational rsroblems like excessive biomass formation
agnd difficulty in solids seraration.

Fawlowskyy et 2l (54657) rrorosed the Haldane model as
the best fit for rhernol dedgradation due Lo substrate
inhibition (see Table #1). Thew found thal bacterial
composition varied dreatly with changes in  residence time.
When the residence time was 4 hoursy filamentous bacteriay
aldae and fundi rredominated. O the other hendr with a
residence time of & hours srherical bacteris were

rredominant. The exreriments were conducted st 28 C and =H

8



Kimy et a2l (38:39) made 3 comrrehensive study of the
effects of temreratures sHy 2nd salinite on treatability of
shenol and methanol. Thew observed that Y and Km (of
Michaelis—-Menten model)? changed insignificantly with
temreratures with values of 1.21 + 0,06 and 236 + 70 m#H/1
resrectivelu., The Um for rhernol increased from 0.0187 to
0,061 /hr with an incresse in temrerature from 5 to 21 C
according to an Arrehenius relation. The Fhemol
concentration used in the studw varied from 650 to 1200 rem.
Thew rrorosed an eauation of the form Umz.= Uml' GCTZ'-T'> y
where © is the temrerature coefficients which is a8 function
of #H and salinitw., (The eausation is not very useful since
8 is slso an unknown function of the temererature range ), ©
was found to be 1,076 at #H = 7 and salinity =0y for shenol.
The temrerature effect decreasses as rH and salinity become
unfavorable to the orsganisms, Thew rrorosed an ecusation for
the cell decaw coefficient (Kd) of rhernol in terms of Um?

Kag = 0.066xUm.

It was found that Kd increased from 0.002/hr showed
that the rrimary factor affecting decomrosition in natural
sustems was ®H. Highlw acidic (<4.0) or basic (>9.5)
solutions urset the internal #H balance of the microbisl

cells leading to a8 rarid decresse in bacterisl asobivitue,

The ortimum rH renge was found Lo be 6.5-8.0. The Um value



increased three Told when solutions were buffered. Effects
of #H have also been studied bw  Yansgy et 81 (84)r Omoris et
al (54) and Radhakrishnany et al  (60)., A significant
decreazse in #H has been observed bw 21l of them for shenol
dedgradationy which in  turn  reduced the bacterial sgrowth
(54).,

The effect of temrerature on decomrosition rate has
also been extensivelw studied by others (38,39v41+53560:77),
Radhakrishnany et 81 (460) observed thast for R. Cereussy
values of ¥ and Um both chendged significantly with changes
in temrerature. At initizl shenol concentration ur to 800
Frrme the values of ¥ and Um  chanded from 606 and 0.144 /hr
to 0,548 and 0.0937 /hr when the temrerature was varied from
40 to 30 C. (This observation conflicts with that made bw
Kime et a3l (39)), Fhenol concentration in the randge of 400
to 800 sem wass wused to studs the biodedradation. The
temrerature coefficient 0 in that range was 1.044. In
additionsy thewy saw that the effluent corncentration was
unaffected 3t 40 ©  althoudgh the bacterisl concentration
increased, Nitrogen deficient sustems behave better at
lower temreratures since the critical nitrogen level for
maximum serobic sctivity is lower a2t lower temreratures.
Thew concluded that in bateh culturesy where bacteris grow
in the exronentizl rhase with an wunlimited food surelgs

temreprsture rlavws 3 significant role becsuse enzumatic
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aotivity increases and bacteris grow 3t thedir maximum growth
rate. Thew also observed that the maximum srecific grouwth
rate of the bacteris in the flow reactor was about 4 times
greater than that in  the batch resctor. The eH did not
chandge much during  all the wraeriments for wshenols
signifwing that no acidic metabolites sccumulated during the
exreriments. It wass more economiczl to orerate at higher
dilution rates or lower detention times» rrovided the [0 was
maintained. Thew also concluded that the Michaelis-Menten
relation did not hold in continuous flow cultures. For
batch exrerimentss thew used 8 first order model (see Table
#1), The exreriments Wwere rerformed under aerobic
conditions 3t =H close to 7.0. The micro-ordanism used in
the studwe was Ba. Lereus.

Vela and  Rolston (77)  studied the effect of
temrerature on shenol dedradation in some detail.
Contradictory to other workers thew found that the effect of
temrerature was & verw comelex rhenomenon and can  not be
described by 2 simrle Arrhenius eauation. Thew concluded
that rhenol dedgradation was temrerature inderendent between
10 and 24 C. PRelow 10 Cy the rumber of rhenol dedrading
bacteria decreased with temrerature. The rate of
dedgradation below 10 Cy was directlw srorortional to the
rate of sgrowth of bacteriz. On  the other handy above 24 Oy

the rate of shenol degradation was  much greater  than the
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growth rate of bacteriz and it incressed with temrerature.
Rostenbaders et 21 (41) found that in the temrerature randge
of 70 to 100 Fy the oxidation efficiency was little sffected
bw  temrerature rrovided the shenol loading was kert
constant, Otherwiser reducing temrerature from 20 to 40 F
at 99 % conversion increased the detention time 14 fold at
1/7th the shenol loading.

Neufeldy et a1l (33) rrorosed the eaustions log( Um ) =
5.58 ~ 1.8146/7T» for rhenol dedradation. This is eocuivalent
to an Arrhenius ecquation.

Yang and Humrhers (84) determined that due to
inhibitions rarsmeters for rhernol degradation were best
obhtained in batch runs. Thew also found +the Haldarne model
to be the best fit., The constants at 30 € for B. subtidas
and T cutapeum are dgiven in  Table #1. These  values are
auite different from those mentioned rreviously by  other
workers, Substrate inhibition was evident st concentrations
above 100 rrm. The rhenol feed concentration varied from 30
to S00 srm.

Tabaky et 81 (73) investidated 104 aromatics, As
observed by others (39)y the formation of adartive enzumes
to metabolize rhenol was indicated bw 2 marked lag in oxuden
urtake in resrirometric tests,

Wase and Hough (79) fournd that biodedgradation of

rhenol bw gveast [ebaruwooudces subdlobosus was raerid below



1128 rem  (see Table #1). Catechol was formed as an
intermediate.

Shivaramany et 21 (68) found that weasty Canpdida
trogicalisr is carable of dedgrading rhenol us to @
concentration of 2000 mgk/1 with an  initizal cell mess of 440
met/ 1. About 20 X% of wshenol was dedraded a8t a8 feed
concentration of 650 rrm in 24 hoursy but with increase in
feed concentration» the rate of dgrowth and desradstion of
#henol decreassed, At 2 neutral sHe the rresence of wur to
even 10,000 rem  ammonium  chloride did not affect the
degradation.

Luthuys et al (48,49) studied biological oxidation of
coking and coal dHasification wasteuwzters, The auenching of
gaseous eroducts after rurolusis results in licuors with
verw high rhenolic (400-3000 rrm)ey thiocuwanate and cusnide
contents, The wield coefficients for such liguors were
characteristically low due to the sresence of inhibitory
COMPOUNGS . He srorosed first order kinetics for shenol
dedgradation (see Table #1).

Rostenbaders et a2l (41) investigsted oxidation of coke
rlant weak ammonia licuors. 99.9 X efficiency was observed
at 8 rhenol feed concentration of 2500 rem. In contrast to
Shivaraman’s (68) observationy thew found that an ammonis
concentration of 4000 rrm severely imhibited henol

dedradationy but comncentrations of ashout 2000-3000 =em
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actuazlly eroduced a 60 X increase in rhenol removal
efficiency. Thereforeys controlling ammoniz concentration
was fournd to be the kew for ortimization. Thew determined
the ortimum temrerature to be 95 Fy althoudh the removal
efficiency was not much affected bw temrerature (adgain
contrasting with other investigators),

The studies done bw Leey et 31 (43) for breskdown of
rhenol bw F. sutida in FBRR showed substrate inhibition at
rhenol concentrations above 200 sremy with dedgradation rates
of 20-200 rem/br.

Because of the inhibitorw effects observedr 2 number
of workers like Hill (33)» Yang (84) and FPawlowshkw (396) used
the Haldane model to describe rshenol biokinetics. Neufelds
et 2l (32) in anserobic medisay also observed a3 maximum in
the srecific dgrowth rate for shenol. Thew srorosed 2
Haldane model for anaserobic biodedradstion of rhenol us to
1500 rrm  feed concentration (see Table #1). The srecific
rate of dedradsion was asbout 1460 times slower than those
under aerobic conditions. The exreriments were conducted in
a fill-and-draw reactor with sluddge asde varwing Trom 30 to
120 daws. The temrersture was msintained between 32.2-40.5
Cr and rH was kert between 7.5 to 8.0, A mixed bacterial
culture was used, No releasse of methane was observed,

In snother studwe bw Neufeld (53)y serobic dedradation

of rhenol at feed comcentrations below 100 srem Wwas examined
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in an  aerated flow resctory with detention times varwing
from 4 to 10 hours. The temrerature was maintained close to
22 Cr and #H  was adiusted to 7.0. A Monod model was found
to be the best fit (see Table #1).,

Beltrames et 81 (?)» in contrasty found +hat rhernol
dedradation was not inhibited even at 360 #rm Feed
concentration in & continuous reactor a8t 20 C and sH 7.2,
Thew also wutilized a3 Monod model (see Table #1). Thoush
auestionabler he sudgdested that inhibition can occur onlw in
bateh studies. Like mang other workersr he also concluded
that values of the kinetic rarameters could change with feed
concentrationy rarticularly Um  and  Km. The chandge in
degradation rate resulting from varistions in  the feed
concentration was so larde that he rrorosed the inclusion of
a8 feed concentration term in the Monod model.

In the study by Lewandowskir» et 231 45)y phenol
dedradation was found to follow 8 first order Grau model
with a3 rate constant of 0.04 /hr. Fhenol concentration um
to 500 #rpm  was studied in an  aerated fill-and-draw reactor
at 26 L, Thew concluded that the addition of 2 co-substrate
(sucrose) did not chandge the rate constanty but considerably
increased the lag time. The #H wWwas maintzined close to 7.0
for all the exreriments. The seed ordganism used Was
obtzined from the same source as  the one in the rresent

exrerimental work.



Some amount of work hss glso been dome to  study the

inhibition to sherol degradstion by cuanide anr
thiocwanatesy larsgelw due to their concomitant existence in
coal rlant wastewsters (Br41543:49.52:53564968). Neufelﬂy
et al (53) found that the rresence of ONS- significantlu

inhibited shenol dedradationy obtaining an enustion of the

k4

form 3

U= 0,275 8/ [ 2,11 + 1.67 VISCNY 4+ 81, UWhere BON is
thiocwanate concentration. Shivaramany et 21 (48) also
observed inhibition due to cuanide a3t CN concentrations
greater than 25 FEm . Significant decomrosition of
thiocuanate was observedy but cusnides were relativelw
recalcitrant, On  the other handy Rhattacharuas et sl (8)
did not find anw inhibition due to thiocuanate.

Decomrosition of di and trihedroxwl rhenols like
resorcinoly auinoly rurogallol and shloroglucinol  has also
been studied bw a number of workers (5:11,18:,59.73),
Chamberss et 81 (11) found that catechol and resorcinol were
readily oxidizedy while auinol was slow. Oxudgen urtske for
them was comrarable to rhenol while that for shloroglucinol
was 1/74th and for rurodallol it was zero. Trihudroxsl
rhenols were much more resistant. Tabask, et al (73
observed that the descending order of biodedradability for
the above comrounds was? rhenols catecholy resovcinols

atiinoly rhlorodglucinol ard rurondgallol. ITdentical
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ohservations were made by Barth (5) and Bureh (100, Pitter
(%9 obtained degradation rates of 80 mg CON/hr.gm of MLES

far shenole: 57.% for resorcinole: aznd 0 for surogsllol.

B. CHLOBOERHENDLSZ

Considerable work on chlororhennls indicates the
general trend of 2 share decresse in dedgradability with an

increase in ohlorine content.

Fitter (59) obtsined rates of biodedradation of 25 and
11 md con/hr.gm  of MLSS for 0  and =  cohlororhenol
resrectively. The exreriments were conducted wuwusing  an
activated sluddge at pH 7.2 and 3 temrerature of 20 C. The
feed concentration was 200 rem on a8 COU basis.

Oxugen urtake for most chlorvorhenolsr observed by
Chambers (11) was less than 1/3 +that for shenol. He
conducted resrirometric tests using Pseuwdomonas at 30 C and
#H 7. Cell susrensions were omitted from one flask to check
that no substrate was lost due to chemical oxidation. The
addition of successive chlorine atoms brought lower removal
rates. Tabaky et al (73) found that wm- and r~ chlororhenols
were dedgraded from 100 erm esch to 50 arnd &6 PEW

resrpectively 2t 2 rate at least four times slower than that

of rhenol.,

A detailed review on bhiondedradation of
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2rd-dichlororhenol (2y4-DCF) and 2s4-dichlororhenoxwacetic
acid (24~ was made bw Twlery et a3l (76) wusing bhateh and
continuous cultures of Eseudomonas NCIB2340. In batch runs
with 2»,4-D0 2t 25 C and eH from 6.2 to 6.9y the maximum
srecific drowth rate was found to be 0.14 /hr. The same
value was obtained for 2y4-DCF st 25 C and sH  7.1-7.8 at
concentrations below 25 rrm, Growth for 2:4-DCF was
strongly inhibited sbove a2 concentrations of 25 remy while
no inhibition was observed with 2+4-D a3t concentrations up
to even 2000 rerm. At 2,4-DCF concentrations above 25 semy
the maximum srecific drowth rate was found to be 0.12 /hr,
The data for 2+4-DCF at low feed concentration could fit the
Monod model with Um =0.14 /hr and Km = 5.1 msg/15  but at
higher concentrationy it failed and 28 linear correlationy U
=0,156~ 0.00155 8y was prorosed, The Haldane model for
inhibition kinetics was also tried (see Table #1). A
comruter fit for the data was obtzined for 2»4-DCP but the
correlation did not seem to be verw good, Batch cultures of
Papudomonas dgrown on 2:4-0CF showed 2 share increase in lad
and total dedradation time with an  incresse in  feed
concentration. Verwy similar observations are also made for
2y46-0CF in the rresent research work.

Sioblade et 81 (69) determined that 8 rhenol oxidase
was carable of roluemerizing 2-chlororhenoly 4-chlororhenols

2, 4-TNICFy and l-bromo-2-chlorvorhenol. This kind of oxidstive
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courling  bw Ba graticola leads to their oxidation st a
rarid rate even at room temrerature.

Baker and Maufield (4) did extensive exrerimental work
on chlororhenol dedgradation. Thew made sure that o-CPF and
296~-NCF were not rhotolutically decomrosed at 23 0 by
conducting their exreriments in the dark for both serobic
and snzerobic conditioms. In sevobic dedradationy 2»6~DCF
took 18 hours for 100 % decomrositiony while 2y4-DCF» and
34~-DCF took more than 40 and 160 dawsr resrectivelw for B1
% removal. The o-CP took 346 hours for comrlete removaly
while #~CP and wn-CP took more than 20 and 1460 daus
resrectively ( 83 % removal), Increassing the number of C1
atoms consistently reduced the biodedradabilityy and the
sresence of Cl1  in the meta rosition made the comround much
more refractorw (which is consistent with theoretical
rredictions). The exrerimentsl work was conducted st 23 C
with 100 sem feed concentration in 2 claw loam soil for sll
the comrounds. Thus this studs was not dome  in 8
bioreactor. Thew noticed that in the absence of
micro-ordganismsy non-biolodgical dedradstion of chlororhenol
did ocoursy which increased with temrerature and  was
derendent wuron the rosition of C1 stoms (with the ortho
rosition being more suscertible). This mechanism did not
arrear to involve significant volatilization or

shotodecomrosition. Howevers like shenols ohlororhenols
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could underdgo auto-oxidations though at a8 much slower rate,
Thew also rerorted that under anaserobic conditionsy
micro-organisms were incarable of dedgrading ans
chloroshenol.

Identical observations were made bw Rarth (9)y  and
Bunch (10) about the effects of chlorination o
biodesgradability, The exreriments were done using a3 Warburdg
resrirometer at 30 C with 100 rem  concentration of o~ or
m~chlororhenols 2+496~-TCPy  and 2+46-DCF., 294-NCF was also
tried with 3 feed concentration of 60 sem.

Dence and coworkers (18) studied chlororhenols removal
using the fundus Asserdgillus fumisatus and came to the same
conclusion. 29456-TCF had the dreatest effect of 811 the
rhenols tested in reducing the drowth of the fungus. For
the fundi Irichoderma koningii  and Penicillium wariables 25
rem concentration of 2:456-TCP was sufficient to srohibit
growths but for Assergillus pidgery Asserdgillus fumidgatus.
Baecilonyces varioti and Cladossorium berbarumy Just 10 erem
of 2:4y6-TCP was sufficient for drowth inhibition.

All of these fundgi could srow on more tham 200 rem of
#henol without any serious inhibition. Thew 3lso confirmed
that biodedradability of rhenols was structure relatedy the
nature of the substituted droursy number of such droursy and
their rositionsy 211 rlaw  imrortant roles. Other workers

like ERarth (3)y Bunch (10)y Pitter (59)s Tabak (73:74),



Chambers (11) etcyr also came to the same conclusions,

Farisy et al (55) used Eseudomonas sutida to study the
tiodegradation of halorhenols like o~-CFy s-bromorhenols
Pwéuanoﬁhenoly recresoly penitrorhencoly ete.r and develored
a relationshir between rate constants and the electronicy
steric or hudrorhobic characteristics of the comrounds. In
contrast to most workersy thew found biodegradation to be of
2rd order in  terms of substrate concentrztion and rerorted
rate constants of 7¢10(-12) and 1.7x10{(-12) 1/hr/ordanism
for rhenol and »~CFr resrectivelu,

Lewandowshki » et al (45) dnvestidated microbial
dedradation of o~CP ur to 40 #rm  in 2 bateh reactor with an
aetivated sludde. Thew found the removal to follow 38 first
order Grau model with 3 rate constant of 0.002 /hr at 26 .

Tabak and coworkers (74) studied 2 larde rumber of
chlororhenols and other aromatics for their biodedradsabilitu
using 8 static culture~flask errocedure. Thoush thew csme to
almost +the same conclusion as othersy the usefulness of
their data is euestionable for 8 varietw of - reasons, The
static-flask srocedure neither simulates what haerens  in
Nature nor does it rortraw  the industrisl wastewater
treatment #lant. Thew did not rrovide anw information about
the cultures used and the concentrations used for the feed
compounds were a3lso verw low. (  less then 15 srm ). Bunch

himself has cautioned asbout the usefulness of such



Frocedures in develorind 3 commercial design.

Pentachlororhenol (FCP)  removal has received srecisl
attention becsuse it is  being used extensivelw ass 2
fungicide and bactericide in wood rreservaton. According to
one estimate (223 5.5x10¢(46) dallons of wood rreserving
wastewater /daw loaded with 40-100 erem PCF is released
nationwide which must be treated before discharde due to its
toxic rrorerties.

Kirech and Etzel (40) suceeded in removing FCP at 30
#rm feed concentration in the rresence of 2 rrescribed
rutrient broth (cosubstrate) at 3 concentration of 1000 repm.
The overall recoverw of FCF  carbon as carbon-dioxide varied
from 2 to 850 %, In the zhsence of the nrutrient brothy the
total conversion was reduced bw 8 factor of 2 but the
oxidation rate became higher. Hencesr thew suddested that
FCF is srobably not 8 errimare substrate in  the rresence of
the nutrient brothy but it is cometazbolized by drowing cells
which use the broth 2s 8 srimary enersHy  SOUrce. The
composition of the broth was not srecified. Howavery the
addition 20 sem of rhenol as cosubstrate had no effect on
the rate of oxidation of FCP. In snother study bw Etzel and
Kirsch (22)y an activaeted sluddge under aerobic conditions
was used in 8 continuous flow reactor at 20-25 C  and pH of
7.,8-8,0, With PCP concentration varwing from 20 to 40 semy

and detention time of 6 to 12 hoursy thew were able to
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obtain 26 to 994+ % removal of FCP from authentic as well as
contrived wastewsters, Thew 8lso described the removal rate
for 3 larde number of chlororhenols with the same sludde
under ddenticesl conditions. Unfortunatelyr the sludde
comrosition (ie., bacterial culture) is not described,

Walline et 81 (78) slso ohserved that PCF was far more
stable compared to rhenol for bio-oxidation. Im additions
thew found that in batch studies with an activated sluddes
FCF was not degraded but merely a2dsorbed bw  the bacterial
floecs. This observation is cuite different from those of
others.

Wukaschr et a8l (83) dedraded PCP in 8 continuous flow
reactor from 3 feed concentration of 20 rem  to an effluent
concentration of 0.1 rrmy after an zcclimation rerviod of 20
daws. Unfortunatelyr thew have not mertiorned the flow rate
at which the PCF was fed to the CSTBR. Thew also found that
above 350 reb  concentration within the reactors the PCP
becomes toxic to the ordganisms., FPCP dedradation was found
to be first order with a8 rate constant value of 0.0042 /daw,
The adsorrtion of FCF on the flocs was negligible.,
Similarly » air strireing of FPCP was found to be less than
0.05 r Labelled FCF was vged and radioactive
carbon-dioxide was measured to studwe the biodedradation.

Raker and Mawfield (4) s8lso found that PCF took 140

daus for 80 % conversions in servobic conditions with 100 sem



initial concentration rresent in welt soil at 23 Cr using s
mixed culture, In static culture-flask studies bw Tabak et
al (74)s PCP was found +to be dedradable even at 10 rem
concentration over a8 2-4 week reriod.

Eddehill and Finn (86) were able to dedrade 40-120 #rFn
FCF in 2 batch scale activated sluddge unit after 7 daus
acclimation. Buty thew foumd 8 lag time of more thar 2 daus
when bacteriz zcclimated to 40 sem FCP were subdected to a
shock loading of 120 rrm., The 13d time was considerably
reduced when a chemostat culture of POP-degrading bacteria

was fed slowly to the mixed licuor.

C. NIIRDEHENOLS aND OTHER SURSTITUIED EHEMOLSZI

Chambersy &t 2l (11) 2lso investidsted a2 varietw of
nitrorhenols, Addition of successive nitro dgrours reduced
the oxudgen wrtake and removal rate of shenol. The oxuygen
consumrtion was 1/3 to 1/4 that of rhenol. The degradation
of cresols was euite raridi in  fecty faster tham even
rhenoly rrobably due to the electron releasing effect of the
CH3 drours.

Sdoblady et al (69) studied the biodedgradation of a
variety of nitrorhenols and amines. Thew concluded that the
ritrorhenols and aromstic amines couwld not be oxidized

hecause of the sresence of strong electrorn withdrawing



nitrogen substituents which rrevented the removal of  an
electron from the rhenolic hudroxuel grous,

Similar observation was made by Tabaks et 3l (73),
The bio-zctivite of cresols was found to be more than that
of rhenol. Other methzl substituted rshernols were comrarable
in biodedradabilitw. Substitution of 8 CH3 drour in  the
mets rosition was most favored for dedradations which is

xactly orrosite to the case of a8 C1 or NO2 drour which
withdraw electrons from the ring, In the static flashk
studyy nitrorhenol ur to 10 rrm was easile dedraded in a one
week testrs but the addition of more NI2 grours sharrlu
reduced the removal rate.

Barth (5) concluded that the addition of a3 methul
grour 3t the rara rosition resulted in a3 higher 02 urtake
rae but 3 lower conversiony while o~ and m— cresols showed 3
higher oxuden urtake rate 35 well a3 conversion. The
rresence of chlorine drours deactivated the effect of CHI in
dichloromethulrhenol, Nitrorhenol decomrosed a3t 3 much
slower rate but with an increase in nitro drours on  the
ringr the removal efficiency increasedr which would be hard
to exrlain on theoretical grounds.

Pitter (59) rerorted more than 25 % removal of
nitrorhenol at a3 rate of 17 wmg COD/hr.dm of MLES. The feed
concentration of nitrorhenol was 125 eem. Cresols were

removed at the rate of about 5% mg COL/hr.gm of MLSS at 25 %
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efficiencyy comrared to a rate of 80 mg COD/hr.dm of MLES
for #henol.

As rreviouslw mentionedy Dencey et 21 (18) studied the
dedradation of some substituted rhemnols wusing different
fungi and bacteria in shasker flasks at 28 €. The #7H uwas
maintained at 7.0, The substitution of & CH3 dgrour in
trichlororhenol immediastelw imeroved the irnhibition
concentration recquired for 311 fundii from 10 =em to 25-50
#rme Methul-catechol was more active than even rhenol.

Paris and coworkers (535) found nitrorhernol degradation
to be of dnd order with 8 rate constant of 1x10(-13)
1/hr.orvdanism which was 70 fold less than  that for shenol,
The exreriments were done in batch with F. sutida

It is 2lso of interest to view the effect of methony
drours on rhenol or benzene. Most of the above workers
observed that the OCH3 drour increased the resistance to
degradations The rresence of Cl and OCH3 #rours tosether on

rhenol seem to make it highly recaleitrant (18>,

D. BENZENES. CHLOBOBENZENES aND NITROBENZENESZ

fs the theoreticzl sredictions syddest (see the
charter on Structural Chemistre 2nd Biodegradability )» the
wrerimental biodedradastion rates of benzener halobenzenes

and nitrobenzenes were found Lo be much slower than for



shenoly by most workers,

Tabhaks et 31 (74) surveved the biodedradabilits of
henzenes chlorobenzene(CR)» Le2-DCH 1s4-DCE
trichlorobenzener and ethulbenzene using static flask tests
at 25 C, For benzener total biodedradation was observed st
% and 10 rrm  feed concentration over 8 week. Most
chlorobenzenes were found to be significantly dedgradable uw
to 10 sem concentration. With increasing chlorinationy the
totsl removal as well as removal rater both decressed,
Hexachlorobenzene was most recalcitrant. Howavery a3
significant scoumulation and loss of biodedradability were
observed in second and  third generation roruylations.
Nitrobenzene was comrletelw biodedradable ur to 10 eem in
2ll rorulations over 38 weeks’ time. As  euxrectedy the
addition of movre nitro grours decreased the
biodedradability. 0f courser the usefulness of such data
from the static flask test remains acuestionable.

In the studwy of Rittmarn  and Kobauwashi (63)y it was
found that 2 wverw low concentration of chlorobenzenes
rresented a8 srecizl rroblem because the rate of cell growth
was less than the minimum necessary  to sustain  the
micro-ordganiems. The inducible enzumes are not sunthesized
because the substrate concentration is  too low for
maintaining the cell metabolism.

In contrast to Tabhshks Fitter (959 found that



1s3-dinitrobenzene (INR) and 1,4-DNE were among the few
comrounds out of 123 tested +that had zero biodedradabilitu.
Nitrobenzene was found to be comrletely dedrazdable at a3 rate
of 14 mg COD/hr.gm of MLSS,

EBarth and Bunch (5) tested 2 varietzm of nitrobenzenes
and chlorobenzenes at 100 e#rm  asccordind to the wmethod
rerorted rreviously., As orrosed to otherss thew found that
the asctivitw of chlorobenzene to be the lowest and actusllu
below the endodgeneous level., Addition of more nitro grours
increased the degradabilitu significantly (this is
inconsistent on theoretical dgrounds ). Renzerne removal was
very slow and increasing the chlorine content on  the ring
decreased the removal rate as wrected. All the tests were
done using Warburg resrirometer. Easch test was run over 200
minutes and the oxuggen measurements were done everw 10
minutes.

In another exreriments Chambers and Tabak (73) used
the shaker-~flask test for rhenol adasrted bacteris. 100 rem
each of benzeney chlorobenzene and nitrobenzene ss well as
their derivatives were dedgraded at room temrerature and at
#H of 7.2+ Least dedradsation was observed for nitrobenzene,
Though inconsistent with theoretical rredictionsy incressing
the nitro grours on the ring seemed to increase the
dedradability, The reverse was found to be true for chloro

grours. All the rates were much less compared to  that of



Fhenol. In resepirvometric studiess m-DNBy  and p~ﬁNB wers
removed ur  to 25 X in 180 minutes while 99 % removal of
rhenol was observed over the same time reriod. All  the
nitro and chlorobenzenes waere classified as highlw
resistant,

In the survew of 104 comrounds bw Chambersy et 21 (11)
benzene and its halo and nitro derivatives were verwy slowly
oxidized with rates at least 3 to 4 times less than those
for the analogous rhenolic comrounds. The reserivometric
measurements were conducted at 30 € usindg BEseudomonasy with

a8 FrH of 7.0.

Es BENZOIC ACID. AND IIS DERIVATIVESL

In the survew bu Chambersy et 21 (11)s the dedradation
of benzoic acid and its derivatives was found to be auite
rarid. However» the addition of nitro and chloro s#Hroues
readily decreased the removal rate., Similar observations
were made bw Tabak» et 81 (73) for 100 eem concentration of
various benzoates.

Rarth and Bunch (5) rerorted hidgh removal rates for
benzoic ascid st feed concentrations ue to 100 Femy which
decressed with increasing substitution of NO2 or C1 grours
on the ring.

Fitter (59) observed 99 % removal of benzoic scid at 2
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rate of 88.5 wmg COD/hr.gm of MLESy comeared to about 92 and
50 %4 removal of nitro and dinitrobenzoic acid at the rates
of 20 and 7 wg COD/hr.gm  of MLES resrectiveld. The
exreriments were conducted wunder the same conditions as
mentioned before.

Shamat and Maier (&67) reviewead 38 number of
chlorobenzoic acids (CRAs)» and dichlorobenzoic acids in 3
continuous flow reactor seeded with micro-ordanisms. o-CBAy
»~CBA or 2s4-D were fed at concentration of 50 111y and 98
rem respectivelw. All  the exreriments were carried in the
dark 3t 20 C, o~CBA and »~CRA had at lesst &6 to 12 daus lad
while the lad for DCRBAs was even larder, The values of
kinetic rarameters were evaluzted using the Monod wmodel.
The values were not very different for batch and continuous
LIRS The main baclterial srecies was Eseudomonas. The
observed lag was sttributed mzainle to the low initial
biomass concentration and to the unavailability of the
enzumes to metabolize the tardet substrate. In additions
the metabolic carabilities were stable and did not disarrear
even if the substrate became wunavailable, The mets
substitution made the benzoic scid even more recalcitrant.

Extensive work on various bhenzoates ur to 16 rem feed
concentration was done bw Haller (2%2) a8t 30 C. The
experiments'were dorne in  shaker flasks with an sctivated

aludde., The time lag for degradstion was in the order?d
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benzoic geid < nitrobenzoic acid < chlorvobenzoic acid, The
Fresence or asbsence of an easily metabolized carbon source
did not seem to affect the biodegradabilitw,

DiGeronimoy et al (19) observed that all the
morochlorobenzenes  (MCEs)  were raridle dedradedr in the
ordery o » & » mi while the NCRs were verw slow. Addition
of a3 cosubstrate (glucose or sodium benzoste) did not affect
the rate of dedradation of arne of the substrates, The
exreriments were conducted using  an activated sludde
die-awasy sustem in a8 well serated 2 1 Erlernmeser flask at a
DO concentration of &-8 rem a3t 25 C and #H of 7.2,

Hartmarnny et 31 (31) exrlored the dedradstion of m—CH»
p-CR and 3»5-DCR  using Bseudomonasr, and measuring  the rate
of oxudgen urtake a3t 28 C, The substrates used were the sole
source of carbon and enersy, The cells were scclimated for
4 weeks with 3-chlorobenzoate st 3.66 remy and then tested
with other henzoates. Comrlete removal was obtained for
4,71 rrm of m-CB and »~CR in 14 and 11 hours while 3.79 erm
of 3:5-DCR  were removed in 29 hours, Elimination of
organically bound Cl 2s hudrochloric 3scid in the sustem was
indicated by  asccomranwing acidificstion of the medium,
Metabolic rathwaus for their dedradation were also suddested

{ see Figure $#63.
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Eo POLYCHLORINATED BIEHENYL &I

Liu (46) conducted the bdiodedgradation of commercial
FCB  formulations (Aroclor 1221 1014y ang 1254 in 2
simulated batch and continuous wastewster trestment rrocess
at 20 C and DD content of 2 eem. The main bacterial
rorulation was EBseudomonas s 250%. The sludde was
acclimated with Aroclor 1221 for 3 dauws. In the contimuous
runss 50 to 100 erm PCR emulsion was fed at 8 rate of 13-26
ml/hr in 8 10 1 tank. This was sbout 31.2-62.4 mg Aroclor
1221 rer dauw. As  the retention times for such runs were
high (146~32 daws)y 31l the seven mono znd dichloro bhirhenuls
of Aroclor 1221 were found to be +totally dedradable, A
rumber of interesting observations were made. Birhenul was
most essily wmetabolizedy while the addition of successive
chlorine atoms sharrly reduced the metabolism. The rosition
of €1 substitution on birhernsl molecule is  dimrortant,
Aroclor 10146 and 12534 were much more resistant since thew
contained B higher rercentade of tri and
rontachlorobirhenuls. A significant imrrovement in
degradation was observed when the resctor was switched to
batch oreration,

Ferhars the most euxtensive and sustematic studs on
FCRs was conducted bw Furukawas et al (26), The stude was

divided into 8 drouss derending on the extent and rosition



of C1 substitution. The effect of cell concentration of
srecies Alecalidenes and Acipbetobacter was 2lso  studied,
They concluded that FCRBs containing 2 Cl on either ortho
rosition of 2 single ring (296~) or on both rings (2/27-)
were most recalecitrant. The same totzl number of Cl1 atoms
dedraded faster if sresent on one  ring rather than
distributed on both rings, Ring fissure uwas rreferrved for
the ring with the least number of £l  atom. Yellow colored
intermediates (chloro benzoic acids) were formed. The rate
and extent of removal sharrly decreased with increasing
chlorination. PBoth microbizl srecies were zble to dedrade
mono chlorinated hirhenul at 8 rate dreater than 8.1 rem/hr
after 1 hour of incubation. Dichlorohirhenuels excert
2¢6~-ICER showed a8 similar rate, 296-DCRy 2:396-TCR dedraded
at 3 rate lower than 0.466 srm/hr,.

Tuckery et 2l (75) rerorted that B. sutida oxidizes
the FCRs through 2¢+3-dihwdro-2s3-dihudroxsgbirhensl and
benzoic 3cid route, Thew used 3 semi-continuous srocedure
with 8 locazlly obtained activated sludsge cultures acclimated
over 3 weeks with dHlucose. The FPCRs were dissolved in
ethanol due to their low solubilitw., Measurements were made
at intervals of 30 minutes for 48-72 hours. Thew concluded
that the level of chlorination wes the most sidgnificant
factor in  biodedradation. The PCBs  lost due to striering

were found to be 4.2 6,1y and 3.6 % for Aroclor 1221y MOS



1043 and Aroclor 1016 reseectively. The morno amd dichloro

comrounds were not verw difficult to desgrade but the rest

were much more recalecitrant.

Baxtery et 3l (6) conducted batch studies (shaker
flask) with an sctivated sludge at 25 C in the dark, The »H
was adJusted to 7.00. The feed concentration of PCB was 100
rems Thew also concluded that the dedree and rattern of
chlorination would determine the extent of biodegradation,
Some of the lower chlorinsted comrunds which arreared to be
only slowly degradable when aloner dedraded oauite readily
when eresent in the mixture (e.d. 44’ ~dichlorobirhenyl
rresent with birhenul), Cometsbolism was susrected for the
enhanced biodegradation of certain FPCRBs when birhenul uwas
added 285 8 cosubstrate, Ordanisms which had become adarted
to 2 simrle PCB  were then carable of metabolizing wmore
comrlex structures.

Choir» et 21 (12) wused an asectivated sludde from 3
municiral sewzge treatment rlant to studw the dedgradabilitu
of FCRs in 8 continuous sustem with 5-10 hour retention
times. The DD was maintained a3t 4 rem. The FCEB was
dissolved in butanol and emulsified in wastewater using
ultrasonics. Contrary to othersy thew did not observe
significant dedgradationy instead the PCR was found to be
adsorbed on  the surface of the susrended materials in the

g ludde., Hences 3 hisgh comcentration of the FUOBs in the



sludge created sluddge disrosal rroblems,

Womg  and  Kaiser (82) snelused various commercisl
mixtures in 8 shaker flask stude with bacterizl sreciesy
Achromobacter sg. and EBEseudomonas ss.. No  inhibition was
seen ur to 1000 rem of various Aroclors (122151242,1254) in
102000 rrem  dlucose medium, S00 rem Aroclor 1221 and 1242
were easily used as carbon source for growth (this seems to
be highle imrrobable due to their insolubility and stasbilitw
toward biolodgical attachk), Over 2 reriod of omne month
Aroclor 1221 and 1242 were totslly dedraded into several
metabolites of lower moleculsr weisht, Biodegradsbility wass
strongly derendent on the extent and rosition of
chlorination. The dedradation rates were found to decrease
in the order birhenul > 2-chlorobirhenwl > 4-chlorobirhensl.

Clarky et 81 (13) drnvestidgsated similar PCBs in  the
shaker flasks with different enriched soil bacteriz in the
dark st 26 C. The cultures were charded with 7 esem Avoclor
1242 or other formulationsy and the dedgradation was studied
for 5r 10 and 15 daus. Identiczl conclusions were reached
about the effects of chlorinastion. Cometabolism of PCRs in
the rrasence  of sodium acetate was  also studied,
Dedradabilite of the higher chlorinated isomers was greatly
enhanced in  the rresence of a cosubstrate, The bacteria
were drowing on acetate which was easily metabolized and the

enhanced drowth improved the PCR oxidation.



Ahmed and Focht (1) were able to isolate two srecies
of Acbromobacter using r-chlorobirhenul znd birhenuwl zs sole
carhon  source  at 8 concentration of 1000 BRI The
exreriments were done a8t 28 C in a2 shaker~flask for 36 and
466 hours resrectivelyu. The desgradation of =GR was
accomranied b the formation of an intermediate
e-chlorobenzoic acid. Birhenusl as well a8s #CRBy both were
raridly  dedraded. Birhenwl formed benzoic ascid a2s  an
intermediate. It was rrorosed that the cleasvade of the
unsubstituted ring was favored over the ome with chlorine
attached to it. Chloride was not released. No further
dedgradation was observed since bacteriz were incarable of
forming enzumes Lo mimeralise the intermediates to
carbon~dioxider water and hwedrochloric scidy and  the C-Cl
bord could not be cleaved.

Herbst and others (32) studied dedradsation of 2,5,47
trichlorobirhenul and 2+496+2/ 4’ ~rentachlorobirhenul  and
chlorozlkulene-9 at concentrations of 0.178y 0.231 and 0,356
eem resrectivelu, An activated sludde was obtsined from 3
municiral sewsde treastment rlants with exreriments rerformed
at 8-14 © in 2 batch reactor. The FCBs were dissolved in
ethanol before being indected. Samrles were taken everd
hour for & hours. 90» 15 and 10 % of chloroalkulene~%9: TCR
and  rentachlorobirhensl were removed reseectivels. They

concluded that =211 the PCRs were azlmost undedraded bw the
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aotivated sludder but rather were merelw distributed beltueen
water and sluddge. Thus the isomers with high Cl content
were very rersistent. These findings are similar to those
of other investidgators (12).

The study conducted by Reichardty et 31 (461) showed
that micro-organisms  from Alsskan seswster were carable of
degrading birhenuls 2-chlorobirhenwl (2-CR)» 3~CRBy  4-CB st
concentrations of 0,72 rrmy 0.28 remey 0.48 pem oand 0.34 ern
resrectively at 10 €» without zerstiony over 21 dauws. The
rates varied from 1.19¢10(-3) pem/das Ffor birhenwl to
4,225410(~4) rrm/daw for 3~-CR. The relstive rates for 2-CR»
3-CR and 4~-CE  were 0,43:0,27 and 0.33 comrared to EF. The
only significant rroduct was carbon—dioxide. No
chlorobenzoic acid or rhenylrhenol were observed as
bu—rroduct. The effect of Cl rosition on the ring was
evident from the relzstive rates. It was concluded that mets
substitution had 8 dreaster rate retarding effect than rara
substitution, As the number of non-chlorinated »~  and me
rositions increase on the birhenwl temrlatey the rate of
hiodedgradability also increases.

Sus et 31 (71) reviewed 2 number of Aroclor mixtures
for their degradabilitw bw an  sctivated sludde in 3 batch
reactor. B zutidar Acebtobactery Acioelobacter » etco,
cultures were identified in the sludde., It was found that

aroclor 1242 was wmore dedradable thaen 1254 due to  less
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chlorine content in  the Tormer. Accumulation of scidic
metaholitesy mainly cohlorinsted henzoic acids wass observed
derending on  the nature of the rarent PCR. Similsr
conclusions a3s mentioned beforey corcerning the swternt and

rogition of C1 on the rindy were made.

fi. OIHER MONO &ND EOLYCYCLIC AROMAIICSZ

Saeder and Thomrson (64) survewed 32 halodensted
pirhenwlmethanes for theidr biodedradability using an
activated sludde and river wster micro-orvdganisms in 3
magnetically stirred fill-and-draw reactor at rOOm
temrerature. The results indicated that the DFMs having
substituents in only orne ring vere denerally dedvaded more
raridle,  Surerizingley DFMs with OCH3»  CH3 and C2HS droues
in the 2nd ring srresred as refractore as those containing
chlorime in both rings. It was susrected that sterice
factors contributed to the decresse in biodedradabilitus.
The epresence of ue to 2 substituents wielded asbout 27-99 %
removal rrovided both were on bthe sasme ring. More then 2
substituents, or those on different ringsy wielded less than
35 % conversion. The DPFMs showed the following order of
decreasing biodesradabilitw?

2 % Bel-

2 or 4 or 294~ = 2e3vd-



Se AT Ryb r 2eFsb r Dedrd.

Omoris et 8l (34) used Eseudomonas at 30 C and sH 7.0
in 2 s0il test studs with resting cells +to messure the
degradation of 14 slirhatic and halodenated aromatics in 24
hr tests. ALl but one were dehslogenastedy and the halodgen
was even olesved from alhkul side chains of aromatic
comFounds ., The =H fell as halide was removed. This
increase  in acidity storred cell drowth and further
dehalogenation, The removal of C£1  from gide ohains
rraceeded removal of Cl bound to the rinsg, Thew srorosed
that Cl was rerlaced by OH before the ring was cleaved (This
is theoreticsally unlikelw). Nom enzumatic dehslogenation of
various comrounds was a3lso seen.

Sdonhlady et 21 (869) investidgated dedradation of
aniliness chloroaniliness methoxuasniliness and 1 ard
2-narhthol. An enzumatic rhenol oxidase from B. 2raticola
was  found to be carable of rolumerizing narhthols bu
odidative courlingy followerd bw hudrolusis  and ring
cleavadey but chloro and bromoznilines were not altered bw
the rhenol oxidase. A number of chlororhenoxyacetic scids
were found to form chlororhenols as intermediates.

Bailewy et 2l (85 studied the biodedradation of the
fungicide orthorhenulrhenol (OPP) using an activated sludde
im river~die-awaw tests, 50 ¥ decomrosition fook 3 hours in

the case of the acclimsted sludsgey 24 hours for virdgin
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sludder and 3 week for the river—die-sway esrocedure., 65 7%
of the carbon in OPFP  was converted to carbon-dioxider while
the rest was considered to be metsabolized ag cell biomass.

In 2 batech studwe by PFitter (59) with an  activated
sludge a8t 20 C» #H 7.2y and st an  initizl concentration of
200 mg COD/1y it was found that more tham 95 % decomrosition
of the chloroanilines occured in 120 hours at dedradation
rates varging from 6 to 17 mg COD/hr.dgm  of MLSS, 1 and
2-narhthol showed 920 X dedradsation with 38 rate of about 39
mg COD/hr.gm  of MLES., The nitroanilines did not show ang
dedradation under these conditions. Significant total
dedradation of the methwlanilines was observed althoush at a2
much slower rate. A number of other substituted aromatics
were aslso studied bw FPitter.

Under the conditions mentioned epreviouslyy Rarthr et
al (5) studied the dedradation of benzzldehude and its rars
hudroxsl derivetives. A high level of oxuden urtake was
seen for both of +them. Rerlzacement of the hudroxul bu 3
nitro grour blocked the activitw. Renzamide was also found
to be resistant.

Tabaky et 2l (74) 2lso studied 2 large number of
rolycwelic  and other substituted aromatics under  the
conditions aforesszid. Narhthalene was fTound to be most
reasdily biodegradable. Excert for Big~—

(2~gtulhexul)rhthalate (EHPE) arnd  di-n-octul shthalate
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(NOFEYy  2l1ll  others were resdilw removed a3t an initiazl
concentration ur to 10 Erm. Comrounds like anthracenes
rhenanthrene arnd  other tri  and tetrscuclic sromstics were
hisghly resistant.

In another studwe bw the same droury the nitroznilines
were found to be highly reczlcitrant. At 100 rprm feed
concentration onlw 25 % ouxidation of nitroasniline was
observed in the shaker-flask studws using an activated sluddge
bacteria at room temrerature. This was attributed Lo the
NO2 grouwr. The oxidizability of nitroanilines was in the
order m < & < 0.

Chambersy et 81 (11) made similar observation in the
bateh culture studies for benzaldehudes. While aniline was
found to be as dedradable 85 toluener nitroanilines were
found to be verw resistant. m-NA wass most easily dedradable

gmong 211 nitroanilines.
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I1T. STRUCTURAL CHEMISIRY AND RIODEGRADARILITY

This charter can be divided into 2 rartsi

{1 The first rart desals with +the nature of the
carbon-hudroxels  osrbon-chlorine and other related bondsy
and  their strendthy staebilitgy and sugscertibilitey  to
rucleorhilic and electrorhilic attaschk. Arn attemst is
therefore made to rredict the denersal behavior of 3 varietw
of substituted zromatics towsrds bioclodical oxidastion on the
basis of electron distribution and enerdw stabilization.

(2) The second rart desls with exrerimental findindgs of
rdme rous workers ahout rathwausy metabolisme and
intermediates for a8 wvarietw of aromstics subdected to
microbial asction. Generalized trends have been established
based on exrerimental evidence,

Extensive research work hass been done since 1940
concerning the mechanisms of biodedradationy the metazbolic
Frathwaws involved and anzyme recuirements. Chemical
reactions  dinvolved in biodedradation of  an aromatic
structure sre extremels comrlex and are not sreciselw knouwny
thousgh in the last 2 decades considershle srodgress has been
made in erediction of the most srobable overall mechanisms
consistent with electronic theories of bond formastion and
gstructural stebilitw.

In demeral an electron releasing dgrour like CH3 on B



benzene ring facilitztes bescterial attack and dedgradations
while an electron withdrawing grour  like NO2 and Cl retards
the activits. The factors affecting the biological
dedradability can be divided into 3 srours (5901

(1) Phusico-chemical factors ( temreratures solubilitws
dedree of disrersion of the comround in the mediums =Hy» and
dissolved oxugen content },

(2) Biologicsl fasctors | history of the wmicrobial
cultures dits  adgey manneres and time of dits  adartationy
toxicity of the comround and effects of other substrates ).

(3) Chemical fasctors ( size of the moleculey length of
chainy kindy numbery and rosition of the substituents in the
molecule 2nd stereochemistre 7.

The first 2 factors can be controlled and manirulasted
to  some extent. It is the last ssrect that reallws
determines 8 molecule’s suscertibilits to microbial sction
and unfortunately nothing can  be done asbout it excert to
elucidate the structural stabilitw in order to develor and
use the most suitable micro—-organisms.

Some of these factors cen be illustrated by examining
the seriess Fhenols rurogsllols chlororhenolss
nitrobenzenesy  anilinesy  and cresols. But before doing
thisy it would be heleful to consider the nature of carbon
honds. The bonds between € atoms and N or 8 or 0 or H are

mostly covalent. The valencw electrons sre thus shared to
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obtain & noble das structure (n82nPé).,

In the case of benzener the six € atoms hsve BSP2
hubridization resulting in 3 covalent sigmz bonds between
addzcent C atoms and H atomss Resonance occurs beltuween siw
overlareing 2F orbitals in benzene so that & ri electrons
are delocalized over the ringd this arrandgement minimizes
their energd. This resonance enerdgw stabilization makes
benzene least suscertible to biodedradastion.

Ideallys the electromns betuween the € atom and the
other bonding atoms should be eaually sharedy but that is
rarely the case due to the higher electronedativity of one
of the stoms. The inductive effect arises due to the fact
that even in  covslent bondsy the electrons are not esausllwe
shared, A ztom  with higher electron affinity (e.d,
halogens) rulls the electrons oloser to itself. If
electrons are rulled awsw from the ring C be the substituent
leadindg to  lower electron densitw in  the rings  the
substituent is said to have -1 effect. ~-I and +1 effects
for different grours are listed below!

~I183 H < COHS « QCH3 = 1 « Br < C1 < F < NO2
41318 H < CH3 =C2HS < CH(CH3)2 < C(CH3)3

The electromeric effect is 2 temrarorwe effect induced
by the rresence of an attscking substituent in the vicinitw
of an sromatic ring. For exsmrler adding a2 2nd Cl stom to

chlorobenrene leads to the release of 2 lone sair of

44



electrons from the C1 atom 2lready rresent on the ring, It
is denoted as +E if the electroms are released to the ringy
~E otherwise.

Mesomeric effects arise from the fact that no single
structure for a3 comround is sbhle to describe a8ll the
rrorerties of the comround. The sctusal structure of the
chemical lies somewhere between 38 series of structures, If
the electrons are released towards the ring to obtain 2 most
stable structureys the substituent is said to have M effect
(~M otherwise).,

If the net effect of 8ll the sbove interactions is to
withidraw electrons from the benzemne ringy then the ring is
said to be desactivated towasrds electrorhilic atteck. This
is the case with haloden or NOZ substituted rindgs, Table #2
shows the behavior of various sSrours with some srecific
examrles,

O the other handy the OH- dHrour has an overall
glectron relessing effect as followus?

(1) OH~ grour has 8 weash -1 inductive effect in which ri

electroms zare withdrawn from the ring?

)=

(23 Electromeric effect (+E)Y in which electroms are

relessed toward the rings

Q}fbH < C@)@H
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(3 Mesomeric effect (M) in which a2 lone rair  of
electrons  of the owxudgern atom is relessed to the
benzene ringd

H H Y H H
-_0-' '.o: O: O'v O'a

& & a1 )]s

The sum of ‘E7 and ‘M is celled ‘T’ (Tautomeric
aeffect) which is larger than the inductive effect in the
case of OH- substitution. Hercer the ring is activated andg
the attack of an electrorhilic oxudgen a3t the ortho or sara
rosition is fsvored due to 32 hidgh electron densitwe at these
two  sites, Thereforey a dihwrdoxul alcohol is readils
formed, This imrlies +that catechol is  +the most lodical
intermediate in the czse of shenol oxidstion. This is found
to be true 85 susrorted by a3 number of exwrerimental
evidences, Catechol readily oxidizes to +the corrvesronding
carboxzlic acids.

On the other hands the chloroshenols are far more
stable, The C~Cl bond enerdgw is verw high. Chlorination of
shenol occurs by an electrorhilic C14 ion reaction. Fhenol
exists as 2 rhenoxide ion in even 8 slishtle rolar medis,
adgain leading to an increaged electron densitw at the ortho
and rara rositions where Cl+ attack is readilw favored. The
resulting chlovorhenol has 38 lower resonance  enerdue.  One

mode of its owidation recuires C1l  be rerlsaced by OH or COOH
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via rnucleorhilic substitution., This recuires 3 low electron
density at the sest of reaction. This is verw difficult due
to the effect of Cl which introduces 2 certzin amount of
double bond charscter in the C~Cl bonds therebw increasing

the electron density at the chlorine bound carborn atom.
i~ +

The C~Cl1 bond length in 2 ring is 1.70 A while in an
alirhatic comroundy it dis 1.76 & sudgdesting that Cl  is
strongly attached to the carbon atom in the ring, This is
more unfavorable toward astitsck bw 8 nucleorhilic readgent
like OH- which recuires 38 low electron density in the ring
carbon atoms and serarvation of chlorine in sole rossession
of its bfndénﬁ electron e2ir a5 23 nedative chloride ion to
give mifi * (This idis so beczuse both the electrons
forming the C-C1 bond are in realite attached to chlorine
alone, Hencey if this bond is to be cleaved the electron
eair must bhe rossessed bw chlorine because 3 ring C atom can
not hold 2 free electrons).

Therefore reactions like!

OM OM
Grorm Qe
CL OH

must reauire a8 verw sowerful enzumatic action bw bhacteria.

47



Chilorine release pefore ring oleavadHe has bheen
sudgested bw 8 few workers (29) based on  based on
exrerimental findingsy but that does not adree with rresent
theorw. Haller’s srorosition (292 for m-chlorobenzoic acid
degradation via hudrolutic denhalodenation to dive dentisic

acid as shown belowrs is verw unlibkelw.

COOH CoOOH COOH
HO
= — [0
ct OM OM
Qimilarluy sidation of cohlorobenzene visa a8  shenol

rathwawy also does not seem Lo be rrobabler because the OH-
attack st s chlorime bound carbon atom is not favorable, As
discussed laters it is therefore more arrrorriate to
consider the attack of an electrorhilic oxwden on the ringy
and  subsecuent ring cleavasger before chlorine release,
Since the further addition of Cl stoms continues to withdraw
electrons from the ringr it reduces the srobsbility  of
oMugen sttack. This exrlains the recasleitrance of
roluchlorinated sromatics toward microbiasl astlack.

The nitro grour also has  an electron withdrawing
characteristic when attasched to 2 ring. This makes
nitrobenzene less suscerbtible to degradation than benzene.,
The examrle of s-chloronitrobenzene is  interesting Decause
the electron withdrawing nitro drourr with 8 higher

electronedgativity than the €l grouss orens the way for
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sttack of nucleorhilic OH~ a2t the » rositiony lesding to the
formation of mitrorhenols This is shown below.
NO, NQL

=
cl OH

The rresence of 3 methul drour on the aromatic ring
rroduces only 8 +1 effect. The ri electrons are veleased in
the ring. Electrorhilic omxudgen attschk is readilw favoredy
and hercer xuwlerne is more raridly  oxidized than toluenes
which in turn is more raridly biodedraded than benzene. The
same is Tournd to be true sbout the cresol and rhenol rair,

Similarluy nitrorhenonl oan e aexrected Lo bhe
relatively easile biodedradable comrared to nitrobenzene due
to the electron relessing effect of the OH drour, Aniline
it  less biodedradable due to the electron withdrawing
character of the NH2 s#rous, Nitrosnilime is even more
recalcitrant due to  the rresence of 2 electron Wwithdrawing
grours of comrarable strength.

Most bacteriologist and biochemists have unanimously
accerted that dihuwdroxulation is 8 Tfirst ster ‘btowsrd
enzumatic fission of the benzerne ving (14»15,16924525226y
2E8vEL, 70792840, Althoush the comrounds that underdo 38 ring
figsion maw wvary in  their nuclesr substituentsy thew =all
have 2 hudroxwel drours. The hudroxgl grours may be ortho to

each other as in catechol {(29+33:84) arnd rrotocatechuic scid
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{(14) or earz to each other as in dentisic and bomogentisic

peid,. These structures are shown below.

on
Ho[:jcoou HO[:]COOH HO[:]LOOH
HO on
Protocatechuic Gentisic Homo gentisic
acid acia acid.

Catechol has been found to be an essentizl intermediste
before ring fission in the microbial dedradation of shenols
penzener narhthleney o-~cresoles shenasnthrenes anthracenes
henzoic scidr ete. Frotocatechuic scid has been found to be
ar intermedizste #rior to ring fission for m-cresols
F-Oresoly shthalic aeidy retiwdroxgbanzoic aoid and
peaminobenzoic acid (14515516923-24,28), Thusy catechol and
rrotocatechuste rlaw 2 criticsl roler and most studies have
concentrated on these two comrounds. Evansy et 81 (24) and
Gibson (28) have erorosed reaction schemes for dedradation
of a varietwy of sromatics wvia catechol and rrotocatechuste.

The enzumes cataluzing the hudroxglation of the
aromatic ring  have been termed as wmixed-function oxidzses.
In such resctions one atom of owxudgen is  incorrorated into
the substrate molecule. In the rresence of a suitasble
glectron dornor (like NADH2y the reduced form of Nicotinamide
Adenine Dinucleotide ) the other atom of the oxuden molecule
is reduced to water. If XH2 is the donory

ReH o+ 02 4 XH2 ==-=3 ROH + H20 + X



fieM 4 NADCFOH + He + 02 —ee3 ROH 4+ NADPY+HE + H20

Hurothetical sathwaws for the formation of catechol
from benzene are shown in Figure #1 (28), A similar rathuaw
is slso rrorosed for rrotocastechuste from benzoate. Further
dedgradation of both can ocour in NUMETOUS WBYS.

Howevery o general COMSensus sists among
bacteriologists about rositiony naturer and sroducts of ring
figssion. This dis bhecausey the getion of enzumes is

wtremelwy srecific and derends on  rhusical factors like eHy
srnid  temrerature. Different strains of even the same
sreciesy like Fseudomonazsy have shown different tures of
rimg cleavage (169,280, This is g0 becsuse different
bacterial srecies sctivate molecular ouwdgen in different
WEYS. Ouwdgen has  two unrzired electron seins  and  the
molecule is raramagnetic (rseudo-raramagnetic). Since
carbon in  the ordgenic comround is in 8 sindlet statey
concerted rezction with oMudgen are sein forbidden. In order
to rescty oxuden must be activated in 8 controlled marnner by
means of an enzume-oxydenase. A  scheme for the desgradation
of errotocatechuate bwy B. sutida is shown in Figure #8 (28).

It dis now confirmed that further metabolism of
catechol oam occur a8t least vias 2 esaths as detected bw
Feisty et al (25), A larde nmumber of sathusaus are srorosed
for further oxidationr it is not rossible to describe 811 of

themy although the most denerzl schemes are sresented!



(1) Castechol is cleaved in the ortho rosition bw
1y 2-onydensse between two carbon stoms besring the OH
grour snd metasbolized viae the B-keltosdirste sathuaw
as shown in Fisgure #2.

(2) The meta cleavade of catechol by 2y3-oxusenase between
the carbon atom besring the OH srour and the addscent
carbon atom carreing 8 carbon side-chain. This is
shown in Fidure #3, This is the most common sathwaus
in micro-ordganisms (146y28). Catechol is converted to
ruruvate without evolution of carbon-dioxider and the
only consumetion of oxugen is  that needed for ring
fission., The deteailed action of 2sy3-dioxudgenzse is
discussed by Gibsony et 21 (28)., The oxuden combines
with ferrous in the enzume to form rerferwl ion. The
oxugen is then activatedy and catechol is attascked to
form a rerovide  intermediate which underdHoss
moleculzr  rearrangement to form 2-hudroxgmuconic

semialdehude.

Metabolism of toluene and isorrorslbenzene bw B
zutida lesds to the formation of orthodiheroxy comrounds in
which the side chains are left intact. It is therefore

wtremely likelw that manw  sromatics undergo an enzumatic
hudroxwlation of the aromatic nucleus in rreference to

desgradation of the side chain (28, This was also observed

Lh
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by Desglewr et a2l (1%5), The cleavssge of eresol after
addition of arnother OH grour occured with the methul grous

intaet as shown below (15),

02 0 0
5 ]
,COOH —> CHCHO + CW_-C—COOH
'3 3
CH —CQ
> Yo

On the other handy another strain of P. =ubids wazs able to
cleave methuwl cstechol only after converting the methuwl
grour Lo carboxwl. Dadlew also erorosed 3 deneral scheme

for the oxidation of substituted catechol by mets cleavade

(a2 R,COOH
.o R, N
oH 0, R OH 8
oH 7 e c—coon 222, R,CH—C = CH~ C-COOH
ma Ra Y R3

Naglewy Evans and Ribbons (14) 2also errorosed most
likelw rathwauws for dedradation of benzostes. Thew found
that micro-ordanisms which dedgrade rolucwclic aromstio
comrounds  like narhthlenes anthrscener and  rhenanthrenes
emrlow a sterwise end-ring attzck diving alternate routes
(163, That iss the attack on the second or third ring would
derernd uron  the nature and rosition of the first ring
cleaved becsuse the electron distribution would e
gignificantly different in different cases.

Evanse et al (24) found thst P. fluorescens rroduced



catechol as  an intermedizte in  the dedradation of benzoic
seid. Thew concluded that B-ketoadirate was the central
metabolite in the biodegradation of benzeney  rFhenoly
catecholy and even erotocatechusate. A similar conclusion
wzs 3lso drawn  bw Staniery et a3l (70). Harrisy et al (30)
showed identical results while degrading rhenols with weast,

MoKimnewy et 31 (51) studied the dedradation of
rhenoly o~y m-y and r-oresolsy benzoic acidsy eto. in an
aerated batch resctor using an sctivaeted sludge. Warburdg
resrirometric measurements showed different metabolic
sathuaus, Fhenol metabolism was fournd to  bhe via
B-oxidations where catechol was not 2 recuired intermediate.
This is shown in Figure #7.

An  excellent discussion sbout the metabolism and
ultimate fate of other man-made chemicals has been diven by
Daglew (14), Two factors elaw  an imrortent role. Firsts
the sbhilitw of wmicrobizl enzumes to sccert the chemical as
substrate, Secondy the sbhilite of this substrate to induce
or derress  the sunthesis of necessary degradative enzumes.
Arwg naturally  occuring substitution resdilw asctivates the
rimg for hacterizl attasck, For exameles the s-methoxys droup
in the resticide methoxuchlor dis far more suscertible Lo
biodedradation than the s-chloro grour in DOT becsuse DDT is
rnot sunthesized in Nature.

Alexander (2) arnd Evamns (23) fournd thast dedgradation of



chlorocatechol and chlororhenols is  via ortho fissions. The
clesvade ocoured before chlorine relesses and the
lactonizing enzume that released chlorvide dom from the
substrate has different srorerties from the corresronding
enzumes for chlorine-free substrate. Unfortunatelws thew
nave not shown any dedgradation rathuaw,.

Haller (29) found that m- and r- chlororhenol both
degraded via 4-chlorocstechol with 2 wide wvarietw of
bacteria, Buts m-chlorobenzoic acid could dedrade via
I-chlorocatecholy  S-chloro-2y3-dihudroxy benzoilce acidy  or
even by immedizte hudroluwtic dehslodgemation through dHentisic
acid.

The studw of S8Saeder and Thomeson (64) showed that
rhenwlacetic scid was 2 likelw intermediate in the oxidation
of dirhenzglmethanes. A number of workers (10:11:59:73-74)
have rerorted verw hisgh resistance of trihuwdroxel a2lcohols
comeared to rhenol  and catechol. This might be attributed
to the fact that ring cleavasge could not occur due to the
lack of suitable oxugenase to form carboxulate since all the
attack sites are stable due to i form electron
distribution.

Hartmann and  coworkers (31) have rrorosed degadation
routes for chlorobenzoic acids (CBAY. As susrecteds the
rathuwaus ara auite different from penzoic 2eid.

Chilororhenols would be ewrected to behsve in 2 similsar ways,

i
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Chlorocatechols are fTound to be central metabolites for sll
of  them. Identification of CRA pathwsws is  imrorvtant
because thew are fTound to be intermedizates in cometzbolism
of PCRs  (1:13:61). These routes for 3-~CRAr»  4-CRA  ancd
3y G5-DLBA are shown in Fidure $6. Chloromuconolazctones were
considered as intevmedistes rrior to the chlorine liberation
ster in the dedgradation of 3l1l the CRAs» but thew could not
eurerimentally verifw their existence inm all CBERS,
4-chloromuconolsctone was detected in dedradation of
I-chlorobenozste with EBseudomonss sg.Bl3. The desradstion of
BCRA  and DCP was  28lso considered a8 occowuring wvia  the
dichlorocatechol route.

In the case of PCRsy  the rathusws are diverse since
the emzumatic attack would strongly derend on the number and
location of C1  stoms on each ring, Howevery a generalized
route was srorosed bwe Ahmedy et 31 (1.

Anaerobic metasbolism of rhemoly and other aromaticsy
is auuite different from that of azservobic attack (23:32).
The bacteriz use inordganic electron accertors instesd of
oxudeny  and the enzumes eroduced are (eredictably) oeuite
different. The clesvage of the aromstic nucleus recuires
that extensive »i electron delocalisation must be altered bw
hudration or hedrogenastion becsuse no oxudgen is available.
For henzoic aBeids Evans (23 prorosed anaerohic

rhotometabolism wusing Bhodossewdomonas zalustris?d nitrate



resrirvation using Moroxella sg.d angd 8 methanogenic
fermentation route using mixed cultures. These are shown in
Figure %4,

Thew concluded that anaserobic dedgradation can  ocour
only after comelete reduction of the benzene ring followed
bw  hudrolwtico cleavadge., Hudrodens carbon-dioxide and
methane would bhe released in the rrocess.

Neufelds et 2l (52) rerorted the findings of 2 number
of other workers on the anaerobic decomrosition of shenoly
s-cresoly resorcinols and benzoate, Total conversion of sll
carhon  to carbon~diodide and methane was rerorted via 3
number of intermedistes. Two distinct sters Werery
hudrogenation followed bw glicuclic ring-fission and
methanodgenesis of alicwclic burroducts. U the other hands
anaerobic non-methanogenic rhenol dedgradation showerd
distinct substrate inhibition above 6846 FEm feead

corcentration. The metsbolism is shown in Figure #5.



IV EXEERIMENTAL AREARATUS

fA. BEACTOR SET-UEBL

The main set-ur consisted of two working reactors and
one acclimation tank,

The sccumulsted asctivated sludde was immediatels
gerasted in 8 5 dallon dglass tank. Another Tive dallon tank
was used to suprle nutrients and scclimating substrate (500
Fem rhenol) using 28 reristaltic  sume (Sadge instrumentss
model 3757y Div. Orion Researchs fitted with one mm  id
tubes) at 8 rated of 1.225% 1/daw. The feed lines were of
1/72% Tudgon tubing,

The +two reactors ware of lucitesr each one of
arrroxdimately four liter carscitws. Resctor-1l consisted of
6% o.d.  and B d.d.  tube of heidht 13.3" mounted on
P6"110" base, A lids 4.75"%6.5%y with two 3/7146" holes at
centery was rFrovided., The reactor-2 consisted of 6" o.d,
and 9" i.d. tube of height 14.46" mounted on 7"°27.4° base,
Three holes of 1/2° dismeter on 2 1lid of dimension 7%°x7.4°
were rrovided.

Laboratory comrressed z2ir was surrlied to a2ll the
reactors after rassing it throush 3 #lass wool filter. The
air to resctor-l rassed through a rotameter which had 3 flow

range of 0-8 1/min. While the 2ir to resctor-2 entered via



a2 rotameter with 3 flow range of 0~1.25 1/min.
The schematic diagram of 3 turicsl resctor sssemblw is

shown in Fidgure $9.

B. ANALYTICAL EQUIEMENTI..

During each exrerimental rumy the following rarameters

were measured?
(1) #H
(2) Sluddge concentration (as MLES)
(3) Substrate concentration
(4) Chemical Ouxwsgen Demand (COID
In the samrle sreservation and biocide exreriments»
the #H  was arrroximated using litmus rarer, Later ony in
shenol  and  2:6~-DCF  runsys zeocurate sH measurements were
accomelished with 2 »H meter (Orion Researchy model 701Ay
Cambridgey Mass.? scouracow ur to 3 decimal didits).
The sluddge concentration was measured bw a dry weidht
technicue using an oven at 95 C.
The substrate concentration was measured using:
(1) UV Srectrorhotometer (Ferkin-Elmer model #3571)
(2) Bas Chromatograrhs (Tracor model #5465y with
model #770  Auto-indectors ore model #5540 with manusl
indection). BRoth the GCs were connected to Hewlett Packard

g

339048 intesdrators. The chromatodrarhs had S7«1/78% 9.8,



column racked with 5% se 2100 on 1007120 Surelcorort.

The chemical oxudgen demand was measured using a3 COD
reactor heater (Hach model #16500) at 150 C and Kimax dlass
didestion readgent vial with teflon-lined car (both suerslied
pw Hzch Chemical Comrangy .0, FRox 207 Ames» Tows)d.

An ammoniz test kit was reriodically used to messure

ammoniz concentration in the sluddge.

C. MATERIALSZ

All the chemicalss rhenoly 2¢6~NCF and other nutrients
usedy were reagent dgrade. Fhenol was obtained from Jso T,
Baker & Co. and had 99.8 Z rurite. 2:6-DOCFP was obtained
from Aldrich Chemicals Co. and had 98 Z rurity,

The zsctivated sluddge wes obtsined from the Livingston
Wastewater Treatment Flant (N.J.). The MLES of the fresh
sludge was about 2500 to 2600 =em.

The rutrients were supelied in a8 C/N/P ratio of
501473, A rumber of other erorortions like 7.6/71 (C/N)»
10071072 (C/N/P)Yy 5071071 (C/N/ZF)Y  and 100/23/74.6 (C/N/P)
have zlso been recommended (7¢3950592+60). It is necessary to
have 38 slidght excess of N and P when rerforming carbon
substrate dedradation studiesy so that the ordganisms are not

N or P limited.

For each dgram of shenols Q.17 dgms of asmmondium
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dihudrosgen rhosrhate and 0.546 dgrams of ammornium nitrate were
added., 8Similar rrorortions were also used for 2y46-1NCF,
L-Glutamic Acid (L.GAY» L“Hiﬁ£idin@ Hudrochloride
Monohudrate  (LHHM)» L-Luwsine Monohwdrochloride (LLMC)Y »
L-Arginine Hudrochloride (LAH)y snd L-Custeine (LCN) were
guprlied by Aldrich Chemicals Co. angd had an averadge rurits

above 98 %,
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Va EXPERIMENTAL BROCEDURES

All the exreriments were rum 3t room  temrersture (246
Cre

The GC conditions derended on the substrate. In the
case of rhenols the OVeny indectors and detector
temreratures were 120 250 and 300 C» resrectivelw, In the
case of 2:46-DCF these temrerazture were 1552 300r and 300 C»
resrectively. The samrle indection sizer for both the
comrounds was 3 ml. The attemnuation for rhenol was varied
from O to 3 while that for 2+6-0CF was kert a3t 0. The reash
width for both was 0,04 cwm. Thumol was used as internal
standard for rhernol analusis. In the case of 2946-DCFy the
runs mede  before 1/71/783  had shenol  as internsl  standard,
This internsl standard did not give sood accurascwy and reak
seraration. Hences ~henol was rerlaced b
l-chloro-2y4-dinitrobenzene, The retention time for 2¢46~DCF
varied from 0.81 to 1,19 minutes while that for rhenol
varied from 0.5% to 0.80. The reszk shift allowance Tfor
shenol and 2y6~DCF  were kert at 10 and 15 %y resrectivels.

The flow rates of carvier das (nitrodgen)y hudrogen and
air were set at 40y 30 and 400 co/min (at 8TF)»
resrectiveld.

The srocess a3ir was supprlied to the acclimation tank

at 3 rate sufficient to keer the solids in  susrension ard
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maintain a2 saturated D0 level. After 371783y the sludde was
also fed with 20 rem amino-azcidsy once 3 week. The filtered
air was surrlied to both the reactors during 21l the runs at
a constant rate of 1 1/min  throudh a diffuser stone. The

sludse was comeletelw mixed in 811 the rescltors.

fs ALE SIRIBEING EXFERIMENISZ

Arme  biodedradation study  must be accomganied by
examination of all other rossible means of substrate
disarPeaTance.

Two rossibilities existr besides biodedgradation.

(1) Air strirring of substrate,
(2) Adsorption of the substrate on bacterial flocsy
arnd reactor walls.

As mentioned beforey most workers have found that for
rhenoly chlororhenolsy  and nitrorhenolss  the evaroration
loss was less than 3 %4 at sir flow rates ranging from
0,510 1/min, (6522y83,90-92),

Air strirring dats was obtsined in the sresent study
for 2:6-0DCF 8t air flow rates similar to that used in
hiodedgradation itself ( 1 1/miny see Tables #3,4+35).

The rezctor tubing and diffuser stone were sterilized

by reresated cleaning with hudrogen reroxider  sosr solution
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and water, 3.9 1 of deionized water was boiled for 1/2
hour. The solubility of 2546-NCF in water is  less than 150
srme  hence 3 100 rem solubtion was srerared in distilled
water. This ereraration was then used to chardge the reactor
after diluting it to the recuired concentration. 2 1 of
diluted solution was used at the start of each exreriment.
The weeriments were conducted 2t 20y 30 and 40 rem of
2:6-0CF, Each exreriment was carrvied out over 6-7 daus.
Samrles were withdrawn once or twice each dayw. The samrles
for 20 and 40 erm concentration were analuzed immediztelw bw
GC (model £5460)r while those for 30 serm were refridgerated
till the exreriment was over and then znalyzed by GC (model

E565)

Bs SOMBLE ERESERVATION EXPEREIMENIS2

The obJective of this stude wss to determine the most
effective waw of storing the samrles during an exrerimental
run for later analusis.

The reactor was washed and sterilizeds and charded
with two liters of sctivated sluddge and rhenol. Samrles
were taken at the bedginming of each exreriment as well as at
fixed time intervals. Five samrles were taken Tor each
observation and trested zs follous?

(1) Ssmele-1 was centrifuded for 10 minutes at 1200 rremy
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immediately anzluzed bw GGy and thern stored in &2

refrigerator.,

(2) Samrle~2 was treated identically as samrle~ly excerd

that isorroranol was  added to insctivate the
bhacteris. (10 % dsorrorsrnol concentration in the
sluddge).

(2 Samrle~3 was trested identicallw to samele~l sucert
that zfter cemntrifudingy the decanted solution was
vacuum filtered through 2 0.4% Um Millirore rarer and

then refriderated,

(4) Samele-4 was trested identically to samele-3 eucert
that filteration was  followed by  addition of

isorroranol to 8 samrle concentration of 10 %.

(%) Samrle-% wis trested like Samele-3y but was not

refridgerated,.

Feriodic arelusis was done to detect the samele

deterioration.

Samerle-1 {(without g bhiocide) showsard erogressive
degradation. Howevery the rate of rhenol removal is atill

very slow (0,14 sem/hv) comeared to the rate being measured
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in the bioresctor (170213 eem/hre see Table # 29-34), Even
thoush this samrle was the lesst rreservedy its rate of
dedgradation is less than the ervrvor in GO zrnalusis during an
aetual run. Millirore Tiltration was more effective than
isorroranol in sterilizing the samrles.

However: the use of isorroranol to kill the bacteria
was discontinued erimarily becsuse it interfered with the
shenol reak  on the GC. I most runs with shenols  and all
the rung of 2s6~-DCF» 3 dross  of 1000 srm correr sulfate was
used instead as 2 biocide. Two exreriments were rerformed
to determine the effectiveness of correr sulfate, 1000 epem
corrar  sulfate was added to centrifudged reactor samrles
involving 2y46~DCFy and then refrigerated. The samrles were
anzluzed reriodically bw GCr» and +the results are shown in
Taeble #8. No significant loss of 2:6-0CF was observed.

Hencer in  all the biodedradation runse: correr sulfste wss

nesed as hactericide.

Co 2:46=DCE IONIZATION EXEERIMENISI

The aim of these exreriments was to determinme the

effect of varistion of =H on observed readings on  the gas

ohromatograrh.
For this rurrosey standard solutions of 15 and 20 rem

29 46-DOF were made LR with distilled water.,
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I~ehloro-2s4-dinitrobenzens Was used a8 an internal
standards. The rH of the solution was veried bw  sdding 3
dros  of dilute  NaOH or HCL solutions and 22 46-1CF
concentration measured bw GO,

Tt was found that the observed readings on the G0 were

ot significently affected {(see Table #9).

De UV DEGERADATION EXPERIMENIS

The obJdective of these exreriments was to determine
the dedradation of 2y6-DCP due to its eurosure to UV
radiations for 3 rrolonded time reriod. For this rurroses
two standard solutions of 1% and 20 pem  296~0CF  were
rrerared to which 20 B internasl standard
(i1-chloro~2yd-dinitrobenzens) was added. Both the solutions
were immediatelws anzluzed om 3 GC. Each mixture was then
stored in & closed vial at room temrersture near 3 windows
facing direct sun-light for more than 8 week, Each solution
was analurzed again (see Table $10)., No significant loss of
296-DCF was observed due to UV radistions from the sun over

a2 week’s Lime.

Ea. COD DETEEMINATION EXPERIMENIS

Chemical Owxwsgen Demand (CODY  resresents the amount of
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oxuden consumed in  the oxidation of ordganic and owxidizable
inordganic matter in waste-wsters. The theoreticzl COD can
be celeculated from 2 balsnced equation for totsl owidation
of the ordanic matter in to carbon-dioxide and water,
Knowing the theoretical and exrerimentsl CODy it is rossible
to estimaste the extent of minerslizstion of the organic
waste.,

The theoretical COD for 2:6~-0CF can be calculated from
the following ecuation,

CHHICIZ20H + 6.502 ~-wmm = 4002 + 201 + 2H20

Hemce 1.276 mg  oxwgen/mg of 2:6~-0DCF are reauired for
total carbon oxidation.

The exrerimentzl COD was determined sccording to the
rrocedure of Jirksy et a8l (96)., A digestion solution was
made-ur by  adding 7.5 dgms rotsssium  dichromater 10,0  dms
silver sulfate and 5.0 #ms mevcuric sulfste to a8 2,5 1
bottle of concentrated sulfuric acid, The mixture was
magnetically stirred and heasted overnight to dissolve the
galts. 5 ml of cooled digestion mixture was riretted in a3
serew tor vial to which 3 ml of samwrle (or blank) was added,
The car was scorewed tightle on the vial. Three such vials
were rrerared for each samrle. Water was used a3 blank in
same smount 2% anw samele. AlL the vizls were then rlaced
im 2 Hach dru-bath reactor hester for 2 hours and heated to

150 Co A 0,029 N solution of ferrous asmmonium sulfate (FAS)
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Wwas Frararved bw dissolving 19.6 gms  of FAS irn 1980 ml water
to which 20 ml concentrated sulfuric zcid was added,
After hestings the sawmeles and blanks were cooled to
room temrersature. The contents of a8 wvisl were emrtied in 2
250 ml flask containing 50 wml of deionized water. The vigzl
was rereztedls  rinsed with deionized water which was also
added to the Flask. 5-6 drors of Ferrion were added 28 an
indicator, Q.03 #ms of mercuric sulfate were also added to
reduce the chloride ion  interference. The mixbture scoeuired
8 dreenish color. It was then titrated vs FAS solution in a
burette to a2 bright orange end-roint.
The exrerimental COD was determined from the following
eauation?
COon (mgf/ 1) = (VI-Y2)HruNuBO0O/samrle size
where N is the mnormality of FAS solution (0.025 N)» samele
size is the amount of samrle used for each titration (3 ml)y
and V1 and V2 are the volume of FAS solution consumed ir ml

bwe blanky and samele resrectivelu.

E. BHENOL AND 2:4:=DCE BIODEGEADATIONI

The sludde was rrezcelimsted to 500 sem rhenol for all
the runs. During  acclimstiony 0.17 drams of ammonium
dinvdrogen rhosrhatery 0.586 dgrams  of ammonium nitrates and

0.50 grams of rhernol were added ser liter of sluddges everw
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daw or alternate daw for more than 135 daws, Im asdditions
the acclimation tank wss fed continugously with 500 een
#henol (amd 3 caleulsted zmount of putrients) a2t 8 rate of
1.225 1/das.

Refore conducting exrerviments with 2y6-DCF» the rhenol
seclimated sludde was sribked with 15 rem 296-DCF din 8 bateoh
reactor reriodicallw for more than 15 dsws. No drorweise
aodition of 2:46-DCF was made in  the reactors, Thuss Tor
rhenol and 2:6-DCF the sludde adge was at least 15 dauws and
45 dausy resprectivelw. The rH  was measured once or twice
er week in the acclimation tanky and whenever s chande was
observedr sodium  bicarbonaste or  ammonium bicarbonste wers
added as  buffer. Ammoniz concentration was not measured,
All the rums were sbarbted with 2 1 of totsl licuor in the
reactory zerated 2t 8 rate of 1 1/min. ALl the exreriments
were conducted at 246-27 C. Before spiking in the bach
ractory it was checked that shenol concentration in  the
sludde was zero.

No smino-acids were asdded in  rhenol runs.  In certzin
runs with 2¢6-DCF (15 eem concentration) amino-acids were
added a8t a2 total corncentration of 20 e Without
congidering the effects of amino-acidsy the C/N/P ratio was
kert at 50{14/3 at the start of each exreriment.

At the comrletion of 8 runy if 8 significant sH chande

was oghservedrs sodium bhicarbomnste was added to the resctor to
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readdust the rH between 7.0 to 7.% before rroceeding to the
nestct  run. The »H of the resctor medium was measured
arrrovimately everw half hour in the case of rhernol. In the
case of 2y6-DCFy the messurements were less freauent because
the dedgradation rates were nmuch less comrared to shenol.

The mixed licuor susrended solid (MLES) concentration
was measured reriodically by withdrawing 10 ml of licuor and
emetuying it into 8 rreweished sluminium dish. The dish was
then dried 8t 95 C in an oven for about 12-24 hours., The
final weight was then wsed to calculate the dry solids
concentration.

Sameles (15 ml) for substrate anelusis were taken from
the rezctors st fixed time intervals. The samrles were
centrifudged for 10 minutes at 1200 reme  In the runs with
shenoly 0.5 ml of 1000 sem Thumol was added to 2.5 ml of
samrle a5 an internsl standsrd for the GC znalusis. In the
TUNS with 2 6-NCPy 2 ml of 100 PRm
l1-chloro-2yd-dinitrobenzene wasg added in 8 ml of sesmrle as
an internal stamdard, For 211 sasrles after 1/1/83% corpper
sulfate was 2lso asdded 238 & biocide.

The following rums were made for shenold

(1 Two runs  each with 250 #rm inditial Fhenol
concentration. (see Taeble #29 and 30).
(2 Tun runs  each with 400 Fem dndtial shenol

concentration {(see Tabhles #31,32).
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Two runs  each with 600 pem dnitisl Fhenol
concentration (see Tables #33,34).
Irn the runs with 2y6-DCPy the following amino-acids
used to examine the rossibilite of cometabolism or
ate inhibition:

L-Glutamic Acid (LGA).

L-Histidine Hudrochloride Monohudrate (LHHM) .
L-Lusime Monohudrochloride (LLMC).

L-Ardinine Hudrochloride (LAH).

L-Custeine (LON).
The following rums were made for 2y6-0CF (The sludsge
colimated  to shenol  for a8ll  the 2e&6-DCP runs,
rthy the term ‘scoclimated’ or ‘unscclimasted’ is used
ation to acclimation to 2y6~-DCF onlwd). Arerorriate
g5 of ammonium dibudrogen rhosrhate and  ammonium
e were zlso added at the bedinming of each runt

One run of 10 grm 2946-DCF  with unacclimated sluddges
no amino-acids added {(see Table #23).

Two runsg of 13 pem 2:46-0DCF with acclimated sludder no
amino-acids added (see Tables #115122.

Two  runs each of 10y 15y and 20 #em 296-DOCP with
acclimated sluddger 211 amino-zscids added 3t a8 total
concentration of 20 rsem (Tables #13:14,24-27),

Two  vruns of 15 eem 29 6-DOCF with aoclimsbted sluddes

L-Histidine Hudrochloride Momohudrate {LHHMY »

“d
%



L-Lwsine Monohwdrochloride (LLMC)y and L-Avdinine
Hudrochloride (LAH)  sdded (total concentration 20
rrmy see Tables #15+163.

(%) Two yruns of 1% prem 296-DCF with ascocolimated sludsges
LHHM, and LaH added (total concentration 20 remy see
Tables #17.18).

(6) Two runs of 19 rem 2946-DOCP with scclimsted sluddes
LHHM: and LLMC zdded (total comcentration 20 pemy see
Tables #19:200.

(7 Two runs of 15 pem 2:46-DCF with aoclimested sluddes
L-Glutsmic Acid (LGAY» and L-Custeine (LOCNY added
(total concentration 20 rrnry see Tables #21.22).

(8) One run of 28 erm 226-DCF with zcolimated sludder all
amino-zscids added {(total concentration 20 remy see
Tables #285.

In the case of 2:6-NCFy samrles were withdrauwn after
45 mirmates to one hour derending wuron the initial substrate
concentration, In some runsy gH and MLSS were onlw messured
infrecuentls.

A W spectrorhotometer was used in 3 number of 2s+6-DCF
rurs erior to 1/1/83. These runs  are not  listed here
hecause thew were not made to evaluste kinetic rarameterss
but were intended to determine and identifw the nature of
intermediatesy if sresent. Water was wused a8s 3 blank. The

spectrum was  varied from 230 mm to 320 nm. The scanning
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asreed and chart sread  were 12 rwmsmin and 10 nmsom
resrectivelw. The range was varied from 1.0 to 1.5%0., The
ashsorbence of various standard solutions of 2:6-D0F were
messured and  slotted: and the samrles Were comrared wibth

these standards,

74



UI. &ANaALYSIS 0OF DAaTa aND BESULIS.

fa. AIR SIRIEEINGI

Substrate stripring was found to be insignificant
during the biodedradation runs (see Tables $#3+4,5) .

Leidhton and Colo massuretd the distribution
coefficient (K=Yi/Xi) for 23 chlorinsted hudrocasrbons  in
dilute sir-water sustems in the temperature range 0 to 30 C.
The distribution coefficients for benzeney chlorohenzenes
toluenes Bl o-chlorotoluene have been mentionedd
{(Unfortunstelw, no rhenolics were rerorted). Thee =slso
srorosed an expression of the forms

Ik = A - B/T 3§

where A and B are constantsy and T is absolute temrerature,
The values of A and B are listed in the Table below. Using
these valuess the infinite dilution sctivity coefficients
for benzenes toluener chlorobenzenesys and o-chlorotoluene are
caleoulated at 27 C and 1 atmosrhere (3ssuming the fudscity
coefficient in  the varor rhase to be unitw, This maw
introduce  am error of 3 % in bthe value of the zotivitu
coefficients), An ineresse in chlorination leads to a8 shareg
increase in the walue of the sctivity coefficient. The
measured values agreed with eredictions based on the UNIFAC

mebthod.



otk dordkookok kR ookokokok soelokokkeloiok sekekolokskok sokookokskiolok ook ok
COMFOUND I . & P VAFDR 1 ACTIVITY |

: i IFRESSURE ICOEFFICIENT
X*************************#**************#******#*.

]

H o K Pomm HE e :
:*********************#**********************$**$**:
: Benzene 119.02 1 39464 1 103,00 | 2453.37 |
: ..............._.,.....,.........‘...,..,.;.......,.........+.....y.........,.«.....q}......,.......m.........*...“......,.m...........,......}..‘..................,...................«. :
! Chlorobenzene [16.83 | 34446 | 13.94 1 104670.03 |}
:...wm»«.,.mA...»..,....._...,,.,.,....*..............4........,..*..........,...............*......,....«.........._...._,..,%...,....,.,.,,......m................‘....:
| Toluene 118,46 1 3751 + 32,03 + 21465.02 i
: .................‘..,,...‘...,,................,........‘..*.....w..«............&m..m..«w........*.,‘.........‘.....»,..«......,..’..........................,,.“..».......... ;
to-Chlorotoluenell?7.18 | 3545 | &4.12 1 26508.90 |
: ...............a..................................‘........‘.{........‘.‘..‘.,..........+..“.mm....mm..*..w..,....w...m»_.....}......,.....m.....‘..........»«........ :

Due  to  the rresence of two chlorine droursey  the
infinite dilution asctivity coefficient for 2:6-DCF is also
exrected to be verwy high. On the other handy the value for
rhenol would not be high due to its rolar nature,

Ferhars the most extensive and swstematic work to
determine the substrate removal mechanism has been done bw
Kincearnnone: et a8l (20)y and Stover: et 31 (P1). Kincannons
investigated the disarrearance of 8 aslirhatic and 7 aromatic
hudvocarbons and  their cohloro and nitro derivatives. Thew
rerorted that strirping was the mador removal mechanism for
most alirhatic hudrocarbons angd  their devivativesr 211 of
which were essentizlle nom-rolar,. ALl the rolar comrounds
{rhenoly 2:4-0CFy 2v4-dinitrorbhenol) studied by thems were
removed only by biodedradation, 9% % removal efficiency was
obtained for 211 of theme 3rnd loss due Lo styrirring wss
virtusllg zero. The removal mechanisms were the same in

patech and  flow reaschtors. Howevers +the totasl removal

76



efficiency was considerably  roorer in hateh  reactors
(rarticularly  for 2:4-0NF). Thew sugdgested +that if  the
comround is  strierabler it is move likelw to be striered
from 8 batch reactor than from a2 CSTER. Significant
strirring was found in the case of benzemer and its chloro
derivatives like 1:2-DCRy and 1,3-DCR. Im the case of
bpenzene and its chloro derivatives, the value of Henrw’'s Law
Constant (90,91 is  of the order of 10(-3) atm,mg /mole.
Thereforey significant loss ocourred because of striesring,
On the other handy nitrobenzener rhenols and its derivatives
had Henrw’s Law Constants of the order of 10(-5) atm.ms
/moler and rracticelley no strirring was observed for these
ComFounds.

The following Table summarizes the findinds of

Kinczmmon (20) and Stover (210,

ook sokskolok kol ook ok ok oksorskdokolck dolok ok sk sokskoloRiokiok ok kR ok k
COMPOUND X OVERALLS % ! % P% BIODE~
! REMOVAL 1STRIPFINGISORPTION! GRADATION |

sk ksok koK skok kokoksk ok sk ok skolkok ok ok soekok sokolololokkokkokokdok ok k

Renzene | 9.9 | 16 H 0 H 84
mmmmmmmmm T et T
Poly2-0CE 0 +92.9 22 ! 0 } 78 !
: ...t.....................m.,,......*.........wmm.......»u.»..+m............................m..{...........-...........».-...‘.*.,..........,..................”.m....,... :
PoLeE-NCER 99.5 ¥k H XK | ¥k H
T e D L
! Nitro- 97.8 0 ; 0 H 100 H
! benzene | H H ! !
: .‘.........,.,*............‘..‘......‘}..............mm.»......._......+...............,......«.........«.+”.,..........................“.{.,..........,.............................m. ;
! Phernol + 1992.9 | O H 0 : 100 !
: ........m.,.”n...‘...,«.........*.......m...w.........».........+....‘........‘..,........m.........{,...‘...-.........m.«...«-.m.*‘....,.,.-......u_-..“...«........m :
Y2y 4-0D0CF 95.2 i 0O | O H 100 H
: .,...,....‘..........«.u...,......+~..."..«w..,.~...“......«+.........,‘....‘..,.‘...,....«......%.....,...........m......‘..,.....)..,.......»‘...............................- :
] 2e4-DNP Y 499,30 0 H 1 ; v '



'Mmmmwmﬁwm+mwmwmwmmw+m0mmwwmwm+*mmwmmmw+wmmmWWwwwmm’

Based on the values of Henrw’'s L.aw Constants
corresronding  values of the infinite dilution asctivitw
coefficient of each comround can  be calculated. The values
for ghenol and 2:4-DCF are not  vers accurate becsuse of the
difficulty of extrarolsating low rressure data diven in the
Handbook of Chemistrw and Phuesicsy and Landge’s  Handbook of
Chemistry (9495, These values are calculated at

atmosrheric sressure and 27 €.

ook ook solok ookl koo skokeskokoskokolokk sokok sekololoslololokokkokkkkolok |

0,30 to | 4.2x10(-5)
0.20 i

P COMPOUND + VAFDR v HENRY'S LalW | ACTIVITY |
i i PRESSURE CONSTANT v COEFFICIENT 1
:X**********#**************************************}
: Voomm Hs ! Atmems/mole H
:*******X***********************#******************.
! Renzene 1 103,00 1 4.0x10(~3) ) 2459,54 }
: MMMMMMMMMMM + mmmmmmmmmmm + mmmmmmmmmmmmmmmmmm + mmmmmmmmmmmmmmmmmmm :
Poly2-0CE Y 1.68546 1 1.9%10(-3) 4759%.81 |
=WWWM“wmmwm+mmm*mwmwmm+memwwmmmwmwmm+wwwwmmmw*“wmm:
PoLe3-NCR 12,2828 1 2,6x10(-3) | 48%14,41 )
:wwwwwmmwmm+wmmmmwmmmw+wmmmwwmw“mmm”m+mMWMmmwwmmmww:
Vo Ndtro- b 0.3033 1 2.4x100-5) 3341.,13 H
| henrzene | : H H
; mmmmmmmmmmmm + mmmmmmmmmm * mmmmmmmmmmmmmmmm + mmmmmmmmmmmmmmmmm :
Vo Phenol P 0.8790 0 1 1.3k10(-4) 1 62 to 131
: P0.4191 ! H
; mmmmmmmmmmmm + mmmmmmmmmmmmm % mmmmmmmmmmmmmmm + mmmmmmmmmmmmmmmmmmm :

2e4-0CF P E911 to 8846

Usimg the values of infinite diluytion activity

coefficients calculsted ahover the substrate loss due to
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gir-strirring can he computed using the eauation?
Y = PFg.Xsr/ /Py where r is the infinite dilution zctivituw
coefficient and PFs arnd P are varor sressure  and  total

rressurey resrectivelw.

Thereforer strirring rate (moles/hr) = Yxair flow rate
(moles/hr). The maximum  theorvetical loss of shenol  and
29 6~-NCF e to agir~strirring iry the wrerimental

concentration range were Tound to be 0.393 rem/hr and 0,844
#rmshry resrectivelwd while the exrerimental loss of these
comrounds  were 0.14 and 0,044 rrm/hre resrectivelu,
Thereforer it cin  be concluded thst the sir leaving the
hio~reator was less than 30 % satursated with resrect Lo the
substrate. Hencer air-sbtrirring is neglidible.

In the case of rentachlororhenol (FCPYy Wukaschy et al
(83) found that loss of PCP due to air strirring was below
0,05 %, SBimilar observations were made bw Etzely et al (22)
about FCPy and Baxters gt 3l (46) gbhout FUBRs.

Howevery caution should be exercized whemn considering
the rossibilitw  of strirring in the rresence  of sctivated
sluddge. Stovery et 21 (21) found that severzl comrounds
that showed little or no strieping while eresent in 3
piological reasctory were comrletelw strirred under identical
conditions without the biological rorulation (This seems
rather imrlausibled. On the contrargy Gauduy et 21 (88.89)

fournd that 2 varietw of aromaticse: which were rnot striprad
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in  the sbsence of & microbizsl rorulations were lost as
unidentified cowmrounds in the rresence of a2n activated
s ludde . Kincannons et 8] (20  reported that removal
mechanisms for 1:3-dichlorobenzene could not be identified
because it was converted to two unidentified chemicals which
were then strirred out of the licuor st room temrerature.

In the esresent works the 296-~-DCF  runs did nmot last
more thamn 12 hoursy and rhernol runs did not last longer than
7 hours, Fhenol and 2:6-DCP losses due to air stripring
were below the sernsitivite of the G6C anslusis  (sbout 1.5

remy for 2 single run (see Tabhles #£3:4,5),

Bs ADSOREIIONZ

At 400 erm feed concentrationy it was found that no
rhenol disarreared for 8 rrolonded reriod of time (45
minutess see Fidure #13), This time lad imrlies that no
surface adsorrtion was occuring for rreacclimated sludde., A
similar conclusion can be made about 224-0CFy for which
disarrearance was nedligible over the first 1.5 hours at 3
feed concentration of 195 rem  (see Fidure $19). These
observations are in line with the findings of Kincanmony el
al (203 angd Stovers et a2l (21). In their extensive
research on  ddentification of removal wmechanismsy thew

concluded that loss of substrate due to sdsorebtion of any
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kind in the case of benzeney rshenoly and its derivatives was

essentizlly nedligdible,

Cs sHi

The #H mezsurements for shenol showed that the
reaction eroceeded with a8 significsnt decresse in  rHy
Frobably duae to the formation of carbon-dioxide  andg
carbonic-scid or due bto nitrificstion of smmonium  (see
Figures $#14y15:16517), No  buffer was asdded while the
exrerimant was in  erodgresss although it waes corrvected with
sodium bicarbonate before rereating the run. This behavior
has also  been rerorted b numerous  obther workers
(3839954840, In the case of 2»6-DCF dedradstion without
agddition of samino-scidss the reaction sroceeded with 3
decrease in  #H, Bul when amino-scids were addedy in most
cases the reaction rroceeded with & significsant increase in
#H.  This could be due to decarboxuglation of the amino-scids
or due to asir-strirering of HC1 formed durins the

bioreactions (see Fisures #28-34),

The 2:6-DCF ionization exwreriments showed that the
exrerimental variation of sH  had little effect on  the GC

readingsy  implwing that nedgligible smount of 2:6-DCF  wag

lomized.
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Do MIXED LIQUOR SUSPENDED SO0LIDSI

The ML8S concentration of fresh sludge from the
Livingston Wastewater Treastment Flant was asbout 2600 sem and
the sluddge arreared dHreenish broun in color. After dits
ageclimastion to  rhernol over 15 davsy the dgreemnish  coast
disarreared, Howevers after further acclimation to 2:6~0CF
there was no observed color change.,

The bacterial rorulation was  fournd to be very
heterodeneous (930, Though  the baeclteria have not  been
comletely identified 88 wety 38 rich varietw of eucarvotic
ordanisms were noticeds  includins ciliated #rotozos
(Colasciumy Vorticellar Eristulis)y flagellated esrotozos
(Liomnotusy Feranems) and amoebz (Valcamefiar FPoluchaoss
Maworels)., In additions rotifers that feed on srotoros and
bacteriay and even watermites and flatworms that feed on
other micro-ordasnismsy have been detected wunder the
microscore., This was Tound in fresh sludge as well as in
the sluddge zcclimated to 500 eem phenol,

It was observed that the MLSS concentration varied
someuwhat during 8 run {(see Tables 11-28y and 29-34)., No
well-defined rattern could be established for the varistion
in sludde concentrations and the most srobsble reason is the
measurement techrnieue. It was difficult to measure the

rrecise dry  weight in 3 10 ml samrle of reactor liouor.



Frobashly because of the relativelw short duration of the
runsy no significant decreasse in MLES was observed even when
Deb-N0P was  fed 2t 2 much  lower carbon level (15 epem vs

280400 r=pm ophenold.

E. LaG TIMED

Fractically no time lad was observed for shenol ur to
400 rrmy since the sludde was alreadws acclimsted to 500 srm
(see Fidures #11,12), Buly the lag time was evident at 400
srem feed concentrations and the rate of disarrearsnce was
also considerably reduced (see Fisgure #13).

As exrectedy for e 6-NCFy the lag time for
unacelimated sludge (as well as acclimsted sludsge without
addition of amino-scids) was cuite larde (4 hrsy see Fidure
F19), The rate of dedradation seemed to be linear with
29 6-NCF concentration. Addtion of amino-2cids  reduced the
time lag to less tham 1.5 hoursy and  increased the removal

raete {(see Figures $20-27),

E. METABOLIC INTERMEDIAIESZ

2y &-TCF gives two z2hsoretion reaks a8t Frecuencies of
278 and 283 rme. Auto-oxidation of 2:6-DCF was evident

hecsuse the WUV grectrorhotomelric ansluysis  showed the



rresence  of  an dntermedizste at 300 rmm  which increased
raridley even in air strirering  runs (see Figure #39), These
rasks erartislly overlarred in bDoth srectrorhotometric  and
gas chromatograrnic  analusis for a3ir striering as  well as
hiodedradation exreriments (see Figure 10, An attemrlt was
madie Lo igentifs the reak a3t 300 nm. 3JvS-dioxohexsnoic acid
¢ O=<;:§OOH ) was the onlye six carbon structure to give a
3
reak din the vicinitw of 300 pm. However this comround is

rot very likely because of two reasonsi

(1) Since the rezks were overlarring in  both the
detection methodsy the structure of the intermediate
should be more similar to that of 2¢6-DCF.

(2) Fundamentallys the carbon-chlorine bond cannot be
ezsily clesved Just bhw =8 suprlw of air at room

temrerature becsuse this bond is verw shahle.

A more likelw intermediste would be dichlorocatechol.
Formatiorn of dichlorocsatechol has beern slreads rerorted in
the dedgradation of dichlorobenzoste (31). On same droundss
2, 6-00F would be exrected to form 2ré-dichlorocatechol.
Unfortunatelys the maximum UV sbsorbance reak  for this
comround could not be found in the literature,

Further exreriments showed that 2 freshlw rererared

gsolution of 20-100 sem  2:46-0CF»  left overnight at room
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temrerature in 8 closed bottler would oxidize bw  itself
resulting in the same W reak shift.

During the biodedradstion runsy the reshk serarastion of
2 6-DCF and the intermediste was better defined buw GC after
most  of the 26-DCF  had dedgraded. Because of the
intermediste reak (see Fidures F10+39)s  the GG was
occasionally unable to identifw the rrorer reference reshk,
The accuracew of the GO was about 1.5-2 eem,  Furthermoreyr z2s
the run rroceeded  bthe size of the unkrnown reash arreaved to

g0 throusgh 2 marimum.

G. COO DETEEMINATION EXPERIMENIS

The accurace of the data was tested by determining the
theoretical and exrerimentsal COD for different standard
solutions of rure 2:46-DCF.  The exrerimentasl dats wes not
very consistent and an aversdge of 25 % deviatimﬁ from the
theoretical value was observed for standsrd solutions, At
such 8 low level of carbon content: the above rrocedure does
not seem Lo be verw accourste (see Table #35). The following
table shows the X devisationm messured in theoreticsl and
axrerimental values of COD for standasrd solutions of

226-DOF
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He KINETICS OF BIODEGRADATIONL

First and second order kinmetic models did not fit the
data for either compoundy which disrlaw convex curves in the
initial redgion and 3 straight line lster on  (see Fidures
#1113y and 18-33),

Ar attemert was made to fit  the dats to s Momod model,
The Limeweaver-Burk (53)y Hanes {200y and Henri (72)
limnearizations of the Monod model were tried.

Lineweaver-RBurk differentizl form?

wodt /d8 = IRKmAUm X3P01/78T 4 1/0Um XDy
g0 that at constant X a slot of ~1/0d8/dt] vs 1/95 would be
a8 straight lire with slore {Km/Um.X} and intercert 1/0Um.X1,

Hames differential form?
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=St /d81 = {Km/Um.X> + S/0UmX0y
a0 that a8t constant X» 2 elot of ~8/0d8/db] vs 8 would he a
straight line with ¢lore {1/Um.X> and intercert Km/DUm.XD.
Hernri intedrsal form?
LInG/38407t = {8-83/70Kmetd 4+ UmoX/Y Kmy
50 that st constant X» & rlot of 1L/7t0InS5/5,1 vs {58/t
would be s straight line with slore 1/Km and  intercest
Um s X/7Y «Km o
In 311 the =above methodsy an assumetion is made that
MLES concentration remains constant, In the sresent works
an  averadge variation of 7-8 % was observed for 2:4-0CF
exreriments. For shernoly the MLES variastion was sbout 11.5
s  The standard deviation for rhenol and 2+6-0CF varied
from sbout 12 to 100 rem (of MLSS) with an aversde value of
90 eem.  The differentizl methods recuired evaluztion of
dS/dt.  This was done grarhicallw by rlotting 5 ve . A
smooth curve was drawn and slores were measured at different
substrate concentrations. All  the above models  dHave
nedgative values of Kme. The method of Gates and Marlar (72)
was not  tried due to the failure of Henri‘s limearization
method,
Inhibition models (generalls Haldane) have been

successfully  emrlowed bw 8 number of workers for shenol
(33,52+56984)5 rarticularlz at concentrations sbove 340 rrm,

2.
Haldane model?! -dS/dt = Um.X.8/0Km + 8 + & /Kil
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The observations in the rresent work a3lso show that at
feed concentrations higher +than that for ascclimastiony a
gsignificant ladg reriod was observed (see see Fidure $#13).

For 8§ << Kie the Haldame model can be linearized to
obtzin 8 Lineweaver-Burk Fform of straight line, This =also
did not seem to Pit the data.

For § + éﬁﬁi *x Kmy the Haldane ecquation reduces toi

~dt/dS = 1/0Um. X3 + S/0Um.X.Kily
This eauation was also triedy arnd it s8lso failed to give s
gond Tit.

Therefores in seite of the fact that the curves often
seam convexs the exrerimentsl dats is  best it (in terms of
corvelastion coefficient) by a3 straight line over most of its
range ., Hencey the rate of substrate disarresrance was
nearly constant for most runsy  asnd 2 zero-order  kinetic
gurression seemed to Fit the dats best.

For the sludge scclimated to 500 gem  rhenoly  the
averadge dedradation rate for feed concentrations below 500
rem (4 observations) was 206,45 pem/hry with 2 rande of
198.98 to 214,92 semshr. It has  been confirmed bw 8 number
of researchers that dedgradetion rates are often a2 function
of  feed and biomass concentration. Hercesr the sversde
dedgradation rate rer unit dre mazss of ordgasmizms is 0.0738
rem/hr.erm of MLES  (Ffor an MLES of 2780 sem). These rates

are hased on g linesr redgression of dats roints  whiech did

as



not show 8 time lad. The correlstion coefficients for all
regressions were sbove 0.97.

The behavior of the 400 #em oruns was auite different.
An srereciasble lag  time was observed althoudgh a zero order
kinetic model arreared to be 3 best fit during the reriod of
falling substrate concentration. The averassge rates of
shenol  dedradation during  and 2fter the lag rerviod were
found to be 82.87 sem/hr (0.03280 rrm/bhr.rem of MLES)» and
188.1 prm/hr (0.07468 rem/hr.rem of MLSS)» resrectivelw. The
average MLSS concentrations din these two reriods were 2520
angd 2450 esrm resrectivelw, The correlation coefficients
were above 0.99.

In the cazse of 2¢6-0DCFy  for wunscelimated sludsges
without additiorn of amino-zcids, the zeroth order kinetics
fit dgave rates that varied from 0.16 to 0.45 esewm/br. For
sluddge scclimested for st lesst 15 dauwses the rate increased
to 0.5%4 prm/hr (1,.8923%10(-4) sem/hr.rem of MLES, MLES = 28350
FEmD) e

The addition of orme or more of amirno-zcids (L-Glutamic
aeidy L-Histidine Hudrochloride Monohudrates L-lysine
Monohudrochlorides L-Ardinine Hudrochlorider L-Custeine)
significantly affected the biodearadabilitu of  2¢6-DOF.
Though the exact effect of amino-scids on 2y46~DCF metabolism
was not determinedy it seems that addition of ‘these scids

helred the bacteriz to sunthesirze the reauired extracellular
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enzuymes. Onee these enzumes were manufscturedy bacterial
attack on the substrate incressed significantlw, The ladg
time decressed with reresated gxrosure  using different
amino-scidsy  to the soint that the § vs t  relationshir
necame 8 straight line with no arezvent lag time (see
Figures $H25.26), Unfortumatelsy no srecific conclusions
could be reached aboult the effects of individuzl amino-acids
because the btime for comrlete desgrasdation did not vary
gsignificantle with different scids, The varistion that was
observedy could be due to other rhusical factors like rHy
rerezted exrosuresy ete, (see Figures #23-27)., The averasde
dedgradation rate for 2:6-DCF was 1,62 eem/hr (5.43:10(-4)
Fem/hr.eem of MLES) st an sverade MLSS concentration of 2980
erems  The rates  and MLSS comcentration varied from 1.55% to
174 prm/hre and 2890 to 3000 semy resrectivelu.

Although 296-DCF feed concentrations of 10y 1%y and 20
rrem behaved similarluyy 8 feed concentration of 25 rem caused
a shavre dror  in dedradation rate to (1.01 srm/hrd)s  even
thoudgh a8ll the asmino-zcids were added (see Fidgure #27),

When the feed concentration was varied from 10 to 25
Fem Tor  2s6-DCFy and from 2850 to 400 pem for rhenoly the
total time for comrlete desradstion increased exronentisllu,
At 25 eem concentrations the time recuired for comelete
removal of 2y&-NCF was twice 8 much as  that for 20 =en

concentration. Siwmilar behavior was seen for phenol {(see

20



Figures #359s36),

The table on the next redge summarizes bthe exrerimental
findings of the rresent resezrch work. Comeared to the
rates rerorted in literaturer the rate of biodedradation of
shernol  in the sresent wrerimental work is  found to  be
signifisntly higher, Little information is available about
the rate of biodedradation of 2»4-DCF from literature,
Bakers et =2l (4>  found that 2y46-NCF  was raridly
hiodegradable at 100 rem  feed concentration a8t 8 rate of
.96 rem/hr in zerobic media. In the case of 2+4-DCF» only
81 % dedradstion was observed over 40 daus a3t 3 feed
concentration of 100 rrem.  In the rresent worky the rate of
hiodedradation of 2:6-0CF varied from 0.445 to 2.32 rew/br
derending on the exrerimental conditions. The exrerimental
srocedure in the rresent work and  that of Bakers et 2ly are
howevars significantly different. (Thew studied the
biodegradation of 2y6~-DCF in 8 claw  soil where 100 rem of
the substrate was sdded. The soil was kert in 8 sealed
flask to rrevent anw  volstilizstion. The flask was

incubated at 23 C.  No nutrients were srovided).
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UIT,. CONCLUSIONS aND COMMENISZ

Experiments were conducted on  the bhiodedradability of

shenal and 256-00F  in bateh rezctors with activated sluddge

ohtained from the Livingstorn (M.J:) Wastewater Treatment

Flant.

The following results were obtained?

{1) Loss of substrate due to z3ir striering is negligibles

(3

but  as noted bw Gaudwr et 31 (88:8%)y a3 distinct
rossibility exists that the strirering of & comeround
in  the rresence of micro-organisms could be ouite
different. Athousth the comsound is  relativelw
non~volatiler the intermediaztes formed bw microbes

maw be reridly strisred from the solution (90).

For both the substratesy unscclimsted sludge showed =
much larder lag-time and 8 very slow removal rate ss
comeared to acclimsted sluddge. A sharr dror in rate
was also observed when the acclimated sluddge was

exrosed Lo g higher substrate concentration.

For agcclimated sluddgey it was found that rhenol and
29 6~-00CF follow zero-order Linetics., At
contentrations wur to 3500 srm rhenols a2rd 20 rem

2:6-DCFy the averadge dedgradation rates were 0.0738»
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ard 1.89%:10(~4) eea/hr.rem of MLSSy resrectivelw.

Addition of smino-acids to 2y6~-NCF significantlw
imeroved the biodedgradebilitu, When 2 #em (total)d
of L-Glutamic aoidy L-Histidine Hudrochloride
Monohudrater L-Lusine Monohudrochloride, L-Arginine
Hudrochloridey and L-Custeine were added to  the
2RUS0US solutions 22 6-NCK removal (for feed
concentration ur  to 20 rem) averagsed 5.430%5410(-4)

rrm/hr.rem of MLSS (3 three—-fold increase).

296-DCF showed an additionsl unidentified resk in
bpoth UY  srectrorhotometrs or GC  anzlusisy  wuron
exrosure to air., It is dimrortant to identifw this
rotentizl intermediste becsuse it maw be the first
ster in biodedradation. O6C anslwsis indicated that
the size of this resk denerally went throush a

marimum as the reaction rroceeded.
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Fadge 1046

Table #1 ! Litersture surves summary

Ore or more of the following models have been Lried bw
most of the workers to obtazin the kinetic rate constanls.

Heldane modeld -d8/dt = Um.X.8/7 L[Km + & + 827Ki3
Morod modeld U = Um.8/ Ikm + 81

Grau modeld -d8/dt = k.X.8/80

First order model! -dSAdt = k.8

Second order models ~d8/4t = k.8

Wheres

S0 = Initial substrate concentrations =rm.

5 = Substrate concentrationr =em.
¥ o= MLSS concentrations =R,
t o= times hours,

Km = Michaelis-Menten (substrate ssturatiorn) conmstanty werm.
Um = Maximum srecific dgvrowth rate constants sem.

ko= Rate constant for lst order or 2rdd order or Grau model.
Ki = Substrate inhibition constamty prm.

§ sk RCkAoRok dokk sk folorskokRoisktoleicioloksoksiololok Rookok sololoioiekosiokokok sok ookl

tREFT COMPD,. 1CONCH MODEL PCOMMENTS (Teme . vl
I I HE S A i epHy organisms )
: i H H | ete.) H
ROk RO KKk oK ROk ssokokoRoklokiok kol telok koo ekl R okl
i 331 Phenoli200 | Haldare:r VO30 Oy pH=E, Gy }
H H H H Une=(, 534 H Feeudomonas H
H ! H tRmale Qe Ki=470y | rutida !
: L H ; Y= 52 H !
: ...........+..........................‘{...«.......”..,.é..............‘..m............ ases 1032 390w 358 r0n se0n s ....+ soen sres 404D 4ess moss bee Sabe Shm Pais S308 Foas shve Fous wbrm abbe evm ;
V331 Phenol 700 Haldareay P30 Ly pH=6.5y H
H i - ] Um=0, 481 H ATCC17484 H
H : } T Kml.0y Ki=840, | H
| ; ! H Y, 52 H !
PE21 Phemnol 15001 Heldanes } 3240 Uy H
! i : tUm=0.08y Km=700y I oH=7,5-8,0¢ mixed)
i H : H Ri=986&y H culturery H
! H ; H = BR2-1 .22y H anserobic H
i H } V Kd=3,4%5<10(~-4) |\ :
e e
P 854 Phenol 800 | Haldanes P28 Oy pH=6.40 H
! H H ! Um=0.66s i filamerntous H
H i H H Km=84.7 1 hacterisvyd hyr |
H i H IKi=34,2y ¥Y=0,6146" residence time |
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TREF T COMPDL ICONCH MODEL P COMMENTS (Tems .y

£ i VPEM O ! oeHe organisms i
H H ! H ete,) !

sk e ok sk ok ol skok skoloROk Rk stk Kok sk R ok lksOKK ROk sioloolkokak oKk ook k|
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i | i } regidernce time |
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84! Phermoli300 | Haldarnes P30 Cy pH=4.5 T.1
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REF ) COMPD. I CONC) MODEL

# o

SORCR AR OIokok ok stok solookok ok o ook ook ook
791 Fhemol 100 (Mornods Um=, 328y
Em=24,96y

1 1 1

d i ' Y=0,011
mmamdhore s s s I I R R SRR S AN
457 FPhenoli300 iGrauy k=0.04 /hr
mammh e e mdim s e s e e e e s

1 )
i

Exronentiale
Um=0C.144y
Y=0,4606

.,..........}..........................»..*.............m+wm.~wm.~~-u«mwmwm_.m

601 Phernol 800 Furonentisly

60

]
1

1t orders
k30¢004
1/mst.dawy
Y. 13y
Kid=8.33%10{(~4)

snet wbed seaa sam B BESS Spre Sere wwRt evss IS SON Jusy shew seke ees
mammammmmnmmamnmEmRns

2nd orders
k=71 0(-12) 1/hr
P ordanism

4399 soor pums ves it sams seve b sras maus sare 2328 s 1nas 4eer sors seve sees 1202 tern varh awer auss susa srms wors 202 seew ace

b3 % 4 2rngd order:s
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1/hr rer
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I I I g I e

Phernol | XkX

dF == == me b == em em oo
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po- - aa
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H ; P Km=5.1y AXOREk

H 1 H Haldane)
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H i IKm=11.7y Ki=35,7
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8531 U0 20 lst ovdery

} } Vole=1 . 7510(~4)

H H ! /hr
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POCOMMERTS (Tems. )
H wHr ordanicsms
H ptos)

K ACE SRR R Aok Kok
30 0y Yiest
[Deharwomyces
subglobosus

26 Gy pMH=7,0y H
mived culture

40 Ce PHJ*}".‘OS'
Bacillus Cereus

.*........‘..‘...........“................m...........,...‘,.....«

I0 Cy mH=7,0y
Barillus Cereus

T e e e e m w W e wem

PRy mived culture

mmmmmmmmmmmmmmmmmmmmmm
omammammmmn R =

PRy mirved culture

i
i

s R R IR R I
PRXKy ]

mixed culture!

;zxmﬁrxxxmx:mmmmwr}
125 Cy pH=7,1-7.8y1
: Fouedomonas !
H NCTIR?340 !
1y mixed culture)
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TREF Y COMPDL TCONCH MODEL PCOMMENTS (Temr sl
: I ‘PPN H PoeHy ordganisms
H H H egtee)

****##************#*******************#**#******$*$

PA70 294100 1111 Monoddy 120 Cy pH=7.0y
H ; i ; Um=0, 0958y ] Pseudomonas H
v ! Km=S.4y Y=0.14 | putida !
110 soz st e e st o s s s e bt s o som s b s v st . st i s st i s e s 1 s s s ob s sne o e s v e st 2o st et gn e s e 8
1z ek o o e et ot e ke v oo e o e o e e s e e e ot ot g e oo e e e e 2o
PSS nitro DROKK 2nd orders PRy mixed culturel
H voFhenoll th=1x10(~-13) 1/hri H
: : i i orer ordganism :
R Y R S R e R Ry S S e
VA7 m-CRA T S50 tMonody Um=0,059y 1 20 Oy pH=7.0s
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i ; i i H Futids |
e T L R TR RS R L T S
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P mmmdo oo sd o s dr s s s e s s b s s m s s s m |
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HE-FE=t e o oo st o o R R S D ST i o D D 0000 0 0 2 I SR AN R H
A7V 295- 1 % 1Momods Um=0,025y) 20 Oy sH=7.0y
; i DCRA P Rm=1.5s Y=0.146 | Feseudomonss ;
H ] : : : rutidas }
:mmm#mmmmxmm#xmxm#mxm:xmxmmmxmxmmm*mmxm:xmmmmxmmmmwm}
P71 3y5- 1 X iMonods Um=0.002s1 20 Cs mH=7,05 |
H i nCcka : Km=2%5.3 i Fseudomonas i
i H ] i H Futida H
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Table #2 1 Interzetion of various substituents
with the ring carbon atom

oKk ek sk doksfokolokok okl ok Aok Rk ok soloiolokokok kR ok kol ok okl k

TTYPE ISURBSTITUENT EFFECT IFQSTITION OF OXYGEN

: H : ! ATTACK

3K ROk R ol AR R Ok K sk Ok AORSORKOIOR R ok ook okkok ok ROk R ok ok K
1 Gl i Deactivationd arthor rara
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2 1 NO2 V Deactivationd metas
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Tainle #3, Air strirsing of 2+6~0CF 2t 40 rrem
7/28/82
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DATE ] TIME VOTIME FROM CONLN
; } START i

KRk K } HOURS i HOURS H FFM
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B e e
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Table #4. Air strirring of 296-D0CF 2t 30 rem
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METHANOGENIC FERMENTATION:
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Figure #11, Plots of concentration vs time for 250 ppm phenol
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Figure #12, Plots of concentration vs time for 400 ppm phenol
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Figure #15. Plot of pH vs time for 250 ppm phenol
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Figure #17. Plots of pH vs time for 60C ppm phenol
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Figure #19. Plots of concentration vs time for 15 ppm 2,6-DCP,
(no amino-acids added, acclimated sludge)

@ b Table #no
A - Table #12,

® Slope: -.539 ppa/hr
& Slopey -.53% ppa/hr

]

' i i \ e
5.00 10-00 \5-00 20-099 2500 - 30-00
HOURS
168

o o
o,



Figure #20, Plots of concentration vs time for 10 ppm 2,6-DCP,
(211 amino-acids added, acclimated sludge)
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Figure #21., Plots of concentration vs time for 15 ppm 2,6-DCP,
(all amino-acids added, acclimated sludge)

O ~- Table #13.
A == Table #1k&,

16

ZE_ ©) 0} Slope: =-1.164 ppm/hr

perm |

) 2-00 4.00 6-00 8-00 10+ 00 . 12.-00



r_\

Figure #22, Plots of concentration vs time for 20 ppm 2,6-DCP,
(all amino-acids added, acclimated sludge)
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Figure #23.

Plots of concentration vs time for 15 ppm 2,6-DCP,
4 (amino-acids LHHM, LIMC, and LaH added,
acclimated sluige)
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Figure #24, Plots of concentration vs time for 15 ppm 2,6-DCP,
(amino-acids IHHM, and LAH added,
T acclimated sludge)
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Figure #25. Plots of concentration vs time for 15 pm 2,6-DCP,

4 (amino-acids IHHM, and LIMC added,

. acclimated sludge)
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& Flgure #26. Plots of concentration vs time for 15 ppm 2,6-DCP,
(amino~acids 1GA, and ICN added,

16 acclimated sludge)
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Figure #27. Plot of concentration vs time for 25 ppm 2,6-DCP,

(211 amino-acids added, acclimated sludge)
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a Figure #29, Plots of pH vs time for 15 ppm 2,6-DCP,

(no amino-acids added, acclimated sludge)
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Fgure #30., Plots of pH vs time for 15 ppm 2,6-DCP,
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Figure #31. Plots of pH vs time for 15 ppm 2,6-DCP,
(amino=acids IHHM, LIMC, and LAH added,
3o - acclimated sludge)
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Figure #32,

Plots of pH vs time for 15 ppm 2,6-DCP,
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Plots of pH vs time for 15 ppm 2,6-DCP,
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A Figure #3b,

Plot of pH vs time for 25 ppm 2,6-DCP,

5 (all amino=acids added, acclimated sludge)
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Figure #35.

Plot of initial concentration vs complete

degradation time for phenol
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Fgure #36.

Plot of initial concentration vs complste
degradation time for 2,6-DCP
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° o Figure #37. Plots of concentration vs time for 10 and 15 ppm
o 2,6=DCP (no amino-acids added and all amino-acids
a o added)
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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)
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Figure #39.

Progressive oxidation of 2,6-DCP as

ohserved on spectrophotometer - CONTINUED ==
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