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The biolodical dedgradation of rhenol ur to 500 rem and
o-chlororhenol ur to 40 rerm wids studied in an azerated 4.0
liter batch resctor using activated sludge bacteris from the
Livindstons N.J. wastewater treatment =lant, From the
concentration versus time datazsy kinetic rate constants were
determined for rhenol (@ 100 rem) 2nd o-chlororhernol (8 20
rrm and 40 erm).  Alr  strirrind was determined to be an
insidnificant removal mechsnism for the comrepounds studied.,

It wes noted that the acclimation times decreased with
rereated exrosure to a3 rarticular concentration of rhenol or
o-chlarorhenols and that the 2activated sludde bacteria first
had to be acclimated +to rhenol before they could
significantly dedrade o-chlororhenol.

The effect of addition of amino acids on the rate of
o-chlororhenol dedradation was zlso studied, These were

found- to decrease the rate of bpiodedradation of 40 rem

o-chlororhernol.
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I. INTRODUCTIOMN

With incressing numbers of toxic chemical waste dumes
being discovered dailwy and rollutiom control reguirements
being made more strimgentr a3n inexrensive and enviromnmentazllw
safe method of disrosing of our chemiczl wastes is needed. A
method is 3lso needed to detoxifwy contaminzted droundesites
and landfills without resortinzg to 2n excavstion of the site.
Currentlw accertzble methode of diserozel include! sanitarw
landfillss cozgulation: carbon adearrtion: shotolusig:s
thermal oxidationy welt oxidationy chemical oxidations and
piological oxidation.

Samitary landfillss coadgulation:s or carbon adsorstion do
not destrow the hazasrdous waste., Thew are Dssicalle onlw
storade or seraration methods.

Fhotolwsis grreers to bDe g eromising method that
uytilizes high energy (UY) lignt to brezkdown halosenated
organic comrounds, Exners et 31.: £11 zchieved dgreater than
9% destruction of tetrachlorodibenzo-g-dioxing (TCODIS) using
a rnotolysis srocess, This +rsrocess cen be ezusmented bpuw
adding a8 strondg oxidant f{ozone or huedrogen reroxide) to
breakdown 3 wide varietw of ordanic comrounds £21,

Thermal oxidation (imcimeraztion) ie +rrobably the most
gdererzally sccerted method for comrlete destruction of toxic
ordanic wastes. However» the carbon-halogen bond is not veru

suscertible to vidative fracture: andgd for this resson



Fade 2
incimerator temrperstures must be verw high (on the order of
1200 £):y To zchieve these high resctor temreraztures reauires
3 lot of energwsy and therefores the trestment cost can be

nigh. [31]

Wet widation involves bubbling z2ir or rure  oxugen
throush amn z2eueous waste streasm (maximum 10% organics) a2t
400-4600 C 2nd arrroximately 1000 reiz, The waztes are brolken
down and heat is generated to run the rezctor, This rrocess
is chearer to orerate thanm thermal oxidation because lowser
reactor temreratures are necessary, However: due to the
incomrlete oxidation of some wastesz, 2 99.99% desbruction
efficiency is difficult +to achieve., Miller and Fox [47
rresented 3 bromide and nitrate dion catslwet Frocess which
achieves faster destruction ratez a3t much lower temrerztures
and Fressures (165-250 C a2nd 200-1000 rcig) them conventionesl
wet oxidation cystems,

Chemiczl coxidation (utilizind hudroden reroxider ozoners
chloriney chnlorine dioxider or rFotassium rermandanzte) can
2glso be wused to brezk down toxic wsstes, Howevers the end
sroducts maw not be carborn diowide and water: but athner

#idized ordanic intermediatecs which maw «till exert =2 hidh
Con after trestment. Neverthelessy these intermediztes are
often less toxic and less resistant to biolosgical treatment
than _the oridinal toxic wacste. With resrect to shernoly
*chlorine is not considered 38 satisfazctory oxidant becsuse it
reacts to form chlorinsted shernols which 2re more toxic and

have more obJdectioneble odors and tastes thanm the originzl
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rhenolic comrounds,® [51]

Fimazll=y biological oxidation cen be used to convert the
toxic waste to watery carbon dioxider and (whern chlorine ig
rresent) HCl., The reactions take slace 2t room temrerature
due to the sresence of effective catalusts (enzemes)., This
methnod obviouslys recuires the rresence of an ordamism f{or
aorganisms) carable of Frroducing the reguired enzemes, "It is
believed bw most mwicrobiclodgists +that 21l maturazllz ccouring
materials and 3ll but a3 wverwy few sunthetic masteriels are
subJdect to microbiel ettack,® [61 Althoush 2 number of
irnvestidators have rerformed Datch and continuous-flow tesls
of dedgradabilityy much rneeds to be lesrned about the
tiological mechamnisms involveds including relisbtle kinetic
rate constantsy conditions that favor dedgradation: the effect
of rcosubstratesy +the microbial srecies involved 1inm the
dedgradationy arnd the erroducts of degradation, Until +this
information is avzilazblesr wastewater trestment rlants czrnnot

e desigrned or orersted at ortimum conditions,



II. RACKBROUND

Many studies have beern made of the biodedradstion of
rhenolschlorinzted rhenolic compounds zand cother toxic wastes
in sheker-flasky batch and continuouws—-Fflow resctors using
toth rure and mixed microbial rorulations, The following
rerresents 3 survew of the literstures which haes been broken

down according to the comrounds studies.

Ba_Fbeool ledradation.Studies

Earth and PBunch [71 studied the biodedgradation of 104
arometic comrounds 2t 25 € 1irn & batch reszsctor (Warburs
resrirometer) wusing bascteris acclimated to 300 sem rhenol. A
shosrhate buffer wes used to comtrol the #H of the culture
between 6.5-8.5. Among the 104 comrounadsz tested were
#henoley benzwl &alcoholsy heteroceelicsr benzoic and other
acidsy benzaldehzdes and benzamidesy and substituted
henzenes, The rhennlic comrounds studied included?! shemoly
catechols resorcinoly @uinolsy &~y m-y 29é6-~di-» 294-di- and
2y4rb5-trichlororhnernols Most of the comrounds were tested at
a concentration of 100 rem., With the rhenolic comrounds thew
observed & decrease in acclimation time with rereated
exrosure to the comround. Thew further concluded that "there
arreared to be a relationshir between molecular structure =znd
resistance to bacterizl desgradation...the relationshir...was

arrarently affected bw the rocition of & dgrour on the rind,
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the tere of groupy multirles of the same or different
supstituentes and the size and comelexity of the
substituent®, The recsults of tests om chlorinated shenols
showed that "dichlcoroshenols were more resistant to oxidation
than monoehlorarhenols.”

Waltomns et =21, [B]1 rerorted on work dome by the O.H.
Materizl Comrang involving the use of surface arrlicstion and
underdground dindection of mutaznt strains of bacteris to combat
g wvariety of srilled hazzsrdous materials. Using & rortzble
binlogicsl trestment swstems thew were 3ble to degrasde 30-40
#em o shemnol  to 0.1 Fem in 3rproximatelw 26 davs and 200 ePrm

o-chloroshenol to 40 erepm in arroximetelw 36 daus. They alsao

resgried sn increased resistance to biondegradation with the
gddgition of cohlorine to the toxic wmolecule {(i.e. henol
dedrades mod e more raridly 3nd comrletely then

o-chlororbenol),

Faris and Wolfe [91 tried to determine if correlations
betwesn microbial resctivity and srorerties of the comround
could be established, The following shenolic comrounds were
studied!: snenols #-cresols s~-chlororhenoly F-bromorhenols
Focganorhenals s-nitrorhencols r-acetylrhencl and
r-methoxyrhencl, Using 2 single strain of bacterias
Peeudomones eultida strain Uy thew determined the second order
rate constant of rhenol dedradastion» Kby eaual to 7.0 + 1.3 X

-12
10 liter/ordanism—hr.

Kim and Armstrong [103 studied the dedradation of rhenol

(770 prm) gnd methanol (1000 srm) by scclimated activated
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sludde in batech tests to determine the effects of
temreraturey rFHy salinity and nutrients on the rate of
dedradation. For #H adiustment the following solutions were
uysed! sodium carbonate (100 €m/12s huwdrochloric scid (1 N) or
sodium hedroxide (1 and 6 N). A silver pmitrzte solution

(1000 rrm) was used 25 am enzvyme inhibitor, For shernol theyw

determined the Michzaelis-Menton rate constant:sKse = 2246 m&g/1 o
8 dgrowth gield coefficient of 1.2y arnd the supstrate
utilization rate coefficienmty K = 0.0724 (hr)-1 (3t 28 C» sH
= 7 and s3linity = 0 =rt), In 8 of the 115 rhernol testsz an

initiel lag rhase was observedr with the sverage lag rhase
being 4 hours, Thew concluded that the ‘"srimarg factor
affecting =henol decomrosition rete in natursl svstems was
rH! rhenol dedradation resulted ip considerable decrezses in
FH so that the buffering caracity of the water wae the most
imrortant factor.’®

Beltrame et 21l.r» [111 studied the biodedradztion of
rhenol (ur to 3460 Ferm) in 8 continuous stirred tank reasctor
with cell recuycle, The temrersture was kert a3t 20 Cy» #H =zt
7.2 sand [0 at 7.5 mdg/liter, The rhenol concentrztion was
determined after filtrations using +the 4-zmino-antisvrine
method, The kinetic rarameters were determined by fitting
the data to the Mornod model! Ks = 245 % 49 mg/1» & = 0,170 ¢
0.027 (hr)=-1y and ¥ = 0,45 £ 0.04 mg VS5S/md rhenol.

Beltrame et 2l.y» [12] studied the biodegradation of =2
mixture of shenol and 2s4-dichlororhencl (LOCF) in =8 911

carbon ratio. The tests were rerformed 1n 23 3-liter



continuous  stirred tamk resctor a8t 20 C wusimg activated
¢ludge Lhaet was first acclimated to shenol. Inordanic
nitrogen znd  rhosrhorus were added to the feed mixture so
thet the CIiNIP weight ratios were 100:1101!12. The =H and IO
were usually found to be 7.7 and 6.8 mg/ly resrectivels. The
exreriments were rerformed a8t comstant feed flowrate (v =
¢.48 1/hr) and feed concentratltions (#henol (162 srm) and DCF
(31,2 wmrmid, The hnwdrzulic retention time was also kest
corstant at 6,25 hre The caoncentration of shenol and OCF was
determined using UY srecltrorhotometry at wavelendgths of 268
rmoa&nd 203 nme resrectively. Thew rerorted thet the rherol
tesraded sccording to & first-order ecuastion with 8 rate

-3

constant, K = 6,1 X 10 1/7mghr., The 2rd4-dichlororhencol

removal rzte ehowed & maximum =23 & function of substrate

concentraztions = is turical of c3ses of substrate

i

inhibition." For this resson the 2s4-dichlororherol data wsas
correlated to the Haldane eaquations with (k/Ks) = 0.81 X
1073 1/ms hr snd (k/Ki) = 0418 ms/l hr.

Holladaws et a3l,» [131 studied the biodegradation of
rhienolic westes from cozl rrocessing wastewater by scclimated
aotivated sludse. The exreriments were rerformed inm
stirved-tank (CSTER)s rachked-bed (FRBR) and fluidized-bed
(FEBR) bioreactors. The imitizl microorgenism rorudlation for
the 3 bioresctors casme from the EBethlehem Steel Corroration,
The microorsanism rorulztion of tne FRBR was surrlemented

with the commercial rreraration FHENORAC. The stirred-tank

rezctor wee orerated 3t 32 L and the racked-bed andg
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fluidized-bed reactors were orerated at room temrerature (21
N Analusis of the zctivated sludde used in this study
revealed the following srecies?! Bacillus» Slashulococcuss
Fseudomowass Citrobaciter» Erpolews and Escherichisa coli. Theyw
made 3 sustematic study of the relationsnirs between
conversion and dedradation rates a2t different feed rates and
concentrations in each of the three reactor tures, The
concentration of rhenolics Was determined wusing the
4-zmino-antiryrine method, A turical sunthetic rhernolic feed
for the 3 bioreactors was! 26 liter tar watery 2 droes NALCOQ
71-05 anmtifoams 26 gm ammonium nitrater 4.5 gm rotassium
thiocuanater 2.6 wl 8HX rhosrhoric acidy rhenol {(variasble)lr
glucose (ostional)sy amd 5.4 gm zmmonium chloride. The =H of
the feed was addusted to 8.5 with concentrated ammonium
hedroxide, The rate of rhernol biodedgradation for each
bioreactor ranged 25 follows! CSTERR = 0,214-2,467 gm/1~-dauy
FRER = 0.09-5.09 gm/l-dagy andg FBER = 1.90-21.17 gm/1~-daw.,
Lewandowshki and Abd-El-RBary L1413 studied the
tiodedradation of shock loadindgs of shenol and o-chlorerhenol
by activated sluddge bacteriz obtzined from the Livingstony NJ
wastewater treatment rlant. The exreriments were carried out
at room temrerature (25 ) in 3 4 liter fill-znd-drew
reactor. Fhernol concentrations uE to 500 ®Fm and
o-chlororhenol concentrations ur to S0 rem were investisgated,
Alsosy the effect of the additionm of sucrose (1660 rem) on the
rhenol and o-chlororhenol dedgradation rates was studied, The

#henol amd o-chlororheriol concentration of the samrles was



determinerds after centrifudindg, tw the use of gas
chromatodgrarhg (FID) or UV erectrorhotometryu, The addition
of sucrose had no effect on the degdradation rate of shenolrs
but sidnificantly decreassed the dedgradstion rste of
o-chlororhernocl, First-order kinetic rate constantsy
determined by fitting the dstz to the GBrau ecustiony were
0.04 (hri)-1 and 0,002 (hr)-1 resrectivelwr for rhencl and
o-chlorornenaol {(without sucrose).

Luthy [153 studied the biolosicel treaztment of coel
coking and cosl dasification wastewaters wusing asctivated
sludde bacteria in 8 continuous-flow reactor. The reactors
were orerated with hudraulic and cell residernce times randindg
from 1.0-21.6 daw and 5-40 dawsy resrectivelw, Influent
#henolic concentrations ransing from 175-1700 m3 COL/1 were

reduced to less than arrroximatels 2 serm bw biolodical

oxidation. The rhenolic concentration was measured by the
4-amino-antirdrine colorimetric method, Anzlusis of the
dedradation data reveazled =2 first~order removal rzte

coefficienty Ky ranging from 0.002-0,004 liter/mg-daw 2and 3
cell wield coefficient, Yy ranging from 0.10-0.2 (COD
besis), The study concluded that the low vwield coefficient
*is believed to be 3 result of inhibitory constituents in the
wastewatery and rerhars because of inhibitory comrounds
formed a3s @ result of bioclodgicel treatment.®

Sindery et 28l.y [16] studied the biolodical oxidation of
coal dasification wastewater ootained from the

Chasrman-Wilputte dasifier a8t the Holston Armw Ammunition
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Flant in Kingsrorts Tennessee. Using a 22.9-1liter activsted
sludge CSTR orerasted with 2 10 daw hudraulic residence time
and 20 dav cell residence times the rhenol concentration was
reduced from 560 rrm to 1.2 rFem. alsor the COO and TOC of
the wastewater were reduced 71%Z and 68%Zy resrectivelw. Eut
*desrite the effectiveness of the biological treatment in
removing rherinolesy ‘the biolodicalluy-treated water is
unaccertable for discharsge to the aquatic environment or for
re-use within the rlanty and Ffurther treatment is recuired.®
The effluent from the activated sluddge CSTR was then treated
by seversl rhusical-chemicel methods includinsg! activeted
carbon adsorrtions coasulstiony ammonis striepring and
ozonation. '"The results indicate that & significant rortion
of the ordanic cerbon consists of high wmolecular weisht
material (arrroximatelw 70X of the TOC remzining =z2fter
biological treatment consists of srecies with molecular
weight » 500)...that can be effectivelw removed by activated
carbon and ozonation.®
Suidans M.T.y et 8lsy [17] studied the treztment of cohke
oven wastewsater from 3 steel mill by 2 contzct stablizstion
activated sludde eprocess with rowdered activated carbon (FAC)
addition followed by denitrification in en anoxic {(anerobic)
column racked with bperl sezddles. The cosl conversion
wastewater had the following characteristics!? rhernol
concentration (250-350 rrm)y ammonia concentration (I720-3850
rrm)y thiocwanate conmcentration (800-1000 rrm) and cuanide

concentration (800-1000 rem). The wastewater was treated at
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34% full strendth and surrlemental nutrients were added., The
fimal dedradation results were not divenm in the source
consulted.

Eaker and Mauwfield £[181 studied biolodical and
non-biological degradation of rheroly o~y m—-y g-y 2r4-di-»
2ré6-di->y 3s4-di-» 2r4s6-tri-y 29455-tri-y 3r455-tri-»
293y4y5-tetra- and rentachlorornenol under asrobic and
anaerohic conditions weindg cley loam s0il collected in
Waterloo Countwy Dntario. The bioclodicel degradation tests
were rerformed in 25 ml Erlenmeyer flazsks contasinindg 10 gSm of
soil (wet weight) to which 1.0 ml of the rhenolic solution st
a2 concentration of 1000 rem was added. The flasks were
sealed with & rubber serum c2r snd incubasted at 23 C.
Ethanol (93X solution? was used to extract the shenocl and
chlororhenols from the so0il sameles, The =hernol oy
chlororhenol concentration of the extracts was determined
using UV  srectrorhotometry (8 271 nm  for rhenol and 275 nm
for o-chlororhenol). Their results indicate that shenol, o-»
F—y 2s4-di-»y 2sbé-di~ and 2r4ré-trichlororhenol were raridly
desraded by zerobic soil microordganisms. Thes rerorted 100X
dedradation of rhenols o-chlororhenol and 2s6-dichlororhenol
irn 5.0 1.5 and 0.75 dayss resrectivelw. In contrasty m-»
3s4~di-y 294r3-tri- and rentachlororhernol were desraded very
slowly wunder the same conditions. Nore of the rhenolic
comrounds studied were biodedraded under anaerobic
conditions. The nor-bioclogical dedredation testis indicated

that rhenolyr o~y m~y =~ 3nd 2y4-dichlororhernol were raridly



Fage 12

decomrosed in sterile silica sand and sterile so0il samrles.

& comearison of the rhernol degradstion studies can be

fournd in Table ¥ 1.
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la_Critigpue_of _Ebenol_Studies

Many z2uthors either! (2) did not erovide kinetic rate
constantsy () rrovided constants but did rot Fresent the
rate exrressionss or (o) used 2 melange of wunits to exrress
the rate constants., Alsos most of the authors rerort that
their results were obtained wusind *asctivated sludge” without
describingd more fFreciselw the nature of the bacterizl
rorulationy or in manw cases even the source. Another
rroblem encountered was that of 3 langusge perrviers with so
many different reorle doing research in  this ares
{microbicolodgistsy environmentalistsy civil endgineercy
hiochemistsy and chemical engineers) and each drour havindg
their own srecial terminclodgwr there exits a3 wverw reszl
communication sroblem,

Another area that few researchers investidsted was the
rroblems associated with detecting comrlete minerializationy
or the existance of metabolic intermediates. Gas
chromatograrhyy UV srectrorhotometry  and wet chemistru
methods could fazil to detect the tardget comroundy 1f it hed
beern slightlw modified, It is therefore necessary to monitor
the chemiczl oxvsden demand (COD) of the reasctor samrles» or
in the case of chlorinasted comroundsyr the chloride iaon
concentration,

One other azrea that many researchers fail to zddress is
the solubility of the toxic comround &and the relationship

bpetweern solubilite and #&H., Felated to solubilitwry is the
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thermodunamics of the (usally) dilute solutions and the
rossibility of very rarid gir strirring due to lardge activity

coefficients.

As did Barth and RBunch [73s the sresent stude obzerved s
decrease in acclimation (ladg) time with rereated exurosure to
the toxic comround, and 2also witnessed & decrease in
piodedradibility with the addition of chlorine to the
molecule,

Waltonr et =21, £81 =slso rerorted &2 decre=se in
biodedradibility with the addition of chlorine to the
comround.,

Kim and Armstrondg [10] concludeds and this stude slso
obkserveds that shenol degradation czused the sH of the
reactor to decrezsse drasticallw, Therefores, it was necessary
to buffer the resctor contents so the eH would remsin betueen
B.0-6.0.

keltrames et =21, 113 observed that little rhenol was

air strirred out of the rezctory in the absence of zcotivated

sluddes in 24 hours, Teste wrerformed bw this study on
o-chlororhenol and the calculastion of the activity
coefficients of rhenol ard o~chlororhenol surrort this

obhservation.
Feltramey et 2al. 121 determined the rshencl zand DCF
concentration by measurind the UV absorbance a2t 2 srecific

wavelendgth. Sirnce anwy modification of either comround by



auto-oxidation or biological tramsformation could result in s
comrpound that would Ho undetected by the znsletic srocedures
one could falsly conclude that comrlete biclodicsal
desgradation was occuring.,

The results of Holladay [131 indicate that the
degradation raste for Fhenol was at least twice that
determined bw this stugw, This maw be due to the oridin of
the microbisl rorulstion (Bethlehem Steel)r and a3lso due to
the higher oreragting temrerature of the CSTR (32 C es
comrared to 25 € for the rrecent studsd.

Lewandowski and Abd-El-Eare [141 =zlso observed the
comrlete dedrasdstion of rhenol (ur to 500 =rm) by activated
sludde hacteria. In additions thew observerd 2 decrease in
the rate of o-chlororhenol desradation with the zdditien of a
co-supstrate. Howevers the rate of o~-chlororhenol
degradation was much lower than witnessed by the rresent
study, The difference mag be due to the different
acclimation erocedures used and different surrlementsl
nutrients added,

Baker and Maufieldg [18] rerorted that 2sé6-dichlororhenol
(2+6-D) dedrazded faster than both rherol snd o-chlororhenol.
This is orprosite to the trend witrnessed by the rresent studuy
and z3lso is contrary to the results of other investigators

£73+081s0203,
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B..Chloripated _Ebhenol_ ledradation. Studies

Ilencesy et al.r [191 studied the bioclosical treatability
of srent ruls bleaching lieuors (chlororherols) using
shaker-flask tests, The flasks were incubated at 28 C on &
horizontal shaker for 7 daws. The ~rH of the flesks was 7.0.
The concentration of the chlororhenols was determined using
gas chromatograrhic analusis with either thermal conductivite
or flame ionizstion dectectors. ficute toxicitwy tests were
a3lso conducted on  the various chlororhenols using Dasboia
wasgna. They found that bothy fundi and mixed microbizl
rorulationss could effectively elimimate the toxicitz of the
srent bleaching lieuors, Alsor thew observed an incresse in
toxicity when &3 co-substratey asrarsdiner was sdded to the
original licuor. Additionallyr work was done +to determine
the samount of chlororhernol degrsdation v eseration, For
2y4-di and 2s4sé6-trichlororherols thew rerorted an initiazl
concentration of 20 srFrm reduced to 1¢ sPpm in 8 1 week test byw
saeration alone. "In other biodesradation testss three fungi?
Faecilomuyces wariotis FEenicillium wariabile and Irichoderma
kopingiis» were examined for their abilitwy to remove
chlororhenolic comrounds from 3 dlucose geast extract rertone
liguid medium i 8 one-week incubation reriocd." The liruid
medium had an imitiz2l chlorinated rhernolic concentration of
either 50 eFm or 10 remr derending on the toxicity of the
compound. For 2r4s6-trichlororhenol an initisl concentration

of 10 rem was reduced 33% by Faecilomuces wariolis 100 % hy
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Fepicillium wvarisbile and 48%Z by Irichoderma koniogii. In
gdditions ‘"srent chlorination licuors were subdect to &
variety of chemical treztments and the resulting effects on
acute toxicity determined. Treatment with elemental
chlorines huyrochlorous acids hurochlorites ozore and hedrogen
reroxide froduced increases 1in the toxicity of the srent
liguor., A modest reduction in toxicity asccomrenied treatment
of srent chlorination licuor with chlorine dioxide,®

Tabaks et 3l.» [201 studied the biodedradibpility of %64
of the 114 ordanic friority rollutants included on the EFA
Consent Decree list to ascertain the extent of microbisal
degradation and to determine the scclimstion reriod, A
static-flashky batech screening rrocedure *incorrorating
settled domestic wastewaster 3s microbizl inocculum® was wused,
The incubations were carried out in the dark st 25 L. The
investidgation invelved ordganic concentrations of 5 and 10
#Fm. The substrate concentration was determined throusgh the

use of das chromeatograshy (GC)» dissolved eordamnic carbon

(DDCYy totazl ordanic carbon (T0C) and/or chemicsal oxudern
demand (Ccon analusis., The following resultis were
determined? with resrect to rhernolic comroundss ‘the

chlororhenols are more stable to biodedrade thanm rhenol and
the resistance to microbial catabolism is greatest amournd the
more highly chlorinated shenols.*®

Haller [211 studied the dedgradation of 16 substituted
aromatic comrounds by asctivated sludde surernatent and soil

bhacteria in batch shaker-flask tests at 30 C. The comrounds
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studied included:? chlorobenzoatess chlororhenolss
nitrobenzoates: nitrorhenols, aminobenzoates and an
aminorhencl, The activated sludge wused in this study was
taken from the rrimarw settling tank of the Ithacas NY
wastewater treatment rlant, The sludde was sllowed to settle
and the "turbids gravish surernatant liquid® was decanted for
use a38s microbial inoculum. The swubstrate concentration was
determined wusing s recording srectrorhotometer rum in  the
range 200 to 340 nmm. The comrounds tested had 2an initisal
concentration of 1& rem. For o-chlororhenrnols 19 daus was
reaquired for 100%Z dedradation wsing ungcclimated azctivated
sludge bacteria. Soil bacteria was unable to dedrade 16 erm
o-chlororhenol even after 25 deus, The gzddition of =2
secondary carbon source (glucose or benzoste) did rnot sffect
the lendgth of time neededd for wastewater adertion., When the
activated sludge was first adarted to s-chlorosrherncl or
m—chlorobenzoic scidr» the subseauent time necessarw for 100X%
degradation of o-chloraorhenol was reduced to 10 daus,

Ingolss et a23l,» [221 studied the dedradation of 20
different halodenazted shernolic comrounds by an  "sctivated
sludde' develored by aserating soil with #lucose and rertone
in 8 wminersl nutrient medium free of sdded chloride ions.
The activated sludde was acclimated to +the halorhenol by
slowly decreasing the dlucose and rertorne concentration while
maintaining the halorhenol level., The tests were conducted
in 1.0 liter batch reactors with 2an initisl haslorhenol

concentration of 100 =em. UV srectrorhotometry was used to
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measure the substrate concentration and the mercuric nitrate
methods from Standard Methodss was wused to determine the
halide ion concentration, The ortimum rH and temrerazture
were determined to be 6.8-7.8 =and 27 Cy resrectivelw. The
results of the degradation exreriments revealed 100%
dedgradation of ortho-» meta-» and sarachlororherol in 3y 2
and 3 davsy resrectivelw, Thew =zalso rerorted rno degradztion
of sodium rentachlororhenol in a2 4 daw test.

Fitter [2331 studied the biodedrzdability of 123 orgsnic
comrounds by activated sludde taken from 3 sewasdge treatment
rlant,. The sludde was zdarted to the test comround for 20
daws in & medium which 2lso contained glucoce and rertoney
bpefore the dedradation tests were conducted. The tests were
rerformed using batch reactorss containing 1000-1500 ml of
gceclimated sludses that were rlaced on madgnetic stirrers in a
dark room a3t 3 temrerature of 20 C % 3. The reazctors had an
initial biomass concentration of 100 m=/1l. The substrate
concentration was determined bw COn  analwsis, In the
dedradation exreriments the test comround wass the sole carbon
source and had an initial concentration of 200 rem COD., The
studey determined the rate of biodedradation of rhenoly
o-chlororhenol and r~chlororhenols which were rerorted to be
80,0 mg¢ COD/sm inmitial biomass~hrs 25.0 ms COD/dm initiel
biomass-hr and 11,0 m st COD/dm initial biomass-hry
resrectivelyw.

Wukasschs et al.» [24] studied the dedradation of

rentachlororhenol (FCF) in 2 continuous reactor suvstem with
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consideration given to the amount of FCF lost by zdsorstion
and strirpindg. Thew found thet less than 0.05% of +the FCF
feed was lost due to air strirring, The becteriz was
acclimasted to FCF by initisllwy feeding 23t 1 rem  and
increasing over a8 90 daw reriod to 20 sem. The COD of the
feed was increased to 400 rem bw a3dding dog food extract in
order to increase the ratio of susrended biomasss to attzched
biomass, To determine the extent of biodegradationr thewu
used radioactively labled FCF and measured the evolution of
radioactive carbon dioxide during & batch test. Thew stated
that the "evolution of lebled carbon dioxide rrovides z most
reliable rroof of wultimste biodegradation.® Their results
strongly indicated that the FCF was being dedraded to carbon
dioxide and enerdgw by the ordaniems, Thew determined the

kinetic rate constants for FCF degradation using  the Monod

equation! (Ks/um) = 593 g daw/1l and Kd = 0.05 (daw)-1,
Wallin, et 2l.y [251 studied the removal of

rentachlororhenol (FCF) from wood Freserving PLrOCESS

wastewster containing zrrroximately 100 rem of FCF, The

following rhuysical rFrrorerties were given for FPCP!  *mildly
acidicy boils 2t 309 C and is soluble in 50 C water at 30
#ems 0Oils or emulsions in wastewster canm rrovide 2 carrier
effecty allowing FCPF to far exceed its normal sclubilite in
water, " Thew investidated several different treatment
techriologies: (1) adsorrtions (2) biological degradations (3)
chemical oxidations (4) coasgulationy (S5) extractions and (&)

FH adiustment., Based on the results of batch testery they



rerorted +that biological desgradation was an ineffective

treatment becasuse *bioadsorrtion rather than
piotransformation was found to be the srimare removal
mechanism. Removal rates continued to diminisn as the

adsorrtive caracity of the biomsss was arrroeched.” In
additions incinerstion of the FCF-laden sludse rresented a
harardous waste Frroblem becsuse thermsl oxidation could
release 2:317B-tetrzchlorodibenzo-f-dioxin inta the
atmosrhere,

Edgehill and Finn [26]1 studied the dedradation af
rentachlororhenol (FCP? wusing sctivated sludsges, The tests
were rerformed in 2 é6-1liter fill-znd-draw reactorsy which wes
maintained 8t 38 rH of arrroximatelw 7,4, The feed mixture
contained 200 rrm dlucose and 40-120 prm  FCPF, Tests showed
an acclimation reriod of 7 daus for the sctivated sludde
while 8 semi-fure culture of FPCP-dedgrading bhascteria showed
immediate 2cclimation. With resgard to shock loadings thew
found that *even with the acclimsted sludges the sustem was
urset for two davs by & simerle ster changse from 40 to 120 rrm
FCF."

Kirsch eand Etzel [271] studied the dedgradation of
rentachlororhenaol (FCP) bw 2 culture derived from 3 soil
samrle taken from the drounds of 3 wood rroducts manufacturer
who used PCF 8s 3 wood rreservative, The culture wss first
scclimated batchwise to #henol and then the #henol
concentration was decreased while the FCP  concentration was

slowly increased until by the thirdg month the PCF
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concentration was 30 rFm and the rhenol concentrstion was O
PR The dedgradation exreriments were carried out in
shaker-flask and fill-and-draw reactors using radicactive
rentachlorornencl. *Uitimate biodedradation of
rentachlororhenol was determined zc the amount of radiozctive
carbon dioxide evolved relative to time.' Thew noted three
imrortant findings?: (1) FCP is readily biodedradable with us
to 68%Z of the FCF beind desgrazded to carbon dioxide within 24
hra (2) the rate of FCF removzl is a functiom of cell
concentration at high cell concentration levelss which maw be
due to oxuyden derrivation. (3) the addition of ordgenic
nitrogen to the dedradation mixture decreased the raste of FCF
removal by 8 factor of two. *This sugdests thst FCF is
~robably not 2 srimary substrzte but serves rather 23 3
secondary substrate that does not comrete favorsble with more
easily dedgraded materials."

Heidmany Kincannon and Gaudy [2e1 studied the
dedradation of sodium rentechlororhenol (SFCF) st wvarious
corncentrations by acclimated anmd non-acclimated =activated
sludde, The exreriments were rerformed in 1.5 liter hatch
sludge units at 22 C, Tuwo tures of studies were rerformed?
(1) to determine the effects of londg term exrosure to SFCF
and (2) to determine the effects of shock loadindgs of SFCF on
the activated sludde rrocess. Their results indicsted that
sctivated sludde can be acclimated to wur to 250 re¢m  SFCP
without a3 serious decrease in biolodiczal treatment

efficiency. They note that *rrolonsed exrosure to SFPCF



FPage 23
caused large changes in rredominsting srecies'y and that the
biolodgical solids in B8FCF  zcclimeted sustems would not
flocculate or settle during a 1-hr reriod. The results of
the shock loading exreriments showed that even smzll doses of
SFCF caused decreases in the szstem efficiencw. *The
resronse of 5y 15y and 30 prm SPCP indicsted successivelwyw

more deleterious effects."

A comrarison of the chlorinated shernol studies can be

found in Teble # 2.
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l._Critigue.of_Chlorinated_Ebenol. . Studies

Iercey et al, [19] rerorted gernerally FOGT
biodedgradation results»> with most chlororhenols tested being
dedraded only 20-30%X in 3 1-week test., This mas be due to
the fact that the liquid medium contazined additional carbon
and nitrodgen sourcesr Wwhich other investidgators fave
indicated &s reducing the rate of biodedradation.

The results of Tabak:s et 2l. L2013 agree with the
findings of the rresent stude redarding the biodesradibility
of rhernol a2nd o-chlorornenol., Howeverr their results for
toluene raise the cuestion of 2ir strirring or
volatilizations because at the concentration tested toluene
would have an sctivity coefficient drester than 10,000,
Salerno [47] studied the biocodegradation of toluene in an
serated batch reactor and foungd thet 50 rFrm would be strirred
to 0 perm in 2-3 hours.

Hzller [21] rerorted that wunacclimsted activated sludde
required 19 daws to comrletelws desrade 16 #Ffm o-chlororhernol
angd that rreadartion to another aromatic comround reduced the
time for comrlete desradation, Howeversy the rate of
o-chlororhernol desradation was much lower than determined by
the rresemnt studwys this maey be due to the much lower
microbial concentration in the reactors.

Ingolss et al. [221 observed the sludse chandge colors
from ligsht tan to dark brown» with exrosure to z halorhenol,

It was 38lso found that sddition of a co-substrate reduced the
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o-chlororhnenol dedradation rate. BRoth of these findings were
confirmed in the rresent study,

In Fitter’s work [231 the rates of rhenol and
o-chlororhenol dedgradation arresr to be much lower than
witnessed in the rresent studwg. This maw be due to the much
lower wmicroordanism concentration (100 mg/1) for Fitters
versus 700-14600 m=g/1 for the rresent studu,.

Walliny et 21, [251 3and Edgehill &and Fimn [261 both
rerorted on exrerimental work rerformed at 3 FCF
concentration of srrrovimatelwy 100 rrm. This is far in
excess of the solubility of FCF at +the temrerature of the
exreriments, Additionallwsy Walline, et =21, [231 rerorted
that FCF was not biolodgically dedraded;y this is in conflict
with the results of Wukashr et 31 L2413y Kirsch and Etzel [271]
and Heidmann» et 21 [281.

Kirsch and Etzel [273 found that the addition of an
ordganic nitrogen source reduced the rate of FCF degradation.
This is in adreement with the rresent study which also
concluded that the addition of ordanic nitroden sources

(smino acids) reduced the rate of o-chlororhenol degradation,
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Ca_.Chlorioated_Beozoate_ Studies

Shamat and Maier [29] studied the sbility of activated
sluddge biomasss obtained from the Metroreolitan Wastewater
treatment slant (St. Fauls Minns) to cowmrletelsd metsbolize
mono- and dichlorobenzoic acids a2nd 2:4-dichlororhenoxuacetic
acid (2+s4-1) in continuous-flow and batch tests. In the
continuouys—~flow tests;the concentration of r-chlorobenzoic
acidy 25s4-I and o-chlorobenzoic scid were! 50 srmy 98 Frem a3nd
111 FrPmy resrectivelw, The batch exreriments were carried
out in 2-liter glass bottles slaced on & rotarws shaker. The
bottles had an initiel substrate concentration af
arrroximately 50 spm and an initisal biomass concentration of
0.5 mg/1., The tests were rerformed in the derk 2t 20 C.
During the studwy the concentration of chlorinated comround
was measured usind UV absorbance st a8 srecific wavelensgstn for
each comround. In &additions the totazl organic carbon (TOC)
concentrations #H» and free chloride ion concentration were
monitored, The results of the batch dedradation exreriments
indicated that o- &and s~chlorobenzoic acid have 2z 6-davy ladg
reriodr while m-chlorobenzoic 8cid and 2y4-D had 12-daw and
10-day 1lad reriodss resrecltively. *All four substrates
showed the same rhenomenony 3 short 1lad followed by rasid
disarrearence once metabolism bedan, 3rS-dichorobenzozte had
a8 14-day 1lad followed by verw slow substrate disarrearence
over a reriod of over 100 daws. The 2:5-dichlorobenzoate had

2 long 88-dawy lag followed bw &3 rarid disasrresrence of all
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substrate. Neither 2s4- rnor 2sé-dichlorobenzoate was
metabolized durind this 193-day test.' Thew attributed this
1ag "to the combined effects of low initial concentretion of
active biomass and the unavailability of enzume swustems for
metabolizing' the chlorinated ordanic substrates, After the
degradation testsy ther investisgated what srecies were
involved in the dedradation and determined thast Eseudomonas
was the rredominate srecies. The Lkinetic rarameters were
determined from the dedradastion data usind Mornod kinetics.

Hartmanny et 3l.y [30] studied the degradation of
3-chloroy 4-chloror and 3r,5-dichlorobenzozte by Eseudomonas
se. WR?12y which was isolasted by continuous enrichment from
2 mixed porulation oridginasting from so0il samrles of the
Gottingen area, This is imrortant because several studies
have determined that chlorobenzoztes are the sroducts of FCR
degradation. The dedgradstion edreriments were carried out in
250 ml Erlernmevyer flasks 1incubated 3t 30 C on 8 rotaru
shaker. A rhosrhate buffer was used to maintzin the =rH at
arrroximately 7.0, The concentration of the chlorobenzoztes
and any cometabolic sroducts was monitored usinsg
reverse~-rhase high rressure licuid chromatodrarhe (HPLC) 1in
combination with UV srectrorhotometrwy. The #H and chloride
ion concentration were measured using srecific ion
electrodes. The maximum concentration of the 3
chlorobenzoates tested was 20 mM: which is eceuivalent to 3131
#rm  for the monochlorobenzozstes and 3820 rem for the

dichlorobenzoate. A long adartive time (11 montng) was



necessarye to develore & J3y3-dichlorobenzoate dedrsding
ordganism. Comrlete dedgrazdation and 100X chloride eliminstion
was rerorted for 3I-chloros 4-chloror and 3IrS-dichlorobenzoste
in 14hry 11 hry and 29 hres resrectively. *In the case of
3y5-dichlorobenzoate dedradationy liberstion of 2 mol of HC1
rer mol of substrate exceeded the buffer caracitw of the

medium so that the rFhosrhate concentration had to be

doubled." Eseudomooas s&. WR?12 was slso tested for drowth
on 120 3sdditiomazl substrates. The following ‘dgave dHood
growth? DL-valiney I-trurtorhany L-rhenglzlanines
relargonater adirstes sebzcater mesotartrater saliculater
nicotinatey mesconates citratey lactzte and benzoate. Foor
or no srowth was observed with carbohgdrates.®

hiGeronimor et 3l.r» [311 studied the dedgradation of
benzoster mono-s di~ and trichlorobenzoates using 3 microbiasl
rorulation taken from the srimary settling tank of the
Ithacas N.Y. sewade treatment rlant. The tests were

rerformed in 2-liter Erlenmever flasks thet comtsined 1.0-1.5

r4

o

liters of activated sludde. The flasks were incubated st 25
Cy the dissolved oxuden (D0) and #H were maintzined at 6-8
mad/liter a3nd 7.2y resrectivelw. Feriodicells during the
dedradation run 23 150 ml resctor samrle was taeken and
acidified with 20 ml concentrated HCl., The samrele was then
xtracted at 0 C with three 30 ml rortions of diethul ether.
A #3s chromatosgrarh ecuirred with 2 flame-ionization detector
(FID) was used to measure the chlorobenzoste concentration.

Before anw of the chlorinated benzostes were added +to the
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flasksy they were neutralized with NaOH. The following

comrounds were studied at a2mn initizl concentration of 100

FEm: bernizoates o= m=— ey 2r8-di» Jrd—-di and
2+3sé6-trichlorobenzoate. It was determirmed that =211 the
comrounds studied excert for 2e4~-di- and

2y3sb-trichlorobenzoate were biodedrzdable, The benroste and
o-chlorobenzoate exhibited immedizte degrazdstionsy while the
m-y - and 3r4-di-chlorobenzoate showed 10y 7 and 3 dau lasgs
before the onset of sidgnificant biodegradation. Thew z2lso
investigated whether 2s4-di- and 2y3sbé~trichlorobenzoate
could be metsbolized inm the eresence of dglucoce or &
structurally similar comround (benzoate or m-chlorobenzoate).
Their results indicate that the ‘*rate of desradation was not
arrreciably altered bgy the addition of dlucose® and that *the
addition of biodegradasble benzoates did not lesd to the

decomrosition of 2s4-di- or 2y3sb6~-trichlorohenzoates, "

A comrarison of 311 the chlorinmated benzoic scid studies

can be found in Tzble # 3.
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i..Critigue_of _Chlorinzsted_Beorzoic_Acid_Studies

Shamat and Maier [29]1 studied the dedgradation of 2:4-D
at a2 concentration of 98 remy this ma3yw be higher than the
solubility limit of 2+4-0 3t 25 C. Thes rerorted 2
one~to-one corresrondence between substrate disarrearence and
chloride relessesr indicating the comrlete bpiodedradation of
the chlorinated comrounds tested.

Hartmanny et =l.» [30] witnessedy 3s did the rresent
studwy the acidificastion of the reactor medium by elimination
of the ordanicallsz bound chlorine as HCl, Hartmannr et a3l.s
8lso achieved & much faster rate of chlorinated bernzoic acid
degradation then did Shamat and Mzier [29]1 or DiGeronimo
L3111y the increased rate of biocdedradstion ma2w be the result
of the acclimation rrocedure used hw Hartmann.

The results of DiGeronimo: et 23l.y [311 comrsre very
well with the findings of Shazmast &and Maier [29] with resrect
to the biodedradation and lag times nf chlorinated benzoic

acids.,
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e Foluweuplic. Dedradation_Studies

Szeder and Thomeson [32] studied the biodedradabilitw of
32 halogenated dirhenslmethanes (DFHs) using a
semi~continuous activated sludde (5CAS8)Y rrocedurer a river
die-awaws (RDA) rrocedurey and a carbon dioxide evolution
rrocedure, The RDA rrocedure used Meramec River water as the
gource of microbizl inoculum. The exrerimente were conducted
in 0.%5-liter screw-car bottlesr which were stored in  the
darlk. a2t 23 C, The DIFM concentration was determined bw
extracting =z 250 mwl samrle with three S0-ml rortions of
methwlene chloride. The combined extracts were dried over
arihedrous sodium <eulfa2tey S ml of isococtane addedr and the
extracts were concentrated in & Kuderna-Ilanish evarorator.
The IDIFM concentration of the concentrated extracts was
mezsured using eithey flame-iarnization (FID) or electron
carture (EC) ¢35 chromstodrarhy, It was determined that
dirhenglmethanes having one unsubstituted rhengl ring
generally exhibited high rFrimary dedgradation ratesy while
those substituted on beth rinss were slow to dedrades, "0n
the bssis of RDA datar the chlorinated OFMs showed the
following order of decreasing biodegradabilitygd 2- = 3,4-
VvV 3- 4 v Dpd- 2 255 3 29354- A~ 29455 5 296~ 1 29396~
2rdr b~

Suy et 2l.» [33] studied the biodedradation of lzbeled
roluwchlorinated birhenwls (FCRs) - srecifically Arcclor 1242

and 1245 =~ in shaker-flask tests wsing microordanisms from
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river sediment or asctiveted sludge. The FCE corncentration
was measured» after extraction with hexasne/ether» by =Has
chromatodrarhy with =2 dHlass carillary column, For &an
unrerorted initial concentration thew witressed & meximum of
26,47 dedgradstion of Aroclor 1242 and 16.0% degradation of
Aroclor 1234, Microordanisms carable of degrzadind FCRB are
widely distributed in the environment. Six deners were
isolated! Acetobscier, éActiicobacters Alcaligensy Klebsiellay
Eseudomonas and Escherichia. Thew also found that FCER
dedradation was derendent on the dedree of chlorine
substitution and that chlorinated benzoic acids were the
by—-rroducts of biological dedgradation.

Ezilew, et 2lsy [341 studied the dedradation of
orthorhenluyrhernol (OFF)y 2n antimicrobiazl distinfectant, &
carbon-14 label. The biodedradation was studied in & river
die-away exrerimenty and 2 simulzted wastewater tresatment
exreriments using both virdin and scclimated munciral sludse,
The tests revealed a Farent comrFound half-life of
arrroximately 1 week in the river die-zawaw studgesy 24 hr with
virgin sluddey and 3 hr with acclimated sludge. In 811 three
exrerimentsy the conversion of carbon-14 to cerbon dioxide
was found to be 65%Z» with no extractable intermediates beind
observed,

Clarky Chian and Griffin [35] studied the dedradation of
FCBs by 3 mixed—cultures isolated bw birhenvl enrichments
from 8 river sediment and +tweo different soil samrles. The

exreriments were carried out in aluminum-foil covered 250-ml
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Erlernmever flasks., The flasks were shaken at 27 € and had an
initizl #H of 6.8. The flasks hed an initisl Aroclor 1242
concentration of 703 ng/ml (0.703 rem)y which was sroduced by
saturating the solution with Aroclor 1242 for 46 months at 25
C+s The samrles were ansgluced wusind 3 gas chromstodrarh or
mass srectrometer euirred with & carillary column. The
results indicated that the less chlorinated FCR isomers
(which were 2lso more water soluble) were dedraded st a
faster rate, In additiomy the cometzbolism of FCEBs inm the
rresence of sodium acetate was studied and ‘*showed greatly
enhanced dedradation of the higher-chlorinated isomers as
well as other recslcitrant isomers." Horveth [461 described
cometabolization &8s "the rFrocess in which & waicroordanism
oxidized a substance without being able to utilize the energy
derived from this omxidation to surrort drowth." Alczligenes
odorans and Alcalisenes decitrificaons were the most common
microordanisms rresent in the mixed cultures.

Franciss et 23l,y [363 studied the cometszbolism of
several rrr’~dichlorodirhenzl analodgs of DIT in the sresence
of dirhenuvlethane (DFE) by 3 Eseudomonas se. The tests were
rerformed in 250-ml Erlernmezer flasks and were incubated on &
shaker at 28 C. The test comround was studied at =
concentration of 100 s#rmy while the DFE was rresent at =
concentration of 100-300 #em. Concentrations were measured
using das chromatograrhy/mass srectrometrws, Their results
indicated that *bis({r~-chlororhenuzl)methane and

Iyi-bis(r~chlororhenullethane were metabolized in the
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#resence of DIFE to wield e-chlaororhenwlacetic acid and
2~(p~chlororhenwl)rrorionic acids resrectivelw.” The other
compounds tested weren’t fournd to underdo cometabolic

degradation with DFE.

A comparison of the rolgcuclic aromstic studies can be

found in Table # 4.



FPadge 395

Ea_Geperzl. lledradation..Studies

Rittmen 2nd Kowsbashi [371 rerformed 2n extensive review
of the literature to determine which sFecles of
microorganisms couwld selectivelw be wused to degrade srecific
toxic chemicals. For the dedradation of rhenol they rerorted
that the followindg srecies have been found to be effective!l
Eseudomonasy UYibrios Seirillum» Elavobactieriums Chromobactiers
Bacillus» Nocardias Chlawuwdamopas ulvaensiss Eboridium
fuveolarums Scenedesmus basiliemsisy Eudlena dracilus and
Corgpebacterium. In additiony thew rerorted that Nocardisz
and Mucobacterium have been found to be effective in
dedrading monochlororhenol by cometabolism.,

Gaudwsy et 31.» [38] studied the conversion of 2
rnonvolatile comround (dglucose @ 3000 rePm) into volatile
metabolic intermediates by activated sluddge bacteris. The
seed came from the municiral sewade treatment rlant at
Stillwaters Okla, A sezled batch resctor was aerated with
comrressed a3ir a3t a flow rate of 4000 cm3/min rer liter of
reactor volume. The 2ir 1leavindg the hatch reactor rassed
throudgh an adsorrtion flask contzining 100 ml of water to
which Na0OH had bpeern added to a8 #H of 10, The results
indicated that the maximum loss of the oridinal carbon source
was 3%Z. EBut Gaudy warned that 'since different initial
substrates and different microbiszl roritlations would
undoubtedls rroduce differentr and rossibly more wvolatiles

metabolic intermediatesy it seems imrortanmt to be zware that



fFage 34
strirrable comrounds maw be formed during biolodical
treatment.,"

Rittmann and Kobawashi [3?] studied the criticsl factors
involved in the biologicasl dedgradsation of trace ordgasnics.
The critical factors zre! (1) that low concentrations rresent
srecial rFroblems for biolodical treatment and (23 the
fixed-film (biofilm) orsganisms are the more effective forms.
Very low substrate concentrations rresent 2 rroblem because
the rate of cell drowth can be less thenm minimum necesssry to
sustain the ordanism. Most substrates have & limiting
concentrationsy Sminsy 3t which the rste of stesdu-cstate
utilization and biofilm mess decresse to zrrroximatelw zero.
The limitation of Smin can be overcome by uncourling the rate
of substrate utilization from the steadus-stazte srowih of the
cells. This can be brought asbout by meking the Dbiofilm
dgrowth non-steadw statey underdoing net decsv. Another
method of wuncourling trazce-substrate wuwtilizetion from cell
growth is to dgrow &and maintasin the cells through the
utilization of 2 rrimary substrater rresent in relativelw
hidh concentration. These celle are then rresent to remove
the trace-level or secondarw substrate. The microordanisms
beind considered for the removal of trace substrates includel
algasey fungir» rhotosunthetic bacterisa and zactinomucetes in
combination with selected rorula2tions of aerobicr facultative
and/or anaerobic bacteris.

Alexanders M, [40] exrlained that microoradgisms in

sewager soilss and waters cam convert many synthetic ordanic
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chemicals to inorsgzanic rfroducts in & #rocess czlled
mirmeralization. Other toxic ordanic comrounds are
transformed only by cometabolismy where the microbisal

rorulations are dgrown on another substrate while rerforming
the transformation of the toxic comround, These rrocesses
mae lead to environmentazl detoxification» the formation of
new toxicaentsy or the bicsunthesis of rersistent sroducts,
Some ordznic molecules are resistant +to microbial attackhks
recalcitrantsy for the following reazsonsgt (1) srorerties of
the comroundy (2) envirommental factorsy (2) surfzce effects,
(4) biological evolutions (5} comcentrations of the comrounds
and (6) formation of comrlexes with resigtant rolwarometics.
*Absolute recalcecitrance 1is rrobablw 2 rrorerty of swnthetic
roluymers such &8s roluethuleney roluvingl chloride® and many
other slastics. Alsoy the size of the rolumer mavw srevent it
from renetrating +the microodgranism’s cell wally and
extracellular enzumes which would otherwise reduce the lensth
of +the rolumer chain may te absent. The surroundinsg
microenvironment 2lso rlaws an imrortent role in determining
biodedradablity. For “amrler the lack of oxzdgen has been
associated with the resistance of carbohudrates to micreobisl
degradation. *In additiany certain classes of chemicalzy
wher sorbed to surfaces of colloidal masterisls rresent 1in
natural ecosustmensy are not readily attacked
microbiolodicallw.® Recaslcitrance can 3lse bhe csused by
biolodgical evolutions which ma2w have left the orgamism with

no enzuyme to transform the comeround into an intermediate in
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an existing biochemical rathwazy, A low concentration of the
toxic comround may 3lso rrevent 1t from being biclodgically
attackedr because the ordganism isn’t asble to det ernoudgh
enerdy to sustain itself or won’t 1lliecit am enzzsmetic
TEeSFOMNSe. *Other hurothesis to account for the recistance of
rersistant molecules to microbizl brezkdown included
comrlexing of the normally availsable substrate with resistant
roluaromatics and imaccessibilitey of tne site on the
substrate at which the enzume should function.*

Omori and Alexander £411 studied the baeterial
dehalogenation of ordganic comrounds by 3 cultures obtained
from over 500 scil enrichments, Two of the cultures could
grow on 1s9-dichlororonane and the other used l-chlorooctane
as the onlg carbon source, One of the 1s9-dichlorononane
dehalogenating cultures was studied and indentified az &
strain of PEseudomomas. The tests were rerformed in roltary
shaker flasks at 30 L. A rhosrhate buffer wes utilized to
maintain the =H at 7.0, The 1y9-dichlorononane
dehalodenating rseudomonad was also tested for the a2bilits to
dehalodenate other comrounds, It was determined +that this
strain could dehslogenate 1s9-dibromonaner 1-chlorohertanes
1-bromohertane:s i1-iodohesrtaner 2-bromohertanoic acidy
7-bromohertanoic acidy 3-chlororrorionic acid arnd

3-iodorrorionic acid.



II1I1. OBRJECTIVE

The obdective of this study was to determine the kinetic
rate constants for the biological dedgradation of rhencl and
o-chlororhernol, The effects of the addition of amino acidsg
on the rate of o-chlororhenol degradation was slso studied.
This was accamrlished using activated sludge bacteriz from
the LbLivingston wastewzater trestment rlant in 23 4.0 liter
beztch reasctor. This work is rart of =2 larder investigation

into the mechanisms of biologiczl detoxification.
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IV, AFFARATUS

The reactor set-ur is shown is Fidgure # 1, The 4.0
liter batch reasctor consists of & 6" dismeter clesr lucite
tube with 1/4 inch thick wazlls mounted on a2 8" scuare base of
174 inch thick lucite, An 2ir filter consisting of 3 4" long
by 2*' dizmeter rlastic rire stuffed with #lzss wool was used
to keer fine o©il drorlets from enterind the resactor via the
air comrressor. To keer the liguid in the reactor sesturated
with oxudgenr the filtered air rassed throudh 2 1/74 inch Tesgon

tubing which ended in an aquarium diffuser store. The zir

flowrate was measured with a3 Gilmont rotameter.
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V. ANALYTICAL EQUIFMENT

The following sanrnaluticazal equirment was wused +to rerform
the exreriments for this study,

(1) #H meter! Orion Recsearch model ¥ 701aA
#H electrode! Orion Research model % 21-04
ammonia g€a3s electrode! Oriorm Research model # 925-10

(2) sSas chromatograrsh! Tracor model $# 560

orerating temrerztures? oven = 120 C.
FID = indection sort = 250 C.

das Tlowrates! N2 45 cco/min at STF

H2 30 ceo/min st STP

AIR = 0.9 SCFH st STF

(3) G.C, column? Surelco - 57 X 1/8* S§
S4 SF 2100 on 1007120 Suselcorart

(4) intedrator! Hewlett Fackard $ 33920A

(5 UV srectrorhotometer! Ferkin Elmer model $ 573

(46) centrifuge! LDAMON/IEC model # IEC HN-GITI

(7) COD Reactor! Hach model % 16500~-10
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VI, FPROCELURE

As._Bir. Strisping_Exrseriments

The reactor was cleaned with sozsr and water zrnd rinsed
several times with tasr water. Hudrodgen reroxide wee roured

in the cleened reactor to act as 3 disinfectant. The reazctor

2
)

&1

w3s dried with rarer towelss covered and sel aside.
liters of deionized water were boiled for 1/2 hours and 2.0
liters roured into tne resactor. The rezctor wss then
recovered and the water z3llowed to cool overnight, The nexti
day enough o-chlororhenol was added to srike the reactor to
arrroximately 20 rerm a3rnd the 2ir turned on 2t a3 flowraste of
500 ml/min. The 3ir rassed through s dglass wool filter and @
rotameter before entering the reactor. One or two samrles

rer deyw were taken until the o—-chlororhenol concentration

fell to zero.
B.-Samele Ereservation _Exsgeriments

One liter of activated sludde from the Livingston
treatment rlant was roured into 3 clean dlass bezker and
sriked with substrate (rlus nutrients). The mixture was
sllowed to zerste arFrrroximatelw 15 minutess, after which six
samples were drawn off and treated as follows!

(sr1) take samrley let sludde settle out, decant

10 ml inte &8 vialy add 1/2 ml of 1000 rem thumol

solutiony, and leave vial unrefriderated,

(sr2) same a3s ¥ 1» but refriderate samrele
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(se3) take samrley centrifuge for 10 minutes:y
decant 10 ml of the surernaste into 3 vial, z2dd 1/2
ml of 1000 rrm thumol solution and refrigerate.

(sr4) csame 2s % 3y but also add 1/2 ml isorrorul
alcohol to samele.

(sr5) same s % 3 byt 3lso addg 172 ml
concentrated sulfuric acid to samrle.

(srb) same as % 3 put filter samrle after
centrifudging and before adding the thumal,

After 211 the samrles were rrerared» each was inJdected
into the dgas chromzatadrarh to determine the initial substrate
concentration,. The samrles were then indected reriodicasllyu
ta determine if they were dedrading while in storade.

RUN # 1 of +the samrle rreservetion exreriment wused
unaceclimsted (fresh) Livingston sludde to which 20 erem

o-chlororhenol was added.

RUN # 2 - Same as RUN # 1y excert the sazmrles were initizlly

s

100 prm Fhenol and samrle s¢3 wasn’t rrerared,.

RUN # 3 - Same a2s RUN # 2, excert that sludsge acclimated to
500 rPrm  rFhenol was used and tne samrles were imitiallw 100G

rrem rhenol. Againy samrle sr3 was not rrerared,.

Calalai_ledradation Exeerimentis

Four samrles with ar initisl o-chlororhenol
corncentratiorn of 20 #Fm were made-~ur using deionized water.

Arrroximately 15 ml of each samerle was Frlaced into & vial
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with 2 snasr—~0on cary and then each vial was rlsced in the

Tfollowing locations!

(uvl) in the far left window of laborztoru
{strond suny southerrn—exrosure)

(uv2) in the middle window of laboraztory
(also southern exrposure)

(uv3) on lab bernch next to the 2ir
strirring exeeriment
(diffused light?

(uv4) in the lasb desk drawer (dark?

The samrles were reriodicelle indected into the G.C. to

determine if thew were beindg dedgraded buy U.V, radiationr.

Da_ Exeeriments_to_Determine_the Effect. of_sH. oo GC_Results

A series of exreriments were rerformed to determine if
the rH of +the samrle would have any effect on the das
chromatograrhic analwsis of rhenol and o-chlororhernol. In
each exreriment 3 standard was made-ur uwesing rhenol (or
o-chlororhenol)s thumol and deionized water. The standard
had & rhenol (or o-chlororhenol) and thumol concentration
arrroximately the same as in the dedradation runs. The =H of
the standard was meassured znd the stamdard wss indected into
the G.C, to determirne the inmitial =henol (or o-chlororhenol)
concentration, The steandard was then zcidified using 0.2-0.3
ml 0.1 N sulfuric a2cidy the sH messured and indected into the
G+.C+ The #H of the standard was raised to arrroximatels 2.0

using 0.1 N sodium hedroxide in 2 or 3 increments and after
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each addition of sodium huydrovide the rH was messured and thne

standard indected into the 6.C.

Es.Ebhemol_sod. O=chlorosbenol lesradation Buns

All exreriments were conducted at room temrerature
(areproximately 25 C).

The reactor was filled with 2.0-4.0 liters of activated
sluddge taken from the seration tanks of the Livingstons New
Jersew wastewster +trestment rlantrs and acclimsted batchuise
to shenol. The Livingston rlant +treats me2inlwy domestic
wastesr because there is very little industrey in  the
Livindston area. It is assumed that the sludsge is mot beind
rreadarted to sherolic comrounds at the treatment rlant, The
treatment rlant doesrn’t monitor the concentration of shenol,
o-chlororhenolsy or any other ordanics in the influent.

Intially the sludge was sriked to 100 rerm rhenol» znd
the rhernol concentration was then 2llowed to fsll to zero.
The reactor was then resriked several times to 100 rfrm rhenol
before the rhernol concentration was increzsed to 200 rem and
the whole procedure rereated. The rhenol concentration wes
increased to 500 rem in 3 additionzl 100 srm increments.

The sludde was sriked to the decired rhenol
concentration using 8 10,000 rem rhenol stock solutiom. 1In
the case of o-chlororhenol exreriments, the reactor was
seibked using a2 2000 or 4000 repm stock sclution. The rhenol
and o-chlororhernol stock solutions slso contsined inordganic

nitroden arnd rhosshrous in the form of ammonium carbonate and
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ammonium rhosrhate. The ratio of carboninitrogen and
nitrodentrhosrhrous in the stock sclutions was arrroximatelw
503114 and 14:3 [631., For rhenol this worked out +to! 10.0 gm
rhenolsy 1.805 gm smmonium rhosrhate and 6,64 gm  ammonium
carbonate rer liter of tar water. For the 2000 eFm
o-chlororhenol stock solution the formula was?t 2.0 4=m
oc-chlororherols ©0.341 dm ammonium rhosrhate 3rd 1,328  dm
smmonium carbonaste rer liter of tar water.

When the sludge was being acclimated to rhenol or
o~-chlororhenoly the concentration witnin the reactor was
usualle checked in the morning and if it was found to be zero
the reactor was resriked. The reactors weren’t fed over the
weekend,

Once the sludde had become acclimated to 500 repm srhenol
two rheriol dedgradation runs were rerformed at 100 rem (Tables
¥ 19 & 20,

After the rhenol dedgradation runs were rerformeds the
sludde was acclimated to o-chloraorhenol a3t 20 rremsy followed
by three dedradetion runs (Tables # 21, 22 & 23).

After the 20 #rm o-chlororhenol runs were comrletedr the
rezctor was acclimated to 40 serm o-chlororhenols and a2d2in
three dedradation runs were rerformed (Tables ¥ 24, 23 & 267,

Two additionzgl runs st 40 rFrm o-chlororhenol were a3lso
rerformed with 350 rrm of amino acids added to the reactor.
The wusual amounts of asmmonium carbonate and  ammonium
rhosrhate were 2lso added to the reactor. Ten repm of ezch of

the following amino acids were added:? L~custeins L-dlutamic
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acidr L-(+)-lusirnery L-ardinine armd L-(+)-histidine (Tablec %

27 & 28).,

la.Substrate_Analusis

After sriking the reactor to the desired initial
concentration of snerol or o-chlororhencls 15 ml sameles of
the reactor fluid were taken everw 20 minutes to 1  houry
until the concentration decreassed to zero. The samrles were
centrifuded for 4 minutes at 1500-2000 RFM and anzlwzed bw
gas chraomatodrarhy and/or ultra-violet srectroshotometru.
When the analusis was made wusing UV srectrorhotometruy the
concentration of shenol or o-chlororherncl was determined bw
comraring the rezk heisht with czlibration curves made with
standard solutions. If the analusis was made bw dHa3s
chromatodgrarhyy the resk areas were determined wusing an
electronic integrator. Themol was added to the samrles
analvyzed by das chromatodrarhe a8s an internal stzndards to
increase the accuracw of the analuwtical technicue. The
accuracy of the G6.C. analysis was arrroximately * 2.0 prm,

From the three samrple rreservation exrerimentss Table #%
i1 - 13, it was concluded thet the addition of 1/2 ml of
isorrorwl alcohol to the centrifused reasctor samrless courled
with refrideration a3t 2 C€Cr would rreserve the samrle a3
minimum of 100 hours with rmo more thamn 10 % deterioration.

However, during the dga3s chromatodgrarhic asnalusis af the
o-chlororhernol samrles» the isorrorul alcohol masked small

o-chlororhenrnol pezks and interfered with the intedrator’s
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rezk recodgnition furmction., After this was determineds the
addition of isorrorwl a3lcohol was discontinued and the
samrles were centrifuded, thymol was addedsy 2and thew were
stored on ice wuntil indected into the G.C. The maximum
length of time the szmrles remzined on ice srior to being
indected was arrroximatelw 30 minutesy and no significant
dedradastion occurred during this time. Assuming 3n Arrhenius
derendence on temreratures 2 20 C reduction in samrle
temrerzture should slow the dedgradation rate ow =z factor of
4, At 25 C€» the maximum rate of o-chlororhenol desgradation
witnessed bw this studg was zarrroximatelwy 8.0 wmg/1-hr.
Therefore» 23t 5 € the rate should be srerroximstels 2.0
mg/l-hr, If the samrple remained om ice for 30 minutes srior
to indectindy one could exrect 3 maximum loss of 1,0 ms/1
o-chlarorhenol:, this is within the accurecw of the analzticzl
technicue.

Arn imrroved samrle preservation technigue involving the
addition of 1000 rrm correr sulfate to the semrlecr ac rer
Stendard Methods [421, wes used for 211 runs rerformed after
1/83. Other investidastors have wused mercuric chlorider Hill
% Robinson [492]1y and silver nitrater Kim and Armstromg [101,
as enzymatic inhibitors to stor the dedgradation of the
samrles during analysis and storsde.,

The UV exreriments were nedative £0 o srecial
rrecautions were taken for the 2-8 hour dedgradation runs (see
Table & 14).,

Calculaztions were rerformed using the literature rerorted
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zeidite constanty Kay of #hernol and o-chlororhenol to
determine the rercentase ionized at the #H randge encountered
in the dedradation exrerimentss arrroximately 6.5-7.5 (see
Table ¥ 15)., It should be noted that a2t 2 #rH of 7.0» less
tham 1.0% of +the rhenol would be idonized, while the
caleulstions for o-chlororhenol showed arrroximately 7.0%
i1onizsticn. The ionization exreriments an Fhenol and
n-chlororhenol showed that the »H  of the dedradation szmerles
would not effect the das chromstograrhic snalusis (see Tables
¥ 16+ 17 and 18)., Eszsed on the idonization calculations and
testsey it is safe to sssume that most of the shernol and
g-chlororhenol in  the dedradation exreriments exits in the

gcid form and not 83 shenoxide salts.,
2. Cepiczl Ouuden_ lemand. {CO0)Y _Ueterminztion

Chemical oxvdgen demand (COD)Y rerrvesents the amount of
oxwden consumed in the oxidation of ordamic and oxidizasble
inorganic matter in water and wastewster. Chemical oxudgen
demsnd anslgsis was rerformed on the rhenol and
o-chlororhenol desrsdation samrles to determine if comrlete
minerialization of +the toxic comrounds was occuring or if
itntermediates were peindg rroduced. The theoreticsl chemical
oxudgen demand of rhenols o-chlororhenols and thumol can be
determined from a belanced equation for the +total oxidation

of these comrounds to carbon diowide and water?

rhenol = CGHSOH + 702 - 6C02 + 3H20
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o-chlororhenol = CGH4810H + 6.7502 - 6002 + 2.5H20

themol = C1°H130H + 1302 -l 10C02 + 7H20

From these baslanced chemicsl ecuationsy the theoretical
con  (mg owxzden/ms  comround) of  rhenoly o-chlororhenol and
Lhnymol were calculzted to be! 2.380r 1,680y and 2.67%s
resrectivels.

The erocedure ueed in the rresent studg is a
modification of the wmethod reresemted in Standard Methods
Lazid, A didestion solution was made-ur by  2dding 7.5 dgm
rotsesium dichromster 10,0 dgm silver sulfate and 5.0 dm
mercuric sulfste 1o 8 2.5 1 bottle of concentrated sulfric
soid. (Note! this reasdgent is extremelw corrosive and toxic »
care should be exercised during its ereraration and use.) A
magnetic stirring bar was added to the acid botitler which was
then slaced on & madnetic hot rlate a2nd hezated overnidht to
dissolve the rotassium dichromaste and silver sulfate. Ornce
the rotasszium dichromste and silver sulfate dissolveds the
acid pbotlle was removed from the hot rlate anmd cooled to room
temrerature, Five ml of the cooled didestion solution was
ripetted into 3 16 mm X 100 mm screw-tor vials 2.0-5.0 ml of
filterred samrle added and the car was screwed on tightlyg.
Several blsnks contsining 2,0-5.0 ml deionized water were run
with each bateh of samrles, The vizls were rlaced into the
Hach COD  resctor and heated st 150 €C for 2 hours. After
heatings the vials were removed from the reactor and cooled

to room temrerature. The contents of the vial was
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transferred to & 250 ml Erlenmeger flask that contains

arrroximatele 50 ml waters rinsing the inside of the vizal

several with watery and adding the rimsings to the flashk. To

the flask were added 0.03 dm mercuric sulfate (to reduyce

chloride ion interference) and 5 dross Ferrion indicator.

This solution was then titrated to 8 bright orange endroint

with 0.0125 N ferrous ammonium sulfate solution (FAS) ., The

0.0125 FAS solution was made by addimg 9.8 ¢m ferrous

ammonium sulfate to srrroximatelw 1000 ml deionized waters

adding 20 ml concentrated sulfuric acidy coolinmg the csolution

to room temrerature and finsllwy diluting to 2.0 1 with

deionized water. The blanks are titrated in the same manner

as the samrles. To determine the COI of the samrle:s the

following equation was used?

(A - B) X (N) X (B00OO)/C = mg/1 COD

where! A = vol of FAS used to titrate blank

B = vol of FAS used to titrate samrle
N = normality of FAS solution
C = volume of samrles ml

The error in the COI snalusis wae ecstimated to he & 10%.

3a-Mixed_ Liguor_Suseended._.Solids.leterwination

Samrles were taken every 2.0 hours during the
dedgradation exreriments. A 10 ml samrle of rezctor fluid was
riretted into 2 rreweighed aluminium dish and dried in an

oven at 95 C. The dried samrles were then cooled in &



Fage 52
dessicator and reweighed, The MLSS of frech sludge from the
Livingston sewade trestment rlant was arrroximately 2500-2600
mg/l. The error in the MLSS determinstion was estimated to

be + 50 mg/liter,

4, _Hudrosen_ lon.Concentratioo_(s=H) Determinztion

The #H in the reactor was checked every 1/2 - 2,0 hours
using a rH meter, When necessaryr sodium carbonate or
ammonium carbonate was added to the reactor to maintazin the
#H in the rande of 7,0 - 8,0, To measure the rHy 15 ml of
reactor fluid was riretted directly into a3 vial. The vial
was rlaced on a3 madgnetic stirrer and 2 combination eH
electrode immersed in the vial. The rH was read after
srrroximatelw O minutes of stirring, when it reached & steadw
reading. After the rH was measured the fluid was returned to

the reactor.

Sa_fmnwmonia.lDetermination

During most of the runse ammonia concentration wa2e not
checked resularly, Howevers for the last few runs zan ammonia
ga3s electrode was used, which indicasted levels of 140-420

mg/1.,



VII. RESULTS

The results of the 2ir strirring exreriments (Tables #
6y 7 & 8) show that essentizlle no o-chlororhenol uwes
strirred out during the 4 to B hour bicdesradation runs.
Therefores it can be assumed that in the degradstion
exreriments the mador mechanism is indeed bioassimilaztion and
not air strirrins,

A comruter rrodramsy AIRy was writtem to simulate the a3ir
strirring exreriment (see AFFENDIX 1), The results from this
computer rrodram asrrear in Table ¥ 9. From running  this
rrodram it was determined that the sctivitwy coefficient of
o-chlororhenol had to be arrroximately 200-500 to achieve the
rate of 3ir strirring witnessed in the 2ir striering
exreriments.

From varor—-lieuid equilibrium datas for the rhenol-water
system obtained from Gmehlingy et 3l. [43], the infinite

dilution activitey coefficient of shenol was found +to rande

betweenn 43.85-467.36 for a variety of temreratures and
FTressures., Howevers no such data was available for the
o-chlororhernol-~water sustem. It was necessary to estimzte

the infinite gdilution sctivity coefficient of o-chlororhenol
to determine whether the loss of o-chlaroshencl witnessed in
the 23ir strirrping exreriments was due to wvolastilization and
not some other mechanism, Usingd 3 method rresented in Reidy

et al. L3513y the infinite dilution activity coefficients of
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rhenol and o-chlororhenol were estimated to be 45 and 247,
resrectiveluws a3t 25 C (see Table # 10), Since the estimsted
activity coefficient for rhenol comrares very well with the
literature valuesr and due to the similarity petween the tuo
rhenolic suystemsy it is assumed that 347 rerresents 2 good
estimate for the activity coefficient of o-chlororhenocl,
This checks very well with the exrerimental results. Since
the sctivity coefficient of rhenol is an order of magrnitude
lower than o-chlororhenol the rate of zir strirring is zlso
negligible for shenol.

No tests were rerformed to determime the azmount of rhenol
or o-chlororhenol adsorbed on the bacterial flocs. Howevery
since the acclimated sludde was exrosed to these comrounds
for 8 long reriod srior to 8 degredation runsy it is assumed
that a1l the active surface would be satursted., Therefore»
we can safely ssw that sdsorrtion is not 2 significant
removal mechanism in the dedradation exreriments.

All the #ehenol 2nd o-chlororhenol dedradation runs were
rerformed wusing rhenol ascclimated sludsge that was develored
from the same initial activated sludde seed taken from the
Livindston treatment &lant. The dedgradation runs were
rerformed with 2 sludde adse of 800-2100 hours. Alsor o
sludge wasting wazs done a3t anmny time during the exrerimentasl
Frogram.

letailed concentration verse time data Tables ($#19-28)

and grarhs (Figures # 9-18) are shown for 3ll desgradation

runs.
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The results of the COD anzlusis indicste comrlete
destruction of ephenol without the formastion of anw metabolic
intermediates (see Fisure # 19). However, the COD anzlusis
on the o-chlororhenol dedradation samrles sudgdHest that
metabolic intermediates are being formed (see Figure # 20,
The eeuivalent rhenol (or o-chlororhenocl) concentration was
calculated using COD =&analwsis by determining the COD of the
dedgradation samrley subtracting the theoretical COD of the
thymol internzl standasrd (srrroximatels 123.2 md CON/1)dy and
dividing the result b2 the +theoreticsl COI' of rhenol (or
o~-chlororhernol), For & comearisorn between the substrate and
COl removal rates of rhenol and o-chlororhenoly see Tzbles ¥
29-30 and Fidures ¥ 19-20, In both cases there arrears to be
38 residuzsl CODI of errroximatelw 20-30 mg/l. This may be due
to microorganisms that lused after correr sulfate wss added
to the dedgradation samrles. In additions COR anzlecis was
rerformed on o-chlororhernol stendards (10y 20 2and 40 rerm
o~chlororhenolls which determined that the CODL difference
bpetween 10 and 20 erem could be consistently and sccurastelu
detected,

The virdin activated sluddge had an MLSS of ebout 2500
me/l., After erolonded exrosure to rhenol at concentrations
of 100 to 500 srmy the MLSS wacs reduced to 1100 to 1300 mdg/1
(see Tables # 19 &8 20). After further exrosure to 20 rem
o-chlororhenoly the MLSS still randed from 1400 to 1800 me/1
(see Tables # 21-23), It was onlw after exrosure to 40 rem

o~chlororhenol that the MLSS was drasticzlle reduced to sbout
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750 mg/1 (See Tabhles % 24-24)., This would indicate that an
o-chlororhenol concentration of 40 erm is highlwe toxic to
many of the ordanismse rFresent even in 8 rhenol scclimated
sludde, For anw diven runs the MLSS was essentizllu

constant.,

The rhenol scclimated sludge had 2 light tam colors but

turrmed dark prown uron exrosure to o-chloroshernol. This
rhenomenon was 2lso witnessed by  Ingolsy et 31, [227y and

further indicates 8 chande in microbial rorulation.

It should be noted that the dedradation of
o-chlororhenol at 2 concentration of 40 rrm overcame the
puffering carascity of the reactor mediumy causing in =211 3
runs 8 reduction of arerroximately 0.3-0.4 FH units. ERecause
of this 1t was necessary to 3dd more buffer (ammonium
carbonate or scodium carbonate) to the reactor during the
course of the run to keer the rH between 7.0-8,0. This
reduction in rH is believed to be caused by the sroduction of
HCl 3s a2 result of the dedradation of o-chlororhencl and is
an additionel indication that comslete biodegradation
(mineralization) occurred, This was also witnessed by

Hartmann, et =1. [301].

In the first 20 #rm o-chlororhenol runy the dedradestion
took 8.0 hours instead of 4 to § hours a3s in the second and
third runs. The reason for this was insufficient acclimation
to o-chlororhenol rrior to the first runy 35 can be seen by
the longer lag time in the first run.

The second 40 rFfm o-chlororhenol run took 3 hours londger



Fade 57
than the first and third and was believed to be caused bw B
fzilure to feed the reactor over the weekend Just erior to

the run.

The dedradation data was redgressed to five different
kinetic exerressions [441 to determinme the one that best
rerresented the datas and to determine the rzte constants.
The following five Fkinetic ecuations were userd? (1)
rero~-order kineticsy (2) Grau equations (3) Haldame ecuations
(4) Gates and Marlars and (5) Henri eauation,

The simrlest kinetic ecuatiorn is the =zero-ordersy» which
states that the rate of substrate wutilizations dS/dts is &

constamt and is inderendent of substrate concentrztion?

rate = dS/dt = K (1)

To determine the rate constant: Ke the substrate
concentration is slotted sdgsinst time on rectangular rarer.
This should rproduce 3 straight line with a2 slore of K.

The equation for Grau kinetics inm 2 batech reactor izl

dS8/7dt = -KX(8/S50) (2)
where! K = rate constant

X = biomass constant

§ = substrate conc. a3t

So = initial substraste

concentration

If X is assumed to be arrroximately ecual to the initial

biomass concentrationy Xor during the course of the reactiony



Fauztion # 2 can be intedgrated to givel

In{(8/80) = (~KXo/ /5ot

B

1

Flptting (S0/8) versus time on semi-log esorer  should result
in a straidht limne with 3 slore eauzl to KXo/So0.
Using the Haldane model for substrate inhihition

Lineticssy the ecustion for substrate utilizstion isd

. 2 ...
-dS/dt = UmS/(Km 4+ S 4+ S /K1) (4)
Wwhere! Um = mawimum sroawth caonstant
Km = substrate ssturation

constant

Ki = 1inhibition constanmt
S = gubstrate concentration
It 8 + SZKKi »x Kmy Equation # 4 can he linsarized to givel
~d8/dt = K/(Ki + &3 (5
wheret! K = Umki

The constantsy K and Kis can be determined bw! (1) rlotiing §
versus bty (2) fitting § to & second-order solznomial  in &
(2} differentiating the rolvnomial arnd determing 48/4t &t
each Sy &and (4) rlotting 1/(-dS/adt) versus 5, This =hould
result in 8 streight lime with & slore of 1/K and 3
¢«~intercert of Ki/K, It should be noteds that if Ki = G,
the Haldane equation is zero-crder in substrate
concentration. Ecusation # & cen be rearranded and intedrated

to dive?
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Ki{S5e - 87 + (50 - £€7)/2 = Kt (45)

By krnowing Ki arnd Ky ome can zolve this aquadrstic eaustion to
determine the substraste concentration 2t anw time. This was
the method wused in the rresent study.

If the Michaelis-Menrntorn model is  usedr the rate of

subetrate reszction becomesi

d48/7dt = ~KoXS8/Y{(Km + 8) (7))
wheres Kg = maximum sSrowth rate constant
X = biomessz concentration
5 = subztrate concentration
Y = bhiomsss ssnthesis constant
Km = supstrate ssturastion constant

13

Fauation # 7 canm be resranded to divel

dS(Km + S3/8 = -{KeX/Y)dt e2)

Gates and Marlar develored 3 method a solve Tor the kinetic
constants [447y which involved intedrsting Eguation £ 8 and

resrransding the result?

(1/7t)1Ini{8/50) = cllnil + 23d)/t1 - b (23
where: & = Y/Xo
h = (Ko/YKm){(Xo + YSo)
c = 1 + (Xo + YS802/YKm
d = S0 - §

To solve for the constanmts: Koy Km and Yy & trisl~end-error
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#rocedure 1is wused where values of a2 are assumed and
17t1n(S/S0) is rlotted adainst 1In(l + ad)/t until the best
straight line 1is erroduced., This line has 2 slore of c© and
y-intercert of b. The kinmetic constants are thern czlculated

as followsi

Ko = b/¢{c - 1)
Km = (173 + So)/{(c - 1)
Y = a8Xo

Once the kinetic constants are krnowny they can be used to
determine the substrate or biomzss concentration at any time

by using the following ecustionms [447:

InS = 1rnlSo + Y(S80 - £)So/Xol
+ (Xo + YS5o0)/(YEKm)1Inl(Xa + Y{(S50 - S§))/%ol

- RKot(Xo + YSo)/YEm (10)

InX = Kot + InmXe - (YRKm/{(Xo + YSol)) X%

INnC(X/X0)(YSo/(YSo + Xo - X)1 (11)

Since equations # 10 and 11 are imrlicit in S and Xr thew
must be solved by trizl and error.

If the biomass concentrations X» is assumed to be
constant during the course of the reactiony Ecuzation # 7 can

be intedrated to vield the Henri ecustion:

(1/¥)1n(So/8) = -(So - S)/Kmt + KoXo/YKm (12)

By rlottindg (1/t)1n(So/8) versus (So -~ S)/ty 3 straidght line
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should result with 2 slore eeusl to -1/Km  2nd & w-intercert
of KoXo/YKm.

A comruter rrodramy REGRESSs was writtem to fit the
degradation data to ezch of the five kinetic ecuations and to
solve for the kinetic constants. A listind of this rFrodgram
can be found in Arrendix 2 and 2 hierarchical diasgram is
given in Fidure # 21,

After running 311 the data sets throush REGRESS» several
imrFortant trends were noted (see Tables # 31-34).,

A rfero-order kinetic ecuation successfully fitted =&11
sets of data. The rroblem with =z zero-order ecuation is the
fact +that it can be extrarolated to nedative substrate
concentration instead of asymrtotically arrroasching =zero as
does 3 first-order ecuation, The Haldane ecustion 3lso had
this problem. Ir additiomy it was found that the Haldane
equation wass very sensitive to chandes in the initial
substrate concentrationy So. A 1.0 #rm change in the vaslue
of Sor could chanse the value of the kinmetic constantss K and
Ki» by 100-1000., The Greu kinetic eruaztion gave dood fits
for the 20 sFm o-chlororhenol arnd 40 rrm o-chlororhenol + S50
FFm amino acids dests. Howevery it dave very larde sums of
the seuares of the residuzls for the 40 sf&m o-chlororhenal
data, The Henri eguation rroduced nedative values for the
substrate saturation constantr Kmy for most data sets. The
method of Gates and Marlar a3lso wielded nedgative values of Km
for most sets of dedradation data. Evern the few datz sets

that eroduced rositive Km values had caslculated values of the



piomass suntheciz constasnts Yo that were unreszlisticellw
larde (59-308 mdg biomzss/msg substrate). #lupr the Gsles and
Marlar method didm‘t work on 211 desradetion runs for 2
rarticular substrate concentrationy even though the data
arresTed very similar.,

The shenol degrzdation date was bhest correlsted to s
zero-order kimetic eauation with K ranging from 31.63-81.72
me/l~-hr {(zee Table # 31, At a3 concentrzstion of 20 semy the
o-chlororhenol desradstion dats was best correlated uzing the
sero—-order eauation with K ranging from 2.203-9,298 mng/1-hrv

for a1l 3 TLars {see Tzble F 320, At an g-chlororhenol

'y

concentration of 40 s=my the dedgradstion datz wasg test

if

correlsted using the Haldaerne ecuationy with K rznging from

434,375-687.46C9 (mﬁ/l)z

hr and K1 raznging from 51.235-114.32
mg/1 {(see Table &# 33). The 40 =fm o-chloroshernol + 50 eem
amino 3acide datz was best correlasted using the Hazldane
eauation with K remging from 135,646-220.234 (mﬁfl)thr and Ni
randing from 15.,841-22,023 ms/]l (see Teble # 34), This sams
effectsy the sddition of & co-substrate decressing  or having
no effect on the desradetion rates hae been witnessed bu
several investigators! Dencer et zl. [191s Kirsch ang Etzel
[273» Hsller [21]1y Lewazndowski 2nd Abd-El-Bsry [143, snd
DiGeronimoyr et &1 L3131, Butsy other studies hsve concluded
that the addition of a co-substrzte idncreased the rate of
degradation or allowed rreviocusly non-dedradable comrounds to

be broken down! Edsehill and Finn [2463y Clarks Chiany z2nd

Griffarm [3S51s Franciss et sl.y L34A] and Rittmann  3nd
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Kohawashi [391, Consequentlws more work must be rerformed in
this ares to determine the biolosgicsl mechanisms of
co-metabolism and the effects of different co-substrates.

Another rossible effect of the amino scids wes sudgdsested
by Carllsony et 28l.r [451. L-custein can be converted to
hydrogen reroxide by autooxidation with atmosrheric oxuden.
The hudroden reroxide scte 3s 3 bactericide and kills some of
the ordanisms in the reactor. A= 8 result the o-chlororhenol
concentration decreases 2t 3 slower rate due to 3 reduction
in the microbial rorulation.,

By comraring the kinetic rate constants for rhenol
degradation witnessed by the rresent study  (31.6-61.7
mg/l-hr) with other rublished valuesy it was determined that
the rate was much lasrger than observed by FPitter [23] which
rerorted shenol dedradstion 2t 2 rate of 3.36 mg/l-hr, The
results of the rresent studw comrare well with the findings
of Holladaws et =21, [133 which rerorted rzates of rhenol
dedradation in the randge of 0.214-2.67 gm/1-~daw (8.92-111
mg/l-hr) in 2 CSTR. The rfresent study also witnessed faster
biodedradation of shenol than did £83y £143 and [181,

After comraring the kinetic rate constants for
p-chlororhenol dedradation witnessed by the rresent study it
was determined that 2 much faster rate of biodedradation was
observed than [211y ([223y and [233, Pitter [23] determined
the zero-order rate constant for o-chlororhenol to be 1,49
mg/l-hrs while the rresent study witnessed rates of

degradation randing from 2.90-7.21 mg/1-hr.
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There may be mzny reasons for these differences with the
literature resultss not the least of which 2re the nature of
the originzl microbigl rorulation, i1its acclimetions and
subsecuent treatment. It is hored that future studies in

this laboratory will shed more lidnt on these matters.



VITII. CONCLUSIONS

1. Activated municirzsl sludde is carahle of
comrletely dedgrading shenol us to 500 rem snd
o-chloroshennol us to 40 Frmy in = 4,0 liter

tbatch rezctor. For an  sssumed gzevro~avdarp
mecharismy tha rate constant for shenol
{(initisllw 100 w#sm) randead from 31.43-61.72
mg/1-nr. Faor g-chlorarhernol st &
concentration of 20 rems the rate constant
ranged from 2.9203-5,298 ms/1-hr. The 406 grm
o-cnlororhenol degradstion dastsz waz hosth

correlated wsing tne HMaldamne eaquation with K
ranging from A454.575~487.,60% (msg/ 2 /hr and
Ki ranging from 51,234-116.32 msr/l.,

2 Acclimation times decrezeed with rereated
exrosure to 2 rarticuler concentration of
#henol or o-chlororhenol,

3. The activated sludde firgt had to be
acelimaeted Lo rhenol before it could
significently breskdowr o-chloroshenol.

4, For o-chlororhennl &t = concentration of
40 rrmy the sddition of awmino zcids increased
the acclimation time and decrezsed  the
degradation rate of the o-chlaraorhernol. The
rate constants for the Hsldazne ecusztion fell
tod K = 135,64-220,234 {(mg/ 1 /hr and Ki =

15.841-22,023 mg/1.,

Te It was determined exrerimentasllws that
less thanm 1,0 rem o-chlorornerncl would be
lost due to strisping during the cource of an
B hour dedgradstion exseriment =2t 2n zirvr rate
of 500 ml/min, Howeversy this smell loss
{which is below the detection limit for the

GC analuysis emeloved) is larger than
rredicted bwe theoreticzl calculastions for the
strirring rate, Strirring losses for iLhe

rhernol runs were insignificant.,

&5
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Tatrle # 1 -~ Phenol Degradstion Studies
j=sofrsoossooondssrossdoorssesessd oo rrnd o r oo oo s onEEES SN EEE S
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Jomm e e e Fom e ——— F o e e Fom e e o e e i
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] | ] lto soil | | daus
| e s o —— o e e o e e e e
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| e L - Fo e o e m e =33
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} ] ! I | ] liter/organism-hr
e Bl e R F o e o e e o i e o e e e
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R Sl b tm———— Fomm e ———— Fom e —— o e o ot o
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Table # 2 - Chlorinated Pheriol Dledradation Studies
| ===*==============*=========:#::.—:==:===:=:f:=====================:==[
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Table # 3 - Chlorinated Benzoate lledradastion Studies

——

31

frosssssosorosssssodosmsoaiossmsosdonsoeondesocomeoossnmsemex |
} Comrounds tested JConc. IReactoriKinetic)| Results |
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Table # 4 - Folucuclic Dedradation Studies
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Table ¥ 6 - Results of First Air Strirring Exreriment
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- Results of Second Air Striering Exreriment
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~ Results of Third Air Strierind Exreriment
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Table # 9

Temrerature

Fressure 760

Resctor Volume

Intial o~chlororherncol concentration

=

Air flowrate

26,0 C
+0 mm Hg
2.0 liters

S00 mi/min =

- Results of Air Strirring Simulation

=

1.339 mole/hr

Fade

Frodram

20 pFm

Air leaving the reactor is sssumed 100X satursted

I time
I ¢(hrs)

- ————

<

B

&

{ O-chlororhenol concentration

— - - - —

- g e e

—— -

—— - —_———

- ————— -

e o e am

—— - - -

- - —— o

(rem) f

80
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Table # 10 ~ Estimated Infimite Dilution Acitivity
Coefficients for FPhenol and O-chlororhenol

T st it T s T T3
i I Infinite Dilution Activitul
| | Coefficients |
R T T |
Itemrerature CI rhenol lo-chlororhenol |
EEEEEE F R s et T S ]
| 0.0 l 29.2 1 211.0 I
R T frmmm oo fommmm e !
| 25.0 | 44.5 ! 347 .4 |
R pommmm e Fommm e |
| 30.0 | 63.6 | 929.6 l
bmmmmmmmmmmm e pommm e Fommm e |



Fade 82

Tahle # 11 - Results of First Preservation Exreriment

j=s=crcdomooecoorssdrsososssssofxoresoxdoroxonsenomsex |
| Date | Time i# Hr, froml Samrlelo-chlororhenoll
! ! | Stert | ¥ I comcy  (pem) |
|======*===:=======#==:===:====*:::::::*::::::::::::::|
b 6729 1 3100 rom. | 0.0 I sel | 31.270 |
[ i | | =mm pommm e I
! ! I I ser2 | 28.407 |
: [ [ R it fomm e |
i i i i sr3 | 28,169 l
| | | fmmmmmm- pommmmmm e !
] i | I se4 | 22.995 ]
1 | | | === i BT |
1 | | I sr3 | X i
| [ | fmm=—m—- fmmmm e |
| | i I sréb | XX i
R pommmmm e fomm e pommmmmm e l
b 6730 | 4130 »om. | 23.3 I sel | 30.514 !
| i | R R e |
| ! ! I ser6 | 13.907 i
R frmm e et pmmm—— - pomm e |
b 7271y 1 8130 a.m. | 1.5 I sel | 29.507 1
[ = T pomm e pommm e T I
b 7276 1 113100 a.m. ! 162.0 I srl | 31.328 |
[ | i R fomm e |
| ! ! I ser2 | 26.975 |
| | | R pommm e |
| | | I sr4 | 21.628 I
| | | fmmmm e pommm e !
| I | I sré6 | 22,833 i
R pomm e fomm e R fmmm e m e |
R pommmmm e pomm e pmmmm pommm |

¥ - concentrated H2504 destrouws column racking

XX — didn‘t run samrle
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- Results of Second Freservation Exreriment

Table # 12
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-~ Continued

Table # 12
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Table & 13 - Results of Third Preservation Exreriment
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Dedradation Exreriment

- Results of U.,V.

Table # 14
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Table # 15 -~ lIomization Caslculastions Usimg Ka

| €C - amount of comrourd not |
| ionized (®r¥m) I

| sz rccsfosscsoesssdsesenr s oonscrs oo omo s |
lcomroundl Co Il PH = 6 1 efH =7 | #H = 8 |
===tz coxssnfssc=sssssfssorsesnzsfrossoomms |
I phenol 1| 100 rem | 99.99 | 99.879 | 98.91 |
| === m e fommmmm s fomm e fommmm pommmmmm e [
lo~chlorol 40 rerm | 39.6 | 37.0 | 22.46 |
I ehenol | | | ! |
R fommmmm e Fomm e pmmmmm Fommm |
R R pommmmmmm prmmm e fommm e |

€ = Co - Col(Ka/H+)/( 1 + Ka/H+)1

wheret Co = initizsl concentration
Ka = aciditwe constant
Ht = log(-rH)
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Table # 16 -~ Results of Phenol lonization Test

Fhenol Standard! S5S0.391 prmy pH = 7.3

I R s T T e T e
i FH i Phernol l
I IConcentration (rem)l
| ===z fozsromsmssssoromssen |
| 3.9 i 50.196 |
fmmm Fom |
I 7.5 | 50.003 !
fmmmm e Fm :
| 8.7 | 49,3642 |
R et Form e |
| 2.4 | 49 .,.634 |
R it fomm e [
R et Fom e [

Note! rhenol standard contains thumol st 8 concentration of
S0 rPm 38 3n internal standard.
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Table # 17 - Results of 0O-chlororhenol Ionization Test

O-chlororhenol Standard! 47.626 pemy pH = 7.2
|===2mc=ssfo=scsosossssssanns=mnx |
| rH | O-chliororhenol |
1 IConcentration (Frrm)i
{ 3.5 ) 46,220 I
= ———— o e I
| 7.3 l 47 745 }
e o e H
1 8.6 | 48,4695 I
fmmmmm e {
{ g.4 t 45,3135 t
- o }
| —=————— Fom e H
Notel O-chlororhenol standard contains thumol at a

concentration of 51.400 rrm 35 a3n internzl standard,
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Table # 18 - Results of O-chlororhenol Ionization Test

O~chlororhenol Standard! 40,130 rermy gH = 7,2

|===z===acfocmcrcrooooscsa==s= |
| #H ! O-chlororbernol |
1 IConcentration (rerm)|
| ===z omsoosscsxamc ooz |
I 3.9 l 40.166 |
=== mm e o e |
I 8.7 ! 37.201 !
oo i !
1 9.3 | 392.060 |
fmmm e e I
fmmm e Fom e [

Note! o-chlororhenol standard does not contain ane thuymol.
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Table # 19 - Results of First 100 pem Phenol Run

|josSse=sdemreosssrdononnoneeoonendoaemee b o omnen e |
| Time | % Hr. | rhernol conc. | #H | MLSS (mz/1) |
lsamrlel from | (rEm) | | ]
I was | Start | ! ! !
ltaken | | | | J
|==ss=sfos=cosssofrsossmonosssrnforonomnfoonsssssonmme |
I 8130 | 0.0 ! ?0.749 | | J
I aem, | ! ! I |
fmmmmm— pommmmmmmm fomm e m e pommmmm o |
t 9130 | 1.0 ! 914673 | ! ]
I aem, | | ] ! |
fmm e pomm frmm e pmmmmm pomm e !
110:30 | 2.0 | J+320 7.3 | 1080 I
I aemy | I | I |
R tm—mmm e fommmm e R it et (
111130 | 3.0 i 0,0 i i i
! a.m. | i | 1 {
fmmm pommm e B pommm pomm e [
I 1100 | 5.0 i 0.0 L 7.3 | ]
I roms | | | i i
fmm———— o —— Fomm tomm———— R e et i
b 2330 | 6.0 ! 0.0 ! | i
b rame | ! | i |
e temmm———— o ———— tm—m——— R Bt it !
e pom e ———— e ———— trom——— pom e —————— I

Note! No isoerroruel a3lcohol was sdded to the samrles. The
samrles were stored on ice as soon as thewy were taken and
remained until thew were indected inmto the G.C.



Fade 92

Table ¥ 20 - Results of Second 100 rem Fhernol Run

| =zzscrsdrorsmoroxferossemss oo rresossf oo oosonnsex |
I Time | # Hr, | rhenol conc, | #H | MLSS (msg/1) |
lsamrlel from | (rrm) | 1 §
I waes ! Start ! | i i
ltaken | I | | I
I e e L e N T
| $20 0.0 | 133.487 i 6.9 } |
I 3ema | | i | i
fmmrm e R tomme e t-—————— o |
I 8140 | 0,333 ] 121,007 | | |
I aems | | | | |
= e o t-mm———— o [
I 9:00 1 0,667 | 103,234 I 6.9 | i
I aem, | I | | |
| === pomm s Fommmmmm e R prmmm e |
I 2:20 1 1.0 | 91.888 | i i
I 3. | ] ! i ]
Jmmmm e T pommmmmmm e R pommmmmm e |
| 2:40 | 1,333 | 43,417 | 6.9 | 1100 |
I aems | { | | {
fm———— e ———— o o temmmm e |
110300 | 1,867 i 31,503 | ] l
I aeme | | | | i
fmmmmee L prmm e R fomm e !
110120 | 2.0 } 15.270 I 6.8 | 1090 |
I a.m. | | | | |
|~ fomm e pommmm e o pomm e |
110340 1 2.333 | 0.0 ! ! |
I aem, | 1 | i i
=== o —— B e e il o e ke |
111:00 t+ 2,667 | 0,0 I 6.8 | 1220 |
I 8em. | l ] | |
jm————— o ——— Frmm e t-—————- oo ]
(1140 | 3.333 | I 6.9 | 1280 |
I aem. | | | | i
=== tem——————— tomm e ——— e o ———— }
| = m e pommmm e fommm e pommm e pommm e i

Notet! No 1sorroryl alcohol was added to the samrles, The
samrles were stored on ice a8s soon as thevy were tazken and
remained until they were indected into the G.C.
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20 rem O-chlororhenol Run

- Results of First

21

Table #
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Isorroryl zlcohol was added to a3ll samrles.

Note!

added NH4C03 to rzise fFH

X -
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Table # 22 ~ Resgults of Second 20 epem O-chlororhenol Run

|
|

mooasostposssssmssdg
Time | % Hr,
lsamrlel from |
was | Start |
taken | |
| ==z sres=oo=d
11320 | - |
g+sm, | |
—————— fommm e}
11830 i 0.0 l
Bems | |
—————— ot
12130 i 1.0 !
Femaos | |
—————— pommm e
1130 1| 2.0 |
Felio | ]
—————— promm e
2130 | 3.0 |
ems |
—————— e
3130 | 4,0 |
Pems | I
““““““ S bt etk &
4:30 | 3.0 1
Fome | |
—————— T
—————— fom e g

Notes! No
samrless
alcohol
isoFrTOF3N0L .,

X

isorroryl alcohol was added

lo-chlororhenol

COnC (rrm) |

e e woes teee e mat

— - ——— —— ot v -

—— . ot

becsuse it was found

masks

small

resaks.,

added NH4C03 to raise #H

Zmommmmme

_=asmse=

to the 3:30

that the addition of 1i

All

other

samrles

and 4:30
sorPropul
contain
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Tatle ¥ 23 -~ Results of Third 20 epm O-chlororhenol Run

I E i e T P T PP E T
| Time | # Hr. lo~-chlororhenoll #H | MLSS (msg/1) |
lsamrlel from | con. (pFrpm) ] I 1
i was | Start | i J i
ltaken | ! l i i
|=cxroodfussorssoofsosssesrssssserodssosssofsoesoosss o |
110300 | ] 19.810 - i
I 8aems | i | | I
T — T fommm e T e |
1112200 | 1.0 I 17.409 I 6.8 % | 1360 i
I 2em. | | I i I
= e omm e prm e e |
112100 1| 2.0 | ?.754 | 6.9 | |
I noon | | | i |
) mm e fmm e m e o pommmmm e Fom e |
I 1:00 1| 3.0 | 4,049 I 6.8 X% 1| 1430 |
b rame | I | i i
- o R B i bbbt - e i
} 2500 | 4,0 I 0.0 ] 7.0 1 |
I rom. | | | } I
| === - —————— o t-m————- o ———— |
I 3100 | 5.0 | 0.0 b 7.0 | i
I remse | 1 i | I
[ o e Frm e fommmm e Fomm |
e fom e fom e pmmmm e Fomm |

Note! No 1sorprorvl alcohol was added to the samrles., The
samrles were stored on ice as soon as thew were taken and
remained until theyw were inJected into the G.C.

¥ - add NHA4C03 to rezctor to increase pH



Table # 24

ITime sa
I wzs ta

Note! No
samrles we
remained

96

The

Fage
- Results of First 40 rpm O-chlororhenol Run
foomma=zsozsoporsosssonsssnndsesrossdenssnss
mrele (¥ Hre. fromlo-chlororhernoll rH f MLSS
ken | Start COnc, (rFrm) | I {msg/14)1
frormsomsomoosdrosrononssrssrsrsfsoesosnfasnmens
e Ma | 0.0 36,927 | 7.8 | 690
-, e e t-m———— o ————
e Mlie } 0.3 37.568 } |
e e e e e e e e tr—————— Fmm e ————
ol [ 1.0 38,144 i 747 {
- e t-—-———— e
Beme | 1.5 36.131 | i
o e e e o Fm—— e ———
=% (Y { 2.0 33.300 I |
e it e et tmmm———— $om—————
gems | 2.9 30.978 I 7.6 | 720
formr e e trm————— b m————
dems | 3.0 28,9465 { i
o e e e e e t-—————— tmm o ————
Fems | 4,0 23.104 | 74+5 |
d o e o e e e tom————— tem
oM | 4,5 20.916 } i
o o o o ———— P ——
Mo ] 5.0 14,635 | 7+4 | 730
tormm e e e t-——m———
el ] 5.5 11.547 | |
Fo e e o e e e e o ————— e ————
IS i 6.0 7.678 i i
o e e ——————— t-————— tmm—————
oMl o | 6.5 20461 | 73 | 740
o e e e e e e e ———— t=——————
eMs i 7.0 00385 | 7.4 ]
o ———— B e e o ———— e ————
s M I 749 0.0 § { 820
o e o e e e e e e e e e $——————— Fom e ————
o e - o ————
isorroryl 2lcohol was added +to the samples.
re stored on ice 3s soon &8s thew were tasken

until thew were inJdected into the G.C.

and
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e e e L L L L
iTime samrle |I# Hr, fromlo-chlororhenoll FH | MLSS |
I was taken | Start I conc. (rem) | I (mg/1) 1
jrssrssoxsxssonfoomononnonoxfooosresssnsssssfsss sz |
I 2:00 aem, ! 0.0 | 39.764 I 7,33 t+ 730 |
[ e fommm Fommm e o o |
I 9130 3.m. 1 0.5 ] 43,189 I 7.34 | i
[ m e frmm s o pomm e pomm e |
t 10:00 Bem. | 1.0 l 37.345 I 7.37 | {
R pommmm e frmm e pommmm e prmm - |
I 10130 a.m. | 1.5 ! 37.7935 b 72.39 1 i
R fommm e fmmm e fom e fommm e |
I 11300 2aems | 2.0 | 37.840 b 7.34 + 780 |
| m e m e fommmm e pomm e R Frmmmm oo |
I 11330 sems | 2.5 | 36.375 I 7.30 1 1
R prmm e fomm e pmmmm e pomm e (
b 12130 rom. | 3.5 f 35,582 | 7.30 | |
fmmmmm e fommm e pommm e pommmm e e |
I 1:00 pam. | 4,0 | 34,108 b 7.31 1 730 |
| === mm e T fomm e pomm fom e l
I 13130 =om., | 5 | J2.016 | 7.32 1 }
[ mmmmmmmmm e T fmm e pommmm e posmm e i
I 2100 rom, | 5.0 | 28.447 | 7.19 | i
fmmm e pomm e fom e pommmm T }
I 2130 seme | 3.5 | 27.311 I 7.14 |
|mmmmm e fomm e T pommmm e e |
I 3100 Pem. 1 6.0 | 24,139 i 7.11 + 740 |
[ e fommm e pomm e pommmm e prmmmmmm |
I 3330 2eme 1} 6.5 | 21.793 I 7.09 | |
| o Fom e T T —— fommmm e fomm e |
I 4100 Pem. i 7.0 | 19.779 | 7,05 1| i
| mmmm e pomm e fommmm e fom pomm e |
I 4330 #em. | 745 i 17.066 I 7.03 | i
R pmmm e Fom e pmmmmm pommmm e |
I 53100 rem. | 8.0 | 14.474 I 6.98 x{ 830 |
fmmmmm e pommm e Frmm e to—m—m- prommm - |
I 530 pem. | 8.5 i 11.9468 I 7.21 | |
R fomm e fomm e R S |
I 6300 Pem. 1 2.0 ! 10,338 I 7.19 | |
R Fommm e e T pmmm pmmmmm e |
| 63230 Fome. | 9?5 | 74365 | | |
R fommm e fom e pmmm———— e |
b 7830 rems | 10.5 | 0.7350 I 7,34 1+ 780 |
| mmmm e fommm e fomm e pommmm e S |
b 2100 reme 12.0 i 0.0 | | ]
e fomm e fomm e fomm e fmmm |
Jmmmmmm e fommm e fomm e $ommmme $omm |

Note! No isorrorvl z2lcohol was added to the samrles. The
samrles were stored on ice as soon as theus were taken and
remained until they were indected into the G.C.

¥ - added NHACO03 to raise &H
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Table # 26 - Results of Third 40 prFrm O-chlororhenol Run

| sz soxoomorodororsonosesdsoosssssesssssfsSonSssfss oo |
ITime samrle 1¥# Hr, fromlo-chloreorhenoll #H | MLSS |
I was taken | Start I comnec. (rem) | I (mg/7101
josossss=searfooosrson=ssfrssssssssnosnsf o= fsasmsax |
b 12100 noon | 0.0 i 392.665 I 7.34 + 790 |
| mmm e e frmmm e pommm e pommmm pommm |
b 12130 rem. | 0.5 | 36,011 I 7.34 1 |
fmm e pommm e fommmmm e pommmm e N |
I 1300 =om, | 1.0 ] 37.724 ] 7.33 | ]
R Fommmmm e fom e pommm e pommmm—e [
I 13130 #om, 1 1.5 I 37+163 I 7.26 | 1
[ e frmmmmm e prmm e pomm e i
I 2100 =om. | 240 I 39.422 b 7.22 1 7230 |
[ m e pommmm e fmm e R pom |
I 2130 Foeme. | 2.5 i 34,920 | 7.19 | |
R prmmm e pommm e pmmmm e pmmmm e |
I 3300 roms I 3.0 [ 29.626 i 7+12 1} I
fomm e R fom e e pom i
I 3:30 Pome | 3.5 | 27.53¢9 | 7:.10 | i
|~ m e e T pom e e s pommmm e |
I 4100 Pum, | 4.0 | 23.711 i 7.08 | 1
fmmmm e Fommmmm e fommm e Fommmm S |
| 4130 Fom., | 4.5 | 19,209 I 7.04 | 720 |
R pommm e R Tt pommmm e pomm—m [
I S100 roems | 5.0 | 13.895 1 6.926 | |
R pommm e Fommmm e pommmme e $ommmm |
I 5130 Frem. 1 S5 i 11,804 b 6.97 | |
R e fommm e fommmm e m e tommmm e pomm |
I 6200 Pom, ] 6.0 { 8.317 I 6.95 %1 830 |
T pomm e pomm e R pommmm e |
I 6130 Fom, I b6+5 | 4,337 I 7.12 1 l
R T Frm e fom e o pom |
I 7200 Pom. | 7.0 | 1.144 I 7.18 | i
| =m e o o e fomm fomm |
| 73130 ma.m. } 7+9 § 0.0 | 7+24 | 840 {
| m e o fom e pomm e R [
fmmmm e e fmmm e frmm e pmmm e e |

Note! No isorprorwl zlcohol was added to the samrles. The
samrles were stored on ice as soon as thew were taken and
remained until thew were inJected into the G.C.

X - added pbuffer to raise &H
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Table ¥ 27 ~ First Rurn Amino Acids (40 s&m o-chlororhenol)

e L o e L L L L L T P Ty
ITime samrle |4 Hr., fromlio-chlororhenoll PH | MLSS |
| was taken | Start I conc. {(rpm) | b (ma/1)]
| =====scxocsorcfoossmoscoondoosssrmsoeessssfssSssnsnfsxson=x |
I 11330 a.m. | 0.0 i 35.605 t 7.0 X 1 690 i
R R R e tmmmm—e- [
i 12100 noon | 0.5 | 37.089 b 7,20 1 1
R pommm e Fommmmmmmmmmee pommm—m- pommm !
I 12330 rame | 1.0 | 37.712 I 7.30 | |
R T e pommmm e $mmmmmm- pmmmmme (
I 1300 =om, ] 1.5 { 37.311 | 7.32 1| f
R T promm e pommm e pmmmm——m R |
I 1330 rome | 2.0 1 34,468 b 7.35 + 980 |
|mmmmmmm e fomm e fom e R pmmm e l
b 2300 peme | 2.5 | 30,421 b 7.33 1 l
R T prm e T T p— pomm e pommmm e !
I 2330 Peme | 3.0 | 30.695 b 72.33 1| |
| e frm e fom e T pommmmee |
i 3:00 rom. 1 3.9 i 28.780 i 7.34 | 620 {
fmmmmm e pommmmmmmmm prmmmm e pommm e et [
I 3:30 rems | 4.0 i 26,168 I 7.31 | t
fmmmmmmm e fmmmmmm e pom e pommmm e pommm e |
I 4100 P.m. | 4.5 | 22.960 bo7.32 1 {
| mmmmmm e e s Fommmm e tmmm e pmmmmmm [
R e pomm e fmmm e e i !

10 #pm L-custein

10 pem L-glutamic acid
10 rem L-(+)-lusine

10 rem L-ardinine

10 rem L-(+)-histidine

Note! No 1isorrorwl slcohol was added to the samrles. The
samrles were stored on ice 8s soon as thew were taken and
remained until thew were indected into the G6G.C.

¥ - added buffer to rasise &H



Tabhle ¥ 28 - Second Rumn Amino Acids (40 sem

|
!
)

e e T e e e e
ITime samrle |¥% Hr. fromlo-chlororhenol! #H
was taken | Start Il conce (repm) |
e O e R e
P:i30 2.m, ! 0.0 i 36.B66 i 7.88 %
———————————— o e e
1000 aems | 0.5 } 44,581 1 7+935
———————————— T e T S p——
10:30 2aom. | 1.0 ! 40,696 I 8.03
———————————— e B
11100 aems | 1.5 i 39.13¢9 I 8,11
———————————— o e
11130 asms | 2,0 | 38.629 I 8.14
———————————— T
12:00 noon | 2.9 | 38.121 I 8.14
———————————— et T TP
12330 Pam. | 3.0 I no samrles |
———————————— T Tt TR
1100 Poms l 3.5 1 34.884 t 8.20
———————————— T T T S Y S
1130 rom. ! 4,0 | 34.165 I 8.14
———————————— e N T DT
2:00 Fome | 4.5 | 32.477 { 8,22
| = e Fomm e fom e fomm e
2130 Fom, } 5.0 i 28.462 I 8,25
———————————— e it ST
3300 o | 5.9 | 27.708 { 8.20
———————————— o e
3130 2om., i 6.0 i 27.268 I 8.295
———————————— et SR S
4300 Fom. | 6+3 i 26,126 | 8.14
———————————— D T Dy T
4130 Fom. l 7.0 1 23.791 t 8.20
———————————— et e
5100 Fem. | 7+5 | 22,694 | 8,21
———————————— b e e e e
———————————— et T L T T T Sarre
10 rrm L-custein
10 rerm L-dlutamic acid
10 pepm L-(+)-19sine
10 prem L-arginine
10 rem L-(+)-histidine

Note! No isorroruyl z2lcohol

samrles were
remained

X

stored on

ice

added buffer to raise #H

was added
3s soon

Fage 100

o-chlororhenol)

MLSS |

to the samrles. The

8s thew were

until thew were indected into the G.C.

taken and
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Table # 29 - Camrzarison of Phenol snd COD Removal Rates

e T L e e N e S s
ITime samrle ¥ Hr. froml Fhernol conc. | FPhenol conc. |
I was taken | Start I by GC (fpm) | bw COD (rrm) |
e T i L L o o P
P 2315 reme | 0.0 | 120,063 | 135.2 |
e fomm e frmm e frmm e |
I 2130 pems | 0.25 I ?5.808 i ?7.+4 |
| = mmm e e fom e fom e Frmm e [
I 2345 Fame l 0.30 | 754174 ! ?1.1 |
| = mmmmm e R et frmm e Fommm e |
I 3100 Fom, 1 0.75 i 51.831 | BO.6 {
fmmmmmmmm e fomm e fommmmm e prmmm e |
I 3313 2ems | 1.0 | 27.5%91 i 47.0 |
fmmmmmmmm e fommm e prmm e Frmmmmmm e |
i 3130 rem. | 1,25 | 3.191 ! 31.2 |
|mmmmmm e Fomm e R fommmmm e l
I 3345 Fom. | 1.350 l 0.837 | 35+.4 |
fmm e pomm e frmm e frmmm |
I 43100 Foeme | 1.75 i 0.0 | 3B.6 |
| — e fromm e Frm e Fommmmmm e |
1 4115 pom, | 2.0 | 0.0 1 28,1 {
R fomm e fmm e fmm e |
I 4130 &#om. i 225 i 0.0 | 28.1 1
fmmmm e T prmmmmm e pommmmm e |
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Table # 30 - Comravrison of O-chlororherncl and COR Removal Rates

1
i

Time samrle
was taken

D T e
—— - ——— o
. .t — - - —
. - —— -
Y rpeene——
- e s s i o ot o -

16015 Pom.

- et i v o —

]
]
i
+
|
t
I
+
i

+

e e wm wm gaar A rave e e S

¥ Hr., fromiO-chlororhenoliO-chlororhenoll

Start

___________
———————————
___________
___________
___________

|

o e e o e o e b e — A —

conc., bwg GC
(FPEm)

. o i

COnc . bw COD |
(rrm) 1
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Table # 29 - Results of Phenol Dedradation Dats Redression

I e R i e e e e T L e T L P |
i Comr, IRunlKineticl Lag ICorr. IDYX¥X2/NF}! Kinetic Constants |
I I # 1 Ea. I Time | 1 | |
|=xrcoooocdocscsfossrscoofoossssfoosossssfonsoossnd s s so s s o mas |
I Fhenol 1 1 1 =zero | 0.0 1-0.9631 131.8 | K = 31,63 msg/l-hr |
1100 rem | ! order | ! ] | l
EESSERRES S ETE FE PSS RIS FEA D SRR A SRS S S S S S S S
| Fhenol | 2 1 zero | 0.0 1-0.9861 96,21 | K = 61.72 md/1-hr |
1100 rem | I order | | | | |
R T T pommm e e pom e fom e |
| * I * tHaldanel 0.0 10.981 | 923.14 | K = 254120.5 mg/1 |
1 ! i i | i I Ki = 4050.27 mg/1 |}
| == fom e pmmm e prm e fommmmm e Fomm e |
fmmm e pomm g pomm e prmm e prmm e Fomm e (

The rhenol dedredation was best correlsted to a2 zero-order
kinetic equationrn with K randing from 31.,63-61.72 mg/l-hr,



Table #
Resressio

j0-chloro
I rhencol
20 FFEm

e T

i

|

]
[
{0O-chloro
| rhenol

o - -

T e T
-"‘ .". -". ."' o'> "> -‘.. -‘>

I10~chloro

I rheriol
| 20 F7rm

- —— -

At a3 conc

30 - Results
n

fomsfmmmm=m=g
IRunlKineticl
I % | Ea. |
mmzfomaz==o$
i 11 =zero |
i I order |
i | i
-t +
I Grau |
-t ———— +
I * lHaldanel
| i {
-t +
I * 1Gates &I
| I Marlari

ot d

a~

| I Zero

order

—— o

IGates 31
{ Marlari

h SRl R g

I 3 zero
{ order

o e .. -

|1Gates &l
Marlari

-

entration

20

of

Ladg

e

" "

of 20 reEmy
was best correlated using the

from 2.903-5.298 mg/1-hr for a3ll 3 rumns.
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#Pm O~chlororhenol Dedgradation Data
fmcr=sofossoonssdomssssssnsssssnnmms |
ICorr. IDYXX2/NFI Kinetic Constants |
] i i i
ftoocosrforsossoodsressnsoEcorsensennEx |
I-0,9961 0,623 it K = 2,903 md/1-hr |
| | | i
} i | 1
t-—-——— o ——— b e e ik |
10.956 1 3.231 I K = 0.00416 C(hrd)-11
tom———- to-m———— o e i
10.976 | 0,722 I K = 126.11 mg/1 i
| | I Ki = 37,33 msg/1 |
te-m——— e tormr e |
1-0.6091 1,038 | Km = 397.80 msa/1 |
| ] | Ko = 6.735 (hr)-1 |
l | b Y = 177.9%9 mg/mg |
§ R R Dol D SR F e e e A e e R el
I-0.9841 1.722 | K = 4.188 mg/1-hr |
| I | i
e pommm Fomm e |
10.961 | 4.612 | K = 0.0117 ¢hr)-1 |
- o e e ]
1-0.2861 0,030 t Km = 5.9270 md/1 |
i | I KoXo/Y = 11.919 |
fommmm pommm o o e |
1-0.,9721 0,060 | Km = 18,948 mg/1 |
| ] I Ko = 1.3286 (hr)-11
| i I Y = 307.929 md/msg |
 SFRES S P FREFRED ISP PSS
1-0.,29201 2,122 | K = 5,298 mg/1~hr |
| l | |
| 1 ] |
tee———— o e e it |
10.993 | 1.429 | K = 0.0106 (hri-1 |
pomm - pmmm fommmmmm e |
1-0.92921 0.525% | Km = 14,397 md/1 |
i | | KoXo/Y = 16.804 |
- te—————— e i i |
i0.988 1| 1.B42 | K = 786.45 ms/1 1
| i I Ki = 138.63 m&g/1 |
Fo - tomm - o e |
1-0.5381 0,606 | Km = 21.89 msg/1 ]
| ! | Ke = 1,070 (hr)-1 |
| | I Y = 135,99 me/ms |
pom—mmm R fommmmmm e i
T pommmm e pomm |

the o-chloraorhenol desradation data
zero-order ecuation

with K ranging
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Tabtle # 31 - Results of 40 sFm O-chlororhennl Dedgradation Data
Redression

e e e e i L L P P T
I Coms. iRuniKinetic! Ladg ICorrs IHOYXX2/NFI Kinetic Constants |
l (I I Ea. I Time | i ! i
}0~-chlorol 1 1 zero | 1.5 1-0.9941 1.995 | K = 6,665 mg/l~-nr |
I shenol | | order | l | | |
I 40 rrm | } I i § i |
e Fmmm t-———— t-————— t-—————— o - 1
| * b " Grau | 1.5 10,845 1| 100.3 I K = 0.0384 (hr)-1 |
o e Fom e ——— t-m——— t-————- t-—————— o, e e I
} . I * lIHaldanel 1.25 10.984 | 1.948 § K = 687.61 mdg/1 |
i i | | | | | Ki = 88.67 mg/1 I
e o e e tom———— to t-——————— e et i
t . I " 1Gates &1 1.00 i-0.6%911 2.957 | Km = 21.914 msg/1 |
| | | Marlarl | I | Ko = 0.,5780 (hr)-11
I i i | i I l Y = 6B:.99 md/mdg {
RIS Dl SO BRI SRR S e R Delel iRl i el el e Bl g o B B e SR |
10-chloratl 2 1| zero | 2.0 1-0.2921 4.308 } K = 4,379 mg/l-hr |
I rhenol | | order | | | | i
I 40 rpm | i J | I | i
j=—————— -t ———— tom——— +-————- o e e e it {
l * b1 Grau | 2.0 10,827 |+ 112,56 | K = 0,0188 (hr)-1 |
o ———— e e - - t-m————— e kbt !
| * I * IHaldanel 1.75 10.981 | 3.278 { K = 579.31 mdg/1 |
I | | | | | | Ki = 116.32 mg/1 |
TR ROl Rl B RS SRRl Bl el B e SRl B SR e D e S Rl e e
|10-chlorol 3 1 zero | 1.50 1-0.9961 3,448 i K = 7,218 mg/1~-hr |
| #henol | I order | | | | i
I 40 rrm | i | | | i I
fm———— et ———— o ——— t-———— t-m————— D Bt el bl i
| . bt * 1 Grau | 2.0 10.914 | 58.54 I K = 00,0320 (hr)-1 |
e - t-———— t-———— t-——————— e it Rl by |
i . I * | Henmnri I 2.0 I-0,4331 2.329 | Km = 11,990 ms/1 |
] | i | i | I KoXo/Y = 12.710 i
- t-——F—————— t-m———— t------ to——————-— R e |
} . I * IHaldarmel 0,75 10,956 | 7.319 | K = 434,375 md/1 |
| | | i 1 ! I Ki = 51.235 m&g/1 |
f-—————— -t t-———— t-———— t-mm————— Fom e ———— e e |
jmm—————- B e ——— o ———— Fom—————— o e |

At an o-chleororshenol concentration of 40 rrFrmy the dedradation
data was best correlated wusindg the Haldane eaquations with K
randing from 454.575-687.609 and Ki randine from 51.235-116.32
mS/l.
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Table # 32 ~ Results of Awmirno Acids + O-chlororhenol Dedradation
Ilsta Redression

| =::=::====*===*==:====*=::===#======*::::::::#:.—_—=================|
| Comrs IRunlKineticl Lag ICorr, IDY¥X2/NF{ Kinetic Constants |
| I # 1 Ea. I Time | | ! |
| e e LT T L - E L e e e et o e |
| Amine | 1 | =ero | 1,0 1-0.9831 1,247 | K = 4,185 mdg/1-hr |
lAcids + | I order | ! i | !
10-chlorol | | | i i |
I =henol | ] ! ! ! | I
| —omm e prmm e prm——m pmmmm T fomm e |
| : I * |} Grau t 1.0 10,973 1 1,654 1 K = 0.,0072 (hr)-1 1
fmm e LT ST fom e pommm fommmm e frmmmm e |
] * | * IHaldanel 1.0 10.977 1 0.919 | K = 220.234 mg/1 |
i | I | | | I Ki = 22,023 meg/1 |
B SR rrs TEES SES S SIS S SRS SRR SRS bl SO E S R D R P
i Amino | 2 1 zero | 1.5 1-0,9921 0,528 | K = 3.044 ms/1-hr |
lacids + | I order | | | t |
I0~chlorol | | ! | I |
I rhenol | ] I | I 1 |
| = e pomm g T R pommmm e Fom e i
I * it *t Grau I 2,0 10,984 1| 0.515 | K 0.00698 (hr)-11i
f o e $omm e T fmmmm e fommm e fmm e |
l ' I * iHaldane!l 1.0 10.978 | 0,665 | K = 135.66 mg/1 |
| i I i l 1 I Ki = 15,841 mg/1 |
R T T e pommm R R Fm e i
R om e o pomm pommmmm o m e |

The 40 rrm o-chlororhernol + 50 pPm amino acids data was best
correlatd usingd the Hasldane ecuation with K ranging from
135.66-220,234 a3nd Ki randing from 15.841-22.023 mg/1.,
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FIGURE # 1. - Diaoyam of Reactor 5y5“cm
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Figure ;- - Results of First Air Stripping Experiment
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Figure # 3~ Results of Second Air Stripping Experiment
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Figure # 4~ Results of Third Air Stripping Experiment
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Figure # 5- Results of First Perservation Experiment
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Figure # 6- Results of Second Perservation Experiment
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Figure #7 - Results of Third Perservation Experiment..
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Figure # 8- Results of UV Degradation Experiment
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Figure # ¢ - Results of First 100 ppm Phenol Run
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Figure #10- Results of Second 100 ppm Phenol Run

&
/
7/
\\
o, +d
5 /
0 /
5Z /
SE %
8 o o +
TN 7/
4 ;7
o
I n —
o 7 |
$ ;0 ¥
\ ~—
/ g
/ p
O / -
/
/
7/
/
O / T
/
/
/
/
O v T
/
/
/
/
e&— “ } “ + o
S g8 2 & &

(udd) uoTjeIjzusdUO) Touayd



Pace 117
Figure #11- Results of First 20 ppm O-chlorophenol Run
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Figure /12 - Results of Second 20 ppm O-chlorophenol Run
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Figure # 13 Results of Third 20 ppm O-chlorophenol Run
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Figure 14~ Results of First 40 ppm O=chlorophenol Run
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Figure # 15 Results of Second 40 ppm O-chlorophenol Run
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Figure #16- Results of Third 40 ppm O-chlorophenol Run
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Figure #17- Results of First Amino Acids Run
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Figure #498- Results of Second Amino Acids Run
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Figure #1¢- Comparison of Phenol and COD

Removal Rates
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Figure #p -~ Comparison of O-chlorophenol and

COD Removal Rates
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APFENDTXYX 1. COMPUTER FROGRAMS

Frogrem AlR - sr 1283129

Frogram REGRESE - sr, 130154

o

i

mrele 1rneput for REGRESS

- s 157

Samrle outrut from REGRESE « pe, 152-144
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b2 S22 025223225200 23232222322222000¢22¢:

X X
¥ FROGRAM AIR X
X X

3K KKK KK KK K K K K KK KK 0K 50K OKOKOK OK ROKOKKOK0K K KKKk K
written by Jeffrew C. Colish 7/1/82
FURFOSE to simulate the air strirrpindg exreriments

DATA INFUT

NCASE = number of cases

NC = number of comrounds

T = temrerzturer C

FT = total sressurey mm Hs

A(I)y B(I)sy C(I) = Antoine coefficients for I
MW(I) = molecular weidgth of I

GM{I) = rnumber of drams of I in the reactor

AIRFLO air flowratey mole/hr

NHOUR = length of simulations hr

GAM(I) = setivity coefficent of I

FHI(I) = fusgacity coefficent of I

SATR(I)Y = % szturation of I in a3ir lesavins reactor

v B oy B ow I o B e B o 20 o B o B o Mo B o B o o B o 8 B o s e T e N o B e B e e B o A o

DOUBLE FRECISION AC10)sB(10)»C(10),Y(10)2X(10)sVF(10),
%SUM»GM(10) r MU (10) s NOL(10) yGAM(10) y FHI(10)»SATR(10) sGMM(10)
NCRD=1

NFRT=2

InFut dats

OO0

READ(NCRID» X)NCASE

READ(NCRINs X YNC

READCNCRI» ) ToFT

0 100 I=1,NC

READ(NCRIYX)ACII s B(I)yCCI) »HMUWCI)

READCNCRID, X)GM(I)

GHMCI)I=0M(I)

VF(I)=10,0%%(A(I) - (R(ID/C(T + C(I})))
100 CONTINUE
READ(NCRD»X)AIRFLO
REAL(NCRD » %) NHOUR
o 25 L=1»NCASE
O 150 I=1.NC
READ(NCROy ¥)GAM(I) s PHI(I)»SATR(I)
CONTINUE

w
<

Outeut data

OO0

WRITE(NFRT»9978)
WRITE(NFRT92980)VF (1)



s Bl a1

400

73

50
25

9978
§980
7281
2982
9983
2284
¢989
9986
2?87
2988
9989

2990
9991
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WRITE(NFRT2981)VP(2)
WRITE(NFRT»2982)6GAM(1)
WRITE(NFRT»?9B3)6AM(2)
WRITE(NFRT,»?984)FPHI(1)
WRITE(NFRT»9983)FHIC(2)
WRITE(NFRT 199886} T»FT
WRITE(NFRT»9987)AIRFLO
WRITE(NFRTYy?988)SATR(1)
WRITE(NFRTs?98%2)8A4TR(2)
WRITE(NFRT»99%1)

Begin simulation

TIME=0.0

FFEM=GMM(2)/GMM(1)X1,0E04

WRITE(NFRT»2920) TIMEFFMsGMM (1)

NN=NHOUR/10 :

DG 50 J=1sNN

no 75 K=1+10

SUM=0.0

0 200 I=1»NC

MOLCI)=GMM(I)/MUCI)

SUM=SUM + MOL(I)

CONTINUE

ng 300 I=1»NC

X(I)=MOL(I)/SUM

CONTINUE

00 400 I=1sNC
YCId=X(I)XVF(I)*GAM(I)IXSATR(I)/(FHI(I)XFT*100.0)
GHM(I)=GMM(I)-Y(I) XMW (I)XAIRFLO

CONTINUE

TIME=TIME+1.0

FFM=GMM(2)/6GMM(1)%1.0EQS

CONTINUE

WRITE(NFRT»2990)TIMEPFM»GMM(1)

CONTINUE

CONTINUE

FORMAT(’1/+5Xs "SIMULATION OF AIR STRIFFING EXFPERIMENT’)
FORMAT(’0’+5Xs "VAFOR FRESS OF WATER = ’»F8.3)
FORMAT(’0’+5Xs VAFOR FRESS OF O-FHENOL = ‘»F8.3)
FORMAT('0’s5Xs “ACTIVITY COEFF OF WATER = ’,»F8.3)
FORMAT(’ 0’ +5Xs "ACTIVITY COEFF OF O-FHENOL = ‘sF8.3)
FORMAT( 05Xy "FUGACITY COEFF OF WATER = ‘»FB8.3)
FORMAT(’0’+5Xs "FUGACITY COEFF OF O-FHENOL = ‘+sF8.3)
FORMATC(‘0’»5Xy "TEMF = ‘+FB.3+5Xy ‘TOTAL FRESS = ‘»F8.3)
FORMAT(' 0’ »SXs"AIRK FLOWRATE = ‘»F8.3»’ MOLES/HR")
FORMAT(’ ‘»5Xs’THE AIR IS ‘sF8.,3y’ % SATURATED WITH WATER')
FORMAT(’ ‘+5Xs’THE AIR IS "»F8.3s° X SATURATE WITH
%Z0~CHLOROFHENOL ")

FORMAT(’ “9SXsF7.376XsF8.3992XsF8.2)

FORMAT( 0 +8Xy 'TIME 46X 'CONC O-PHENOL“»35Xy "ML WATER’)
STOF

END
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K 0K 0K KKK ROK KK AOKK KR KR OOR R OR KKk KOk KKk

X b 4
X Frogram REGRESS *
X X

0022282220002 02200 2200232508222 3 8

Fure

N

ose:

ote:

to fit the substrate versus time datsa
tg the following kinetic ecuations

ang determine the rate constantst

(1) Zero-order rate ecuation

(2) Grau Kinetics (first—-order bkinetics)

(3) Ea, # 4-23 in Sundstrum & Klei

{4) Henri egquation (first-order)
(S) Haldane equation (substrate inhibition)

(6) Gates & Marlar equation (first-order)

The rrogrem does not destrow the input datsas

Examrle of data i1nrut to rrodram (free format)

ist
2ndg

3rd
4th
5th

éth

Cardg:
Card:

Card?
Card:
Card?

Card?

number of rpoints
first dats rointy (timer substrate conc.)
(continue for ¥ of roints)
Notel! time is im hours
Note! substrate conc. is in PFM
Note! last datas roint should have
a8 substrate conc, of 0.0 rrm
initisl substrate concs.» So (FFM)
initial biomess conc.y Xo (mg/1)
number of different lad times
to rerform data redression
first lag time (hours)
{fecontinue for % of different lazg times)

DIMENSION Y(50)sX(50)»TITLECA4O0)»A(10)»TLAG(10)
COMMON METHsNCOL,NSCORE(20,10)sNFLAG
CALL READER(NF»X>Y»TITLE»SO>»AXO,TLAG,LOOF)

CALL LAG(NF Xy Ys TITLE»SOsAXOsTLAG»LOOF)

CALL SCORE(LOOFsTLAG»TITLE)

STOF
END



Hieracherical Diagram of REGRESS

Mol h
READE R LAG SCORE
ZERO { | GRAVU | (HENRI| [HALDAN| |GATES
A\ A\
FiTiT SCoONC
PoLIFl | | CORR
$SS | SS52 SSS$3
DETERM
SECANT
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10

200
100

9004
Y005
2000
2001
2006
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SUEBROUTINE READER(NFsXsYsTITLE»SOsAXOsTLAG,LOOF)

written buw? Jeffrew C. Colish 4/1/83

Furrose? inrFut data for redression rrodgram

variable listing?
NF - # OF FOINTS
X(I) -~ INDEFENDENT VARIABLE = time
Y(I) - DEFENDENT VARAIABLE = substrate concentration
AXO = initizl HMLSS of reactor
MAXORD = maximum order of rolumomizl to
the date will be resdgressed
length of time lad
¥ of loors to rperform lad czlculations

TLAG
LOOF

1

DIMENSION Y(50)sX(S0)sTITLE(40)»TLAG(10)
COMMON METH:NCOL yNSCORE(20s10)sNFLAG
READ(L1 2004 (TITLE(I)»I=1540)
WRITE{2y2005)(TITLEC(I) »I=1+40)
READ(1»X)INF

WRITE(2:2000NF

WRITE(2:92001)

D0 10 I=1sNF
READCL»2IX(I)»Y(I)
WRITE(2,P0048)X{I)sY(I)
CONTINUE

READ(1,%)80

WRITE(2,9007)80

READNC1 s %)AX0

WEITE(2,y2010)AX0

READCLy¥x)LOOF
WRITE(2,9013)L00F

no 20 1=1,L00F
READCL» X)X TLAG(I)
WRITE(2s9013)TLAG(I)

CONTINUE

DO 100 I=1+20

oo 200 J=1,L00F

initislize 211 Positions in NSCORE to O

NSCORE(I»)=0
CONTINUE

CONTINUE

RETURN

FORMAT (40A2)

FORMAT(’1’+5Xs40A2)
FORMAT (/7 »3Xy "NUHMEER OF FTS = “+13)
FORMATC( 07 211X/ X(I) 210Xy Y(I) ")
FORMATC( /7 »GXyF12,5+s5XsF12.5)



2007
7010
G013
2015

FORMAT(’0’ 93Xy Intial substrate conc.

FORMATC(707»3Xs "LO0OF = “4»13)
FORMATC( 075Xy Will redress data with

END

Fadge 133

= 'yF12.3¢" mg/17)
FORMAT( 0 25Xy’ Xo = ‘»F12.5s" mg MLSS/1°)

TrF12.507

hours lad’)
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SUBROUTINE LAG(NF+XsYsTITLE»SOsAXO»TLAG-LOOF)

cC
C written bw! Jeffrew C, Colish 4/1/83
C
C Furroset: +to0 redress the dedradation datas using
C 38 maximum of & different TLAGSs
C
DIMENSION Y(S0)syX(SO0)yTITLE(40)sTLAG(10)
DIMENSION XX(30)sYY(S0)sA(10)
COMMON METHsNCOLsNSCORE{(20+10) sNFLAG
NCOL=0
no 1000 J=1,L00F
NCOL=NCOL + 1
IF(TLAG(Y) +LT. 0.0 +OR. LOOF LT+ 1)RETURN
00 1504 I=1sNF
C
L rut substrate conc. versus time data in dummy
C arragsy so that the inrut datz 1s not destroved
C
XX(IY=X(I)
YY(I)=Y(I)

1500 CONTINUE
DO 2000 I=1sNF

¥
i substract lad time from time data to determine
c the falling rate reriod
C
2000 XX(IY=XX(I) - TLAG(M)
NEWNF=0
D0 3000 I=1sNF
C
C if time 1s less than zeroy» discard eo0int
c

IF(XX(IY LT, 0,0) GO TO 3000
NEWNF=NEWNF + 1
XX (NEWNF)I=XX{I)
YY(NEWNFI=YY(I)

3000 CONTINUE
TIME=TLAG(.J)

check if the 1st value imn XX-arraw is eaual to O
if it isn’‘ts a3dd this roint! (0,0s50)

OOo 0

IF(XX(1) LEQ. 0.0)60 TO 5000
NNF=NEWNF

NEWNF=NEWNF + 1

D0 4000 I =1sNNP

L=NEWNF - I

K=L + 1

XX(K)=XX (L)

YY(R)=YY (L)

XX(L)=0.0

YY(L)=80
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4000 CONTINUE
5000 CONTINUE

C
£ check if the 1lst value in YY-array is eaqual to So
C if it isnm’tr chande 1st value to So
G
IFCYY(1) .NE., 50) YY(1)=80
C
C

CALL ZERD(NEWNF s XX>YYTITLE,»SOyAX0»TINE)

CALL GRAU(NEUWNFsXXsYYsTITLE,SOsAXOyTIME)

CALL LOW(NEWNF s XXsYYsTITLE»SD»AXD»TIME)

CALL HENRI(NEWNF»XXyYY»TITLE»S0,AX0,TIME)

CALL HALDAN(NEWNF »XXsYYs TITLE»S0»AXO» TIME)

CALL GATES(NEWNF»XXsYY»TITLEsSO»AXOrTIME)
1000 CONTINUE

RETURN

END



OO0

1000

006
2007
2001

9975
2008
9985
2980

50

100
9015
9971

SURROUTINE ZERO(NFPsXsY»TITLE,S0rAXO0,TINME)

writtem by

Furrose?!

+
*

Jeffrew C, Colish 4/1/83
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to redgress the concentration versus time data
according to 3 zero-order kinetic exrression

DIMENSION Y(50)sX(S0)sTITLE(40)yA(10}
COMMON METHsNCOLYNSCORE(20s10) s NFLAG
WRITE(2y9008)(TITLE(I)»I=1+40)
HRITE(2y%007)
WRITE(2+,7001)TINE

METH=1
NFLAG=1

CALL FITIT(NPsXsYsl1s4)
WRITE{(Z2,99275)

Ak= —-a4(2)
THAX=50/4KR
IFCAR GT.

WRITE(2+50

0.,0)NECORE(METHyNCOL )=NSCORE(METH»NCOLY + 10
WRITE(2,9008)AK

WRITE(2,9983)TMAX
WRITE(2,2980)2AX0

)

WRITE(2,100)

SUM=0,0

g 1009 I=1,NF
53=50 - AK®X{(I)

nY=93 - Y(

I

SUM=8UM + DYX%X2
WRITE(Z2,2015)X(I)»Y(I)»83:DY

SUM=85UM/NF
IF(SUN LLE

RETURN

*

S5.0)NSCORE(METHsNCOL )=NSCORE(METHsNCOL) + 100
WRITE(2,92971)SUM

FORMAT (1’ s5Xs40A2)

FORMAT( /" »53Xy "DATA REGRESSED

FORMAT (" /7~
FORMAT (0O’
Zv Time”)
FORMAT(’0’
FORMATC( /"

' 5

Xy "Xo = "9F12.5+"

TO0 A ZERO ORDER EQ.7)
FORMATC( /7 s5Xs 'REGRESSION FERFORMED WITH ‘+G12.5)
Z’ HOURS LAG TIME’)
FORMAT(’0"y3Xy’Kinmetic Rate Censtants’)
FORMAT( 075X ’K = “sF12.9+7
FORMATC( /7’ »SXsy " Tmax = ‘+sF12.5¢s° hrs’)

mg/1-hr’)

mg MLSS/1°)

y3Xr‘Use Calc Rate Caonst to deter

s 9Xy "XEXF/ »BXs "YEXF 98Xy 'YCAL " +y8Xy LY ")

]

X»46G12.5)

FORMAT( 075Xy "THE SUM OF DY SQUARED DIVIDED

Z’ % OF FTS8
END

“612.5)

BY THE’
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SUBROUTINE GRAUCNF»XsYr»TITLEsSOrAXQsTINE)
written by? Jeffrew C. Colish 6/71/83
FPurroset to redress the concentration versus
time dasta according to the Grau

Ecvuation.

Assumrtions: Kd

Q.
Xa X

n <

constant during run

DIMENSION Y(SO0)s»X(LO0)yTITLE(40)»A(10)

DIMENSION XX(S0)sYY(S0)

COMMON METH»NCOLNSCORE(20510)sNFLAG
WRITE(2s90048)(TITLE(I)sI=1y40)

WRITE(2,9765)

WRITE(2,9001)TIME

METH=2

IF(NF JLE. 4)RETURN

NFM2=NF - 2

00 1000 I=1sNFM2

J=1 + 1

AX(Ir=X{D)

YY(I)=ALOG(S0/Y(Jd))

NFLAG=1

CALL FITIT(NFMZ2sXXsYYsleh)

AKFRIM=A(2)XS0/AX0

IF(AKFRIM +6T. O0,0)NSCORE(METHsNCOL)=NSCORE(METHsNCOL) + 10
WRITE(2:,99735)

WRITE(2y9978B)AKFRIMNM

WRITE(2,9980)AX0

WRITE(Z2:,50)

WRITE(2,100)

SUM=0,0

L0 2000 I=1sNF

SI=50XEXF (-AKFRIMXAXDXX(I)>/S0)

LY=g3 - Y(I)

SUM=SUM + DYX¥2

WRITE(2:9013)XCI)sY(I)sSIsNIY

SUM=SUM/NF

IF(SUM +LE., 5.0)NSCORE(METHsNCOL)=NSCORE(METH)NCOL)> + 100
WRITE(2:,9971)SUM

RETURN

FORMAT (‘1 93Xr40A2)

FORMAT (07 »5Xs "IIATA REGRESSED USING GRAU EQUATION’)
FORMAT(’/ +3Xs "REGRESSION FERFORMED WITH ‘,612.5,
Z7 HOURS LAG TIME)

FORMATC(’0’ »SXy"RKinetic Rate Constants ‘)
FORMAT(/ /7 +5Xy’K = “yF12.5¢" hr—-17)

FORMAT( /723Xy’ Xo = “yF12.5»‘ md MLSS/17)
FORMAT(/0’+3Xy‘Use Calc Rate Const to deter
v Time’)

FORMATC O 29Xy "XEXF yBXy " YEXF 28Xy ‘YCAL¢8BX» DY’ )
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9015 FORMAT('/795X»4G12.5)

9971 FORMAT(’0’»5Xy"THE SUM OF DY SQUARED DIVILED RBY THE'
Z° % OF PTS = 75612.%5)
END
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SUBRRDUTINE LOW(NFsXsYsTITLE,»S50-AX0yTIME)

C
C written by Jeffrew C, Colish 6/1/83
C
C Furroset! to redress the concentration versus
C time dats accordindg to ec. # 4-23 in
C Sundstrom & Klei,
C
C Assumrtions? Kd = 0,0
c Xo = X = constant during run
C So << Km
C
DIMENSION Y(30)syX(S0)»TITLEC40)2A(10)
DIMENSION XX(S0)rYY(S0)
COMMON METHsNCOLSNSCORE(20y10) ¢NFLAG
WRITE(2s200&8) (TITLEC(I)syI=1+40)
WRITE(Z2s9785)
WRITE(2s2001)TIME
METH=3
IF{(NF +LE. 4)RETURN
NFM2=NF - 2
DO 1000 I=1sNFM2
J=1 + 1
XX(I)=X(d)
1000 YY(I)=ALOG{(SO/Y())
NFLAG=1

CALL FITIT(NPM2»XXsYY»19A)
ARKPRIM=A(2)/AX0
IF(AKFRIM +GT+ O.0)NSCORE(METHsNCOL)=NSCORE(METHsNCOL) + 10
WRITE(2y9973)
WRITE(2y9978)AKFRIM
WRITE(2,9980)AX0Q
WRITE(2+50)
WRITE(2,100)
SUM=0.,0
D0 2000 I=1sNF
S3=50/EXF(AKFRIMXAXOXX(I))
DY=83 - Y(I)
SUM=SUM + DYXx2
2000 WRITEC(Z2,2019)X(I)sYC(I)»S3sDY
SUM=SUM/NF
IF(SUM JLE. S.O0INSCORE(METHNCOL)»=NSCORE(METHsNCOL) + 100
WRITE(2y9971)SUM
RETURN
2006 FORMAT(’1/+5X240A2)
2765 FORMAT('0O’ySX» 'DATA REGRESSED USING EQ., & 4-23 /)
2001 FORMAT(’//¢yS5Xy REGRESSION PERFORMED WITH “»G12.3»
Z7 HOURS LAG TIME")
9975 FORMAT(’0’»SXsy'Kinetic Rate Constants’)
978 FORMAT( /7’ 9SXs’K = “sF12.5y’ hr-17)
9980 FORMAT(//7s3Xy‘X0o = “9F12.97 md MLS8S/17)
50 FORMAT(’0’+5Xy‘'Use Cale Rate Const to deter
v Time ')
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100 FORMAT( 0’ y9X» "XEXF /98X s "YEXP ' +8Xy ' YCAL’»8Xy DY ")
015 FORMAT(///+5Xs4612,5)
7971 FORMAT('07y5Xy "THE SUM OF DY SQUARED DIVIDED RY THE~’
Z° % OF PTS = “3G12.5)
END
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SUBROUTINE HENRI(NFsXsY»TITLE»SO»AXO,»TIME)

written bw! Jeffrew C, Colish

4/1/83

Furrogei to redress the concentration versus
time dats asccording to the Henri

Eauation

Assumrtions? Rd =
Xo =

*

0.0
X = constan

So is arFFrox. eew

EXTERNAL 85882

t durindg run
ual to Km

DIMENSION Y(S0) sy X(50)sTITLE(40)+A(10)
DIMENSION XX(S0)rYY(50)
COMMON METH,NCOLNSCORE(20,10)sNFLAG
WRITEC(R2yR008)(TITLECILI)»I=1+40)

WRITE(2s2763)
WRITE(2s9001)TIME
METH=4

IF(NF JLEs 4)YRETURN

NFM2=NF -~ 2
DO 1000 I=1,NFH2
J=I + 1

XX(I3=(E0 - YCINI/X(DD
YY(I)=C(ALOGKY (1) /7Y (I DX/ X(D)

CONTINUE
NFLAG=1

CALL FITIT(NFM2sXX:YY21rA)

ARM=(-1.0/A(2))
ARKO=AKM¥A(1)
WRITE(2+,9973)
WRITE(2,9978)AKHM
WRITE(2:9979)AKD
WRITE(2,9980)AX0

IF(AKM LT, 0,060 TO 2000
CALL SCONC(NFsyXsY»S50rAX0sARM»AKD»0.0»5552)

RETURN

FORMAT( 17 +3X»4042)
FORMAT(/0’ 95Xy 'DATA REGRESSED
FORMAT(//* 33Xy 'REGRESSION FERFORMED WITH ‘+G12.5»

%' HOURS LAG TIME’)

USING HENRI EQUATION’)

FORMAT( 03Xy ‘Kinetic Rate Constants’)

FORMAT(’/ ' s3Xs "Km

‘yF12.57

FORMAT( /73Xy "KoXo/Y = ‘sF12,.

FORMAT( /735X X0
END

‘yF12.59

mg/17%)
Sy’ 1/hr-1-mdg biomass”’)
mg MLSS/17)
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SUBROUTINE HALDAN(NF+sX,Y»TITLE,SOsAXDsTIME)

written byl Jeffrew Cs Colish

6/1/83

Furrose! to regress the concentration versus
time data according to the Haldane

Eaquation.

Assumrtions!

S

Kd
Xo
S

I

EXTERNAL 8S83

X Q@

s

+ O

DIMENSION Y(50)sX(S0)»TITLE(40)»A(10)
DIMENSION XX(30)sYY(30)
COMMON METHsNCOLsNSCOREC(20+10) NFLAG
WRITE(2,20043(TITLE(I)Y»I=1+40)

WRITE(2:9765)
WRITE(Z2y9001) TIME
METH=15

IF(NF JLE. 3)RETURN
NFLAG=0

CALL FITIT(NF»X:Yr25A)

g 10060 I = 1sNF
5LOFPE

YY{(I» = -1.0/5LOFE
XX(I) = ¥Y{(I)
CONTINUE

NFLAG=1

WRITE(2,9610)

AC2) + 2XA(3IRX(TD)

CALL FITIT(NFPsXXrYYs1sA)

AK=(+1,0/74(2))
ARI=AKXA(1)

THAX=(AKIXE0 + (50%%2)/2.0)/4K

WRITE(2y929275)
WRITE(2+9978)ANK
WRITE(2s997%9)AKI
WRITE(2:92985)THAX
WRITE(2:,9980)AX0
IF(AN LT, 0.0 .OR

CALL SCONC(NFsXsYsSO0sAXOrAKYAKI»0.0+y85853)

RETURN
FORMAT( 1’ +5X240A2)

FORMAT( 0’ +3X»’DATA REGRESSED

+

constant during run

AKI .LT. 0.0)G0 70O 2000

FORMAT( '/’ »5Xs "REGRESSION FERFORMED WITH

Z’ HOURS LAG TIHE)

‘yG12.5
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USING HALDANE EQUATION’)

FORMAT( 0’ +5Xs ‘Flot ~dt/ds versus substrate conc.’)
FORMAT( 0’ »5Xsy’Kinetic Rate Constants’)
F12.5¢’ mg/17)
yF12.5y7 ma/17)

FORMATC(' /' +SXs ‘K =
FORMATC(' /7 29Xy 'Ki =
FORMAT(’/7 7 +SXsy ' X0 =
FORMAT( '/ 25Xy " Tmax
END

‘y
7

’

'F12,5s7 mg MLSS/17)

"PF12.8y 7

hrs’)
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FUNCTION 8SS3(Z1922+Z3+24+725+26+27)
written by! Jeffrew C. Colish 6/1/83

FUTFOSE ! 85883 = equation for substrate conc.
using Haldane ecuation

DUM1 = (Z1%%2 - Z7%%¥2)/(2%XZ4)
DUM2 = (~23%XZ2/24)
5883 = DIUM1 + Z1 + DUM2 - Z7

143
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SURROUTINE GATES(NFsX+YyTITLE»SOsAXOyTINME)
writtern bw! Jeffrew C. Colish 4/1/83

Furrose? to redress the concentration versus time
data using the method of Gates & Marlar.

Assumrtions: Kd = 0.0
So 15 arFrox, eaual to Km

OGO oOoOOOnOn

DIMENSION Y(50)sX(50)sTITLE(40),A(10)
DIMENSION XX(S0)sYY(50)
COMMON HETH»NCOLsNSCORE(20+10) sNFLAG
EXTERNAL S851
L0 1600 K=1,10
HETH=METH+1
WRITE(Z2»9006)(TITLE(I) »yI=1+40)
WRITE(2y2001)TIME
WRITE(Z2:,9766)
(W AA=FLOAT(K>/Z10.,0
AR=FLOATIRK)Z100.0
WRITE(2,2676)AA
ITFONF JLE. 4)RETURN
NFM2=NF - 2
O 2000 I=1sNFM2
J=I + 1
DUMI=1.0 + AAXLY (1) - Y(J))
IF{DuUML .6T. 0.0)G0 TO 2500
WRITE(2,92010)
Go TO 3000
2500 XX(ID=ALOG(DUMLI/X (D)
YY(IY=ALOG(S0/Y(J) )/ XSy
2000 CONTINUE
HFLAG=1
CALL FITIT(NPMZ2yXXsYYslsA)
WRITE(2,2975)
AKM=(1,0/4A + SO)/(~A(2) - 1.0)
ARO=AC1)/(-A(2) - 1.0)
WRITE(2,9978)AKM
WRITE(2,9972)AK0
AY=AAXAXO
WRITE(2,9980)AX0
WRITE(2,2981)AY
IF(ARM +LT. 0.0)60 TO 1000
CALL SCONC(NFs»XsYrSOsyAXDrAKMsARKO»AY»SS8S51)
1000 CONTINUE
3000 RETURN
9766 FORMAT(’0’»5Xs ' DATA REGRESSED USING GATES & MARLAR EQ.7)
006 FORMAT(‘1’9s3Xs40A2)
2001 FORMAT(’/’/+5Xy 'REGRESSION FERFORMELD WITH ‘»G12.5,
Z7 HOURS LAG TIME")
?676 FORMAT(’/7+5Xsy AA = “5(G12.,6)
9010 FORMAT(/’y5XyERROR? Ln{X)s WHERE X < 0.,0")



7975
G978
9979
¢280
P81

FORMAT( 0" +9Xy'Kinetic Rate Constarts’)

FORMAT (7 /793Xy "Km
FORMATC(’ /35Xy 'Ko
FORMAT( /' 23Xy " X0
FORMATC( /77 +3Xs Y
END

Honn

"yF12.5y
WF12.5y7
‘yF12.5¢ 7

TeF12.58 7

mg/ 1)

tr —-17)

mg MLSS/17)
mg biomass/mg
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substrate’)
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SUBROUTINE SCONC(NFsX»YsSOrAXODsARKMsARKDOYAY»S88)
written bgi Jeffrew C. Colish 4/1/83
Furrosei to use the czlculated kimetic rate

constants to determine the substrate
concentration versus time.

[ 90 o 2 o B on 2 o DR 96 0 o

DIMENSION X{30)yY(50)
COMMON METHsNCOLNSCORE(20y10) ¢NFLAG
NSCORE(METHyNCOL) =NSCORE(METHNCOL)Y + 10
WRITEC2550)
URITE(2:100)
533=Y (1)
SUM=0,0
g 1060 I=1sNF
INTR=O
H1=873
FHI=G85(80yX(I)yARKM»ARKDO»AXDyAY»S1)
§2=0,9%531
2000 FN2=S88S5(S0sX{I)sARKMsAKOsAXD»AY »82)
IFC(INTR +GE, 1060 TO 3000
INTR=INTR + 1
CALL SECANT(S51sS2sFN1FN2+53)
DIFF=4ABS{(S3 - Y(I))
IF(DIFF .LT. 0.,001)60 TO 3000
§1=82
FNI=FN2
82=83
GO TO 2000
3000 DY=S3 - Y(I)
SUM=8UM + DYXX2
WRITEC(2»200)X(I)sY(I)eS3sDYyINTR
1600 CONTINUE
SUM=SUM/NF
IF(SUM +LE. S5.0)NSCORE(METHyNCOL)=NSCORE(HMETHyNCOL) + 100
WRITE(2,9971)SUM
RETURN
50 FORMAT( 0’ +3Xy ‘Use Calc Rate Const to deter
Zv Time )
100 FORMAT( 0 yPXy "XEXF ' »8Xy "YEXF " y8Xy "YCAL " 98Xy "IIY 98X "INTR ")
200 FORMAT(/ 7 +3Xs46G12.,5y3Xs12)
9971 FORMAT( 0’+5Xy'THE SUM OF DY SQUARED DIVIDED BY THE'
Z' # OF FTS = /»G12.9)
END
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FUNCTION 8S51(Z1+Z2923vZ4225+26+27)

written byl Jeffrew C. Colish 4/1/783

FUTFOSE 55581 = eauation for substrate conc. verse
time uwsing MONOD kinetics

DUM1=(Z1 + Z6%(Z1 ~ Z7)%21/7713)

DUM2R=((Z9 + Zo6%Z1)/(Z4&XZ3))

IUM3=(Z2% + Z&6%(Z1 - Z7))/Z5

DUMA=Z4%Z2%(Z5 + Z6%Z1)/(26%XZ3)

IF(DUML LY. 0.0 +OR, DUM3 .LT. 0.0)60 TO 1000
§8S1=EXF( ALOG(DUML) + DUM2XALOG(DUM3) - DUM4) - Z7
GO TGO 2000

CONTINUE

WRITE(2,%9900)

FORMAT( 0’ +5Xy "ERROR?! Ln(X)» where X< 0.07)
5581=27%.9

RETURN

END

147
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SUBROUTINE SECANT(X1sX2sF1sF2sX3)
IF(ABS(F1 - F2) .GT. 1.E-08)G0 TO 900

X3=X2
60 TO 1000
900  X3=X2 - F2¥(X2-X1)/(F2-F1)
1000 CONTINUE
RETURN

END
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Fadge
FUNCTION S8S2{Z1:Z2+Z3+74+25yZ&+27)
written bugi Jeffrew C, Colish 4/1/83

FUTFOSE ) §$882 = the eaquation for substrate conc.
using the Henri Ecustion

DUM1=<(27 - 21)/23
DUM2=Z4%722/23
DUM3=EXF(DUM1 + DUM2)D
5582=Z1/0UN3 - Z7
RETURN

END

149
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BUBROUTINE FITIT(NFsXsYs»MAXORDsA)

C
C THIS FROGRAM FITS A FOLYNOMIAL OF ORDER 6
c

DIMENSION SIGMAY(50)sX(50)sY(50),A(50)»DELTAY(50)YCAL(S50)

%y TITLE(40)
COMMON METHsNCOL»NSCORE(20s10) »NFLAG

C IF(NF.LE.3) GO TO 99
C

o 2 I=1,NF

SIGMAY(I)=0,
2 CONTINUE

NCOLE=0
C MAXORD=NF/2
C IF (NF,LE.4) MAXORD=2
C IF(MAXORD.GT.46) MAXORD=4

NNK=MAXORD

IO 2 K=1,NNK

IF(NFLAG EQ., O JAND, K .EQ. 1) GO TD 3

Ki=K+1

C

CALL FOLIFI(XsYsSIGMAYINF>K1+,0sACHISAR)
WRITE(2y600)K

600 FORMAT(/»7X» "FOLYNOMIAL FITTED IS OF THE LEGREE =7,13)
WRITE(2s100)

100 FORMATC 0 92X " XEXFsBXs "YEXF ' +8X» 'YCAL »8Xy 'IIY")

ERROR=0,0
ng 4 J=1sNF
SUM=A(1)
no 5 I=2»K1
SUMN=SUM+ACTIIXX(J)XX(I~-1)
S CONTINUE
YCAL (J)=5UM
DELTAY (D) =YCAL(J)-Y (D)
WRITE(2:,2000X(J)sY(JXsYCALCIYsDELTAY (D)
200 FORMAT( /7 +3Xy4G12.5)
4 ERROR=ERROR+DELTAY (J)X%k2
ERROR=ERKOR/NF
WRITE(Z2,300)
500 FORMAT(/»5Xs "POLYNOMIAL CONSTANTS’)
Do 20 I=1sK1
WRITEC(2,25021IsA(1)
230 FORMAT(/»SXs "AC s I2y7)="»G12.5)
20 CONTINUE
IF(K +EQ., 1)CALL CORR(XsYsyNF'KryArR)
WRITE(2,300)ERROR
300 FORMAT(/+5Xy "SUM OF DELTAY SQUARED DIVIDED BY THE’
Z° % OF FOINTS =/,612.5)
3 CONTINUE
99 RETURN
END
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SUEBROUTINE FPOLIFI(Xy»YsSIGMAYI'NFTS/NTERMSMODEsAYyCHISAR)

EXTRACTED FROM: BEVINGTONsF. R.» "DIATA REDUCTION AND
ERROR ANALYSIS FOR THE FPHYSICAL SCIENCES®,
MCGRAW HILLy 1969,

SUBROUTINE FOLIFIT FURPOSE

MAKE A& LEAST-SQUARES FIT TO DATA WITH A FOLYNOMIAL CURVE
Y = A(1)Y + AC23%X + AC3IXX%¥X2 + ACA)XX%k%X3 + ,..

DESCRIFTION OF FARAMETERS
X -ARRAY OF DATA FOINTS FOR INDEFENDENT VARIARLE
i -ARRAY OF DATA FOINTS FOR DEFENDENT VARIAERLE
SIGHAY -~ ARRAY DOF STANDARD DEVIATIONS FOR Y DATA FOINTS
NFTS ~-NUMEBER OF FAIRS OF DATA FOINTS
NTERMS -NUMBER OF COEFFICIENTS(DEGREE OF FOLYNOMIAL + 1)
MOBE -~DETERMINANTS METHOL OF WEIGHTING LEAST~-SQUARES FIT
+1 (INSTRUMENTAL) WEIGHT(I)=1./SIGMAY(I)X%X%2
0 (NO WEIGHTING) WEIGHT =1,
-1 (STATISTICAL) WEIGHT{(I) = 1,/YCI)
A -~ ARRAY OF COEFFICIENTS OF FOLYNOMIAL
CHISQR - REDUCED CHI SQUARE FOR FIT

SUBRQUTINES AND FUNCTION SUERFROGRAMS REQUIRED
DELTERM (ARRAYNORDER)
EVALUATES THE DETERMINANTS OF A SYMMETRIC
TWO-DIMENSIONAL MATRIX OF NORDER

DOURLE PRECISION SUMX»SUMY ! XTERM» YTERM:ARRAYCHISA
DIMENSION X(350)r Y{(50)s, SIGMAY{(S0)s A(SO)
DIMENSION SUMX(50)yS5UMY{50)ARRAY(858)

ACCUMULATE WEIGHTING SUMS

NMAX = 2X¥NTERMS - 1
DO 13 N=1, NMAX
SUMX(MN) = 0.

0 1% J=1, NTERMS
SUMY (Jd)= 0,

CHIGR =0,

b0 S0 I=1y NFTS
XI=X(1)

YI= Y(I)

IF (MODE) 32+37,39
IF(YI) 35+37,33
WEIGHT = 1./Y1

GO TO 41

WEIGHT = 1./(-YI)

GO TD 41

WEIGHT = 1.

G0 TO 41

WEIGHT = 1. / SIGHMAY(I)%x%2



41

59
61
¥
45

70

\,l\}\j
o U

100

50

XTERM=WEIGHT

N0 44 N=1»NMAX

SUMX(N) = SUMX(N) + XTERHM
XTERM XTERM % XI

YTERM = WEIGHTXYI

IO 48 N=1s NTERMS

SUMT (N)=BUMY{(N) + YTERHM
YTERM = YTERM *XI

CHISQ = CHISQ + WEIGHTH*YIXX%2
CONTINUE

CONSTRUCT MATRICES AND CALCULATE COEFFICIENTS

DO 54 Jd=1s NTERMS

Do 54 K=1» NTERMS

No=J+ K -1

ARRAY (Js KD = SUMX(N)

DELTA = DETERM (ARRAYsNTERMS)
IF(DELTAY 41+57961

CHISQR = 0.

np 59 J4=1y NTERHMS

ACYY = 0.

GO 70 80

no 70 L=1s NTERMS

no 66 .J=1» NTERMS

D0 63 K=1+NTERMS

N = J+K-1

ARRAY (J» K7 =SUMX(N)
ARRAY (L) =8UMY (J)
ACLY=DETERM(ARRAY yNTERMS) /DELTA

CALCULATES CHI SQUARE

Do 25 Jd=1» NTERMS

CHISA = CHISA - 2.XA(J)XSUMY ()
D0 75 KR=1» NTERMS

N=J+K-1
CHISR=CHISQR+A{JI¥ACK)KSUMX(N)
FREE=NFTS-NTERMS
CHISGR=CHISG/FREE

WRITE{(2y100)CHISAR
FORMATC(? /75Xy "CHISBQR ="9612.5/)

RETURN
ENID
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FUNCTION DETERM(ARRAYNORDER)

EXTRACTED FROM: BEVINGTON»F. R.» "DATA REDUCTION AND
ERRDR ANALYSIS FOR THE FPHYSICAL SCIEINCES®»
MCGRAW-HILL, 1969,

FUNCTION DETERM

FURFOSE
CALCULATES THE DETERMINANT OF A SQUARE MATRIX

DET = DETERM(ARRAY s NORDER)

DESCRIFTION OF FARAMETERS
ARRAY ~-MATRIX
NORDER -ORIDER OF DETERMINANT (DEGREE OF MATRIX)

SUBRROUTINE AND FUNCTION SURFRODGRAMS REQUIRED
NONE

COMMENTS
THIS SUBFROGRAM DESTROYS THE INFUT MATRIX ARRAY

DOUBLE FRECISION ARRAY»SAVE
DIMENSION ARRAY(8:8)

DETERM =1.

po 50 K=1» NORIDER

INTERCHANGE COLUMNS IF DIAGNOL ELEMENT IS ZERO

IFCARRAY(KyK)) 41+21541
o 23 J=Kr NORDER
IF(ARRAY (K J)) 31,23,31
CONTINUE

DETERM = 0.

GO TO &0

o 34 I=K» NRODER

SAVE = ARRAY(I,J)
ARRAY(I» J)=ARRAY(I+K)
ARRAY (I yK)=8AVE

DETERM = -DETERM

SUBTRACT ROW K FROM LOWER ROWS TO GET DIAGONAL MATRIX
DETERM = DETERMXARRAY(K»K)

IF(K -~ NORDER) 43,50,50
K1=K+1

D0 44 I=K1s NORDER

Do 44 J=K1,NORLDER

ARRAY (I+J)=ARRAY (I J)-ARRAY(IsKIXARRAY (K J) /ARRAY{KsK)
CONTINUE

RETURN

END
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SURROUTINE CORR(XsYsNFsKsArR)

writtemn buil Jeffrey C, Colish 4/1/83

FUTFOSE to cslculate the correlation coefficient

of a3

DIMENSION X{30)

linear rlot

yY(S50)sAC10:

COMMON METHsyNCOLNSCORE(Z20s10),NFLAG

SUMA=0,0
SUMX2=0.0
SUMY=0.0
SUMT2=0.0

GO 1000 I=1NF
SUMX=3UMX + X(I

)

BUMX2=8UMXZ + X(I)¥x%Z

BUMY=6UMY + Y(I

2

SUMY2=8UMY2 + Y(I)*%2

CONTINUE

RRE=SUMX2 - (SUMXXX2)/NF

RR=RR/{SUMYZ2 =~
R=A(2)*¥SQRT(RR)
IF(ARS(R) .GT.
WRITE(2,375)K
FORMAT( 70" +5Xys’
RETURN

END

(SUMYXX2) /NF)
0.,95)NSCORE(METHs» NCOL)=NSCORE (METHsNCOL) + 1

THE CORRELATION COEFFICIENT = “+G12.3)
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SUBROQUTINE SCORE(LOOFsTLAGYTITLE)

written bui Jeffrew C, Colish 6/1/83

FUTFROSE toe provide 2 one rpade summary of
the results of the dats redression

oo OoOn

DIMENSION YC(S0) e X(S0) s TITLEC(40)+A(10) s TLAG(10)

COMMON METHYNCOL«NSCORE(20y10) sNFLAG

WRITE(2,8980)

WRITEC(2yE8981)(TITLEC(I)»I=1+40)

WRITE(2,8982)

WRITE(2,8984)

WRITE(2:8934

WRITE(2,8988)

WRITE(Z2,89289)

WEITE(2+8990)

WRITE{2,8992)

WRITE(2y2000)

WRITE(2+90027

WRITE(2:s2004)

WHRITE(Z2y2002)

WRITECZ:92000)

WRITE(Z2s9006)(TLAG(I)»I=1LO0OF)

WRITE(2,9000)

0 1000 I=1-1%5

WRITE(2,900B)Iy (NSCORE(I»J)»J=1,L00F)

WRITE(2,9000)
10006 CONTINUE

WRITE(Z2»23500)

WRITE(2+9502)

WRITE(2,9504)

WRITE(2:9506)

WRITE(2:9508)

RETURN
8980 FORMAT( " 1/9+15Xs‘Redression Scorecard’)
89281 FORMAT (/7 +3Xy40A42)
BYE2 FORMAT( 0 15Xy "METH
8284 FORMAT( /715Xy "METH
8986 FORMATC( /915Xy "METH
8988 FORMAT("/’ 19Xy 'METH
BYB? FORMAT( ' //915X» ‘"METH Haldane equation’)
BP0 FORMAT('/ +1SX» “METH 15 = Gates & Marlar Method’)
8992 FORMAT( /730Xy ’with A= 0.1 - 1.0°)
2000 FORMAT( /" 910XsS7¢" ~"))
P002 FORHAT( /7 7510Xs8(’ "y7X))
9004 FORMATC(’/ 7 +10Xy” ‘y17Xs’# OF HR OF LAG »16Xs " /)
2006 FORMATC(' /7 +10Xs’ Meth #797( "»FO6.3s1X))
9008 FORMAT( /7 7+10Xs8(" “9I1392X))
2500 FORMAT{('0’s10Xy‘Exrlanation of Redression Scorecard Codes”’)
9502 FORMAT(’ /7 +10Xy’1 in units column = ABS(R) * 0.957)
?504 FORMAT(’/7+10Xy’1 in tens column = rate constants have the

Z correct sign’)

Zero—-order ecuation’)
Grau kinetic eacuation’)
Eauation % 4-237)

Henri ecuation’)

wonon o4

Wi e dde e s e
o S & N S VR I 06



Fade 156

9306 FORMAT( /7910Xs’1 in hundreds column = sum DYXX2/NF < 5.07)
PH08 FORMAT(’/7+10X5y’A score of 0 = dates fziled to meet anw

“# of the "dood fit" criterior’)

END



Padge 157

EREEREEKEAKKRKE KRR KKK KKK KKK KKK

¥ X
X Samrele InrFut to REGRESS X
X *
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TABLE # 20 - RESULTS OF 2NIN 100 FFM FHENOL RUN
&

0&0!1330687

G,333,121.007

0.667,103,234

1,0,91.,888

1.,333:43.417

1.4647+31,303

220015270

2:323320.,0

133,487

1100.0

.0
0,333
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3KOK HKOK KK K KO K OKOKORRORKOK XOK KR KK KR Kok K0k X

* X
X Samrle Outerut from REGRESS X
X *

12223220258 0030 0302220282320 28228

TAEBLE # 20 - RESULTS OF 2ND 100 FPM FHENOL RUN

NUMEBER OF FTS = 8

X{(I} YCI)

¢,0000G0 133.68700

0.,33300 121.00700

0.66700 103.23399

1.00000 21.,88800

1.33300 432,41701

1.646700 J1.50301

2.00000 15.27000

2.33300 0,.00000
Imtizl substrate conc, = 133.68700 mg/1
Xo = 1100.,00000 mg MLSS/1
LDOF = 2
Will redress date with 0.00000 hours lad

Will redress datas with 0,33300 hours lag
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TABLE ¥ 20 — RESULTS OF 2ND 100 FFM FHENOL RUN
DATA REGRESSED 7O A ZERO ORDER EQ.

REGRESSION FERFORMED WITH 0,00000 HOURS LAG TIME

CHISGR = 83,135

FOLYNOMIAL FITTED IS OF THE DEGREE = 1

XEXF YEXF YCAL ny

0.060000 133,69 132.51 5.8197

0.33300 121.01 118,95 ~-2.0536

0.66700 103,23 98,338 -4.89596
1.0000 21.888 77.785 -14.103
1.3330 43.417 57.232 13.815
1.6670 31.503 36.617 5.1138
2.0000 15.270 16.063 0.79345
24.3330 0.00000 ~4.,4899 -4.,4899

FOLYNOMIAL CONSTANTS
Al 1)=  13%9.51
Al 2= ~61,722

THE CORRELATION COEFFICIENT = -0.98426
SUM OF DY SQUARED DIVIODED BY THE # OF FTS = 62.341
Kinetic Rate Comstanmts
K = 61+72162 mg/1~hr
Tmax = 2.165%97 hrs
X = 1100,00000 mg MLSS/1
Use Calc. Rete Const. to deter. Subs Conc v. Time
XEXF YEXF YCAL oy
0.00000 133.6Y% 133.69 0.00000
0.33300 121.01 113,13 ~7.8733
0+66700 103,23 92,919 -10.,7195
1.0000 91,888 71.965 ~-19.923
1.3330 43,417 51.412 7+9951
1,6670 31.503 30,797 -0.,70593
2.0000 15.270 10.244 ~-5.0262
2+,333¢ 0.00000 -10.,310 ~-10.,310

THE SUM OF DY SQUARED DIVIDED BY THE # OF FPTS = 6211
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TARLE # 20 - RESULTS OF 2ND 100 FFM FHENOL RUN
DATA REGRESSED USING GRAU ERUATION
REGRESSION FERFORMED WITH 0.00000 HOURS LAG TINME
CHISRR = 0,54178E~-01
FOLYNOMIAL FITTED IS OF THE DEGREE

1

XEXF YEXF YCAL Dy
0.33300 0.99652E-01-0,13528 -0.,23493
0.66700 0.25850 0.,28435 0.258B49E-01

1.0000 0.37493 0.70273 0.32780
1.,3330 1.1244 1.1211 -0.3543%E-02
1.6670 1.44%54 1.3407 0.95321E-01
2.+.0000 2.1696 1.9391 -0.21049

FOLYNOQMIAL CONSTANTS
Al 11=-0.,55346
Al 2= 1,2564
THE CORRELATION COEFFICIENT = 0.96647
SUM OF DY SQUARED DIVIDED BY THE # OF PTS = 0.36120E-01
Kimetic Rate Constants

K = 0.1526% hr-1

Xo = 1100,00000 mg MLSS/1

Use Cale. Rate Cornst. to deter. Subs Conc ve Time

XEXF YEXF YCaL ny

0,00000 133,69 133,49 0,00000
0.33300 121.01 87.981 -33,026
0,66700 103.23 57.829 -45,4095
1,0000 ?1.888 38,058 -53.830
1.3330 43,417 25,047 -18.370
1.64670 31,503 16,463 ~-15.040
2.0000 15,270 10.834 -4.43564
243330 0.00000 71303 7+1303

THE SUM OF DY SGUARED DIVIDED BY THE # OF FTS = 835.52
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TAELE % 20 - RESULTS 0OF 2ND
LATA REGRESSED

100 FFM FHENOL RUN
USING HENRI EQUATION

REGRESSION FERFORMED WITH ©.00000 HOURS LAG TIME
CHISQR = 0.283587E~01
FOLYNOMIAL FITTEDN IS OF THE DEGREE = 1
XEXF YEXF YCAL oy
38,078 0.299264 0.29762 ~0,16410E~-02
45.657 0.38756 0.4816°9 0+94132E-01
41,799 0.374%93 0.38799 0+.,13062E-01
67,719 0,B84370 1.0176 0.17387
61.298 0.86708 0.86161 ~0.54720E-02
99,208 1.0848 0.81085 ~0.,27395
FOLYNOMIAL CONSTANTS
Al 1)=~-0.62726
Al 2= 0.24289E-01
THE CORRELATION COEFFICIENT = 0.88805

SUM OF DY SQUARED DIVIDED
Kimetic Rate Constants

BY THE % OF FTS = 0,19058E-01

Km = ~41,17104 mar 1
KoXo/Y = 253.82489 1/hr-1-md Diomass
¥o = 1100,00000 mg MLSS/1
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TAELE # 20 -~ RESULTS OF 2ND 100 FFM FHENOL RUN
IATA REGRESSED USING HALDANE EQUATION

REGRESSION FERFORMED WITH ©0.00000 HOURS LAG TIME
CHISAR = 99,477
FOLYNOMIAL FITTEDR IS OF THE DEGREE = 2
XEXF YEXF YCAL oy
0.00000 133.69 139.14 344500
0.,33300 121,01 118,90 -2.,1066
0.86700 103,23 ?8.497 ~4.7369
1.06000 91.E888 78,049 -13.839
1.3330 43.417 57.496 14,079
1.6670 31,563 36.775 5.2720
2.0000 15.270 16.010 0.74047
2.3330 0.00000 -4,8593 -4,8595

FOLYNOMIAL CONSTANTS

a( 1)= 139,14

Al 2¥= —60.612

Al 3)=-0,47553

SUM OF DY SQUARED DIVIDED BY THE # OF FTS = 42.283
Flot -dt/ds versus substrate conc,

CHISQAR = 0,9103BE-0Y

FOLYNOMIAL FITTED IS OF THE DEGREE = 1
XEXF YEXF YCAL oy
133,49 0.16498BE~-01 0,16464E-01~0.33889E~-04
121,01 0,16413E-01 0.16415E-01 0,194670E-05
103.23 0.16327E~-01 0.16345E-01 0.17155E~-04
¥1.888 0.16243E-01 0.16300E~-01 0.54501E-04
43,417 0.16160E-01 0.,16109E~-01~-0.51107E-04
31.503 0.16078E-01 0,16062E-01-0.15436E~-04
15.270 0.15996E-01 0.15998E~-01 0.21197E-05
0.00000 D0.,15916E-01 0,15938BE~-01 0.22665E-04

FOLYNOMIAL CONSTANTS
Al 1)= 0.15938E-01
A{ 2= ¢ ,39351E~-095
THE CORRELATION COEFFICIENT = 0.98101
SUM OF DY SQUARED DIVIDED BY THE # OF PTS = 0.10010E-08
FKinetic Rate Constants
K = 254120¢.50000 mg/1

Ki = 4050,246680 ma/1
Tmay = 2.146592 nrs
Xo = 1100,00000 mg MLSS/1
Use Czle. Rate Consts. to deter. Subs Comc ve Time
XEXF YEXF YCAL ny INTR
0.000090 133.469 133.69 ~-0.15259E-04 i
0.,33300 121.01 113,41 ~7+3945 10
0.,66700 103,23 @2.977 ~-10,257 10
1.0000 91.888 72.503 -19.385 10
13330 43,417 51.926 8.5088 i0
1:.66790 31503 31,183 -0.,32008 10
2:.0000 15.270 10,397 -4,8734 10
2¢3330 0.00000 -10.,497 ~-10,497 10

THE SUM OF DY SQUARED DIVIDED BY THE # OF FTS = 93.137
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TABLE # 20 - RESULTS OF 2NDI' 100 FFM FHENOL RUN

REGRESSION FERFORMED WITH 0.00000 HOURS LAG TIME
DATA REGRESSED USING GATES & MARLAR EQ.
AA = 0.001000
CHISOR = 0,33212E-01

FOLYNOMIAL FITTED IS OF THE DEGREE = 1

XEXF YEXF YCAL Iy

0.378B36E~-01 0.29726 0.30711 0.78577E-02
G,44975E-01 0.387%5 0.49661 0.10905
0.40949E-01 0.37493 0.38973 0.148B04E-01
0.64835E-01 0.843790 1.0238 0.18005
0.58B344E-01 0.B6708 0.85200 ~-0.,15073E~-01
0.,35957E-01  1.0848 0.78811 ~0.29670

FOLYNOMIAL CONSTANTS

Al 11=~0,6%719

AL 2= 264544

THE CORRELATION COEFFICIENT = 0.86857

SuUM OF DY SQUAREL DIVIDED BY THE # OF FTS = 0,22141E-01
Kinetic Rate Constants

Km = -41,15984 md/1
Ko = 0,02531 hr -1
= 11006,00000 mg MLSS/1

Xo
Y = 1,10000 meg biomass/mg substrate
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Redression Scorecard

¥ 20 ~ RESULTS OF 2ND 100 FFM FHENOL RUN

METH # 1 = Zero-order ecuation

METH # 2 = Grau kinetic equation

METH # 3 = Equation ¥ 4-23

METH # 4 = Henri equation

METH # S = Haldane equation

METH & 6 - 1% = Gates & Marlar Method

with A= 0.1 -

1.0
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#rlanation of Redression Scorecard Codes

1 in
1 in
1 in
sCor

units columrn = ABS(R) » 0.95

tens column = rate constants have correct sidn

hundreds column = sum DYX%X2/NF
e of 0 = datas failed to meet 2any

<.

5.0
*dood fit"

criterior
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