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RESUME

Des polyélectrolytes utilis€s comme f£loculants dans les
procedéé de traitement des éaux, eaux usées et boues
activées, ont €té expérimentds pour leur effet toxigue sur
des cultures mixtes de bactéries agquatigues isolées du
fleuve St Laurent. Les polyéiectrolytes- ‘testés ne
demontr3rent pas d'effet inhibiteur sur la densité optigue
de 1la population microbiémne ainsi gue sur 1ltactivité
metaboligque de ceux-ci. Ces polyélectrolytes ne purent pas
pour aatant servir de source nutritive ©pour les cultures
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microbiennes mixtes inoculees.

Cependant, il fut p[possible d'isoler du fleuve St
Laurent une espéce de Eseudomopnas ayant la faculté de
biodegrader les 6 polyélectrolytes testes. La biodegradation
aérobe de ces polyélectrolytes fut associée a la respiration
des bactéries et donc controlée par la consommation
d'oxygene de ces microbes. La consommaticn d'oxygéne fut

L4 [y -~ s =
mesuree par un respircmetre éléctrolytxque. Les efforts

furent concentres sir la biodegradation du polymere de

‘Chlorure d'Ammoniaque de Diallyl Dymethylique (DMDAAC). Les
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experiences ont en effet demontre que le Pseucdomonas isolée
!-‘ K] .’ - 4 &

de la riviere avait la capacite d'utiliser le pclymére comme

seule source de carbone et d'azote. Pendant le procedé'de
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biodéjradation, il fdt possible d'iscler wune enzyme
extracellulaire de la solution inoculée de polymére de
DMDAAC. Cette enzyme démontra la capacité de dégrader le
polymere dans une solution stéiile; Base sur des resultats
experimantaux ainsi que sur une revue litteraire, wun
mechanisae hypothétique de biodegradation du polymére par le

pseudomonad ajuatique est presehté dans cette Stude.

pes tests de toxicité et bicdegradation conduits sur
les boues activees demontreigue les polyméres dlment ajouiéé
n*ont pas d'effet toxique sur les bacteries contenues dans
les boues activées. Ces tests ont aussi permis de confirmer
qu'une lconcentration Iésiduelle de polymére demeure en
solation apres la sédimentation du lit bactérien. Quand le

. 7 . S . . - -
Pseudomonas isoléd, fut ajoutd a cette solution enrichie de

polyagre non sedinenté, il fat possible de démontrer la
biodegradation dua polynére par le controle de consommation
d'oxygéne ainsi que par la titration du polymére restant en

solution.



O

ABSTRACY

The effect of polyelectrolytes used as flocculants in
water, wastewvater and sludge treatment vas tested on mixed
aguatic microbial populatioms isolated £from the St Lawrence
River. The tested polyelectrolytes did not exhibit toxicity
on the overall microbial population demnsity or om the
microbial metabolic activity. Howvever, _these
polyelectrolytes could not serve as nutrient sources for the

mixed cultures and were therefore not readily biodegradable.

However, it was possible to isolate from the St Lawrence
River a pPseudomonas species which had the ability to
biodegrade all 6 polyelecttolytgs tested. Experiments were
concentrated on the Liodegradation of Dimethyl Diallyl
Anmonium Chloride (DMLAAC) polymer, which the isolated
pseudomonad could use as source of both carbon and nitrogean.
an exoenzyme was also extracted from the inoculated polymer
solution, vwhich shcwed the ability to lyse DMDAAC polymer in
a cell-free solution. Based on experimental results and
literature review, it was possible to propose a hypothetical

biodegradation pathway for DMDAAC polymer.

Sludge-Supernatant toxicity/biodegradation tests showed

that wnen polymers were added to activated sludge mixed
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liquor, the,polyﬁers adsorbed on the settled sludge did not
show toxic effects to the microbes present in the sludge. It
also vas demonstrated that some added polymer remained in
the supernatant after the sludge had settled. When the
isolated Pseudomonas was inoculated into these supernatants,
polymer degradation, as smonitored by oxygen uptake and

polymer titration, occurred.
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10-1 APPENDIX 14

LIST OF CANADIAYN WATER AND WASTFWATER TREATMENT PLANTIS

This survey covers water and waste treatment plants using
polyelectrolytes as coagulants ir £four Canadian frovinces. The
survey uses information obtained from two major manufacturers
selling polyelectrolytes (Allied Collecids and Calgcen Corg. of
Canada).
Munici- Average Flocculant
pality Plant Name Flcw Aprlicaticn Tyce
cu.m/d
Brovince _of Quebhec
Candiac Candiac WTIP 13619 Pctable Water Kon ioric
' fclyacrylamide
Contrecoeur Centrale de Trait 2687 Pctable Water DNon ionic
D'Eau folyacrylamnide
Dolbeau Usine de Filtration €387 Pctable Water Nomn iomic
: ' Folyacrylanide
Donnacona Usine de Traitement c447 Pctable Water High MW Slightly
Cationic
Hull City Usine de Traitement €8(C99 Pctable Water High MW
D'Eau de Parc Mouse ccnionic
Lachute Usine de Filtratiom 1(895 Pctable Water J¥onionic
Folyacrylamide
Lauzon Usine de Filtration 6174 Potakle Water Ncnionic
: polyacrylanide
Lavaltrie Usine de Filtration 522 Potakble Water ©Nonionic
folyacrylamide
L'Assonp- Osine de Filtration €809 Potakle Water \Nonicnic
tion ‘ rolyacrylamide
L'Islet Usine de Filtration - Potalkle Water High 3W Slightly
: Cationic
Mirabel Usine Deputation de 1452 Sludge Bigh 4% Sliyhtly
St. Janvier Devwatering Caticnic
Micolet Usine de Traitement €302 Pctable Water High 4% Slightly

D*Eau

Cationic



Manici-
pality

Plessis~-
ville

Quebec
Quebec
Repentigny
Riveriere
du Loup
Roberval
St.

Agathe

St.Francois
du Lac

St. Georges
{Beauce)

St. Lambert
Sorel
Terrebonne

Varennes

Vaudreuil

Plant Nanme

Usine de Filtration
de Plessisville

Usine de Traitement
Imperial 0il
Centrale de

Filtration

Usine de Traitement
Usine de Filtration
Osine de Filtration
Filtration

Conventionelle,

Usine de Piltration

Usine de PFPiltration

Usine de Traitement

D' Eau

Usine de Filtration

Usine de Filtration
de Varennes

Usine Epuration de
Vaudreuil

Average
Flow
cu.n/d

EE7Y

181599

16895

3631

2905
45933
24520
17705

65€8

4085

Applicaticn

Pctable Water

Pctakle Water

Sludge
Dewatering

Potatle Water

Potatle #Water

Fotatktle

Water

Potable Water

Potable Water

Pctable Water

Potalkle Water

Potakle Water
Potaktle Water
WYater

Pctable

Sludge
Cewatering

Flacculant
Type

¥ecanionic
Fclyacrylamide

High H¥ Slightly
Caticnic

Higbh MW Slightly
Cationic

Nenionic
Eolyacrylamide

Nonicnic
Eclyacrylanmide

Ncnionic
Eolyacrylanide
Nonionic
Bclyacrylanide
Nonionic
Polyacrylamide
Bigh X% Slightly
Cationic
Ncnionic
Eclyacrylamide

Ncnionic
Eolyacrylanmide
Nenionic
Eolyacrylaaide

Nonionic
Eclyacrylamide

Aigh MW Slightly
Cationic
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Munici-
pality

Province of

Aylmer
Tcwn

Buckingham

Tcvwn

Casselnan
Village

Chapleau
Tcwnship

Chatam City

Durham Town

Hamilton
City

Kingston
City

London City

Marmora
Village

Midland
Tewn

Moosonee

North Bay

City

Ottava City

Prescott

Sarnia City

Sault Ste.
darie City

St. Mary

Average
Plant Nam= Flcw
cu.n/d

Ontario
Aylmer Municipal 7590
Plant
Casselman WTP 404
Chapleau Municipal 3314
Plant
Chatam WPCP 15889
Durham Sewage Horks: 1098
Woodward Avenue 239257
Sewage Treatment
Kingston Water £4479
Pollution Control
Marmora Municipal 499
Midland WPCP?P €171
Moosonee HTP 635
North Bay WPCP 31325
Green Creek Pollu- 2€7859
tion Control Center
Prescott Municigal J132¢
Plant
Sarnia Sewage City 3¢634
Highland Creek 105781
Plant
St. Mary's 3191

Yuonicipal Supply

Aprlicaticn

Flccculant

Ty;e

Pctable Water High MW Nonionic

Potable Water
Pctable wafer
Potable Water
Sludge

Dewatering

Sludge .
Dewatering

Sludge
Dewatering

Sludge
Devatering

Sludge
Dewatering

Pctable Water
Sludge
Dewvatering
Pctable Water

Sludge
Dewatering

Phosrhorous
Removal

Clarification
Phosthorous
Removal

Phosphorous
Removal

Potable Water

High

High

Bigh
High

Bigk

High
High
High

High

High

High

High &

High

High

i)

MR

Mu

o4}

Nw

MW

o'}

MW

M¥

Mu

h il

A

MA

WY}

MY

Monionic

Nonionic

Nonionic

Cationic

Cationic

Cationic

Cationic

Cationic

Nonionic

Cationic

Nonionic

Cationic

Nonionic

Anionic

Anionic

Anionic

High MW Slightly

Cationic
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Munici-
pality

St.
City

Thomas

Sudbury
City

Toronto
Toronto

Toronto
City

Verner

Windsor
City

Windsor
City

Plant Name

St. Thomas
Municipal FPCP?

Sudbury WECP
Toronto Main Plant

Toronto ¥ain Plant

Metropolitan
Toronto

Molson's Brewvery
Molson's Brewvery
Ontario Hydro

Chrysler Canada

Collis Leatherv

Interlake Steel

Green Gaint of
Canada

Metal Koting

Little River Pollu-
tion Control Plant

Windsor City dain
Plant

Average
Flovw
cu.n/4d

17592
459939
77€339

77€339

100333

127555

Application.

Sludge
Dewatering

Sludge
Thickening

Sludge
Dewatering

Sludge
Thickening

Potable Water

Sludge
Devatering

Sludge
Thickening

Hater
Clarification

Flotation

Sludge
Dewatering

Wastewater -
Clarificaicn

Sludge
Dewatering

Wastewater
Clarification

Fotable Water

Sludge
Dewatering
Sludge
Thickening
Phosthorous
Remcval

Fotakle Water

Flocculant

Tyre

Bigh

Eigk

Bigh

High

Eoly

Bigh

High

High

Righ

High

High

Bigh
High
High
High

Bigk

Cationic

au

a4

vk

My

Cationic
Cationic
Cationic

Cationic

DADHAC

MW

MR

MW

MW

MU

MW

hi)

MW

MA

il

L ¥

M|

Cationic

Cationic

Anionic

Anionic

Cationic

Anionic

Cationic

Anionic

Nonionic

i Cationic

Cationic
Anionic

Slightly
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Munici- .
pality Plant Nanme

Pronvince of Saskatchewan

Buffalo Pound

Regina Regina Wastewater
City Treatnent Plant
Regina Regina Wastewater
City Treatment Plant
Estevan Estevan WTP

City

Province of Alberta

Calgary - ‘Bonnybrook Sewage
City Treatment Plant

Indian Affairs

Average
Flcw
cu.n/d

€1516

€1516

3722

282097

Applicaticn

Pctable Water

Sludge
Dewatering

Phosphorous
Eemcval

Potable Water

Sludge
Thickening
{(Flotation)

Potable Water

Flccculant

Tyre

High

Bigkh

Bigh

High

High

High

Y

bl

qu

MW

MW

Anionic

Cationic

Anionic

Anionic

Cationic

Anionic
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10.2 APPENDIX 2

The following appendix presents the Entoer-Doudoroff
pathvay (Figure A.2.1) fpresent in the pseudomonads, which
converts sugars into pyruvic acid, glyceraldehyde or
ribulose. Pyruvic acid is thereafter introduced into the TCa

cycle after being converted to acetyl-COA (Figure A1.2.2).

D-Mannose D-Glucose . D-Fructose
-
- $s~~ :ﬂ ","Q
ADP ~~~s :ADP ”a' ADP
s ] e’
Sole”

Glucose-6-Phosphate
1

Ny
1 NADPH
D-Gluconate |
[3? -~ o ]
’ 6-Phosphogluconate
' d s -
rd ~
4 ~
l' \\
H,0 47 <9 NADPH
'I’ . \\
rd -
r'd \\

l’ ~
2-Keto-3-Deoxy-6- 3-Keto-6-
Phosphogluconate Phosphogluconate

n 1

V2 ) ]

’ \\ 1

’ '

\ b
; \ : co,

’ “ ]

4 \ i

/! N '

Pyruvate D-Glyceraldehyde - D-Ribulose-S5-P

1

!
i
TCA cycle

Figure A.2.1 The Entner-Doudoroff Pathway of the Pseudomonas spp... .. 1975)
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OH ) N
(“-hydroxylethyl thia.mine. Pyrophosphate) CHy - s ¢ CHJ :'
(Pyruvic acid) -
(ribose-5-P, glucose-6-P, ,“.
muramic acid, glycerol-P, ity
tryptophan, cysteine, serine, o
alanine, glycine, tyrosine.)
CH,  C - § .
3 ' + reduced lipoamide

(aspartate...
pyrimidines,
asparagine,
threonine,
methionine,
lysine,)

Index;

cecee

transformation of
pyruvic acid to
acetyl-COA

TCA cycle
glyoxylate cycle
products metabolized
% from intermediates.

4] Coenzyme-COA

(Acetyl-COA)
X

(fatty-acids)

—>»—Citrate

pn 4= Oxaloacetate -

Cis-aconitase

Malate.. . = . _Acetate - - - - —AcelI—COA-"~

L
T T----Glyoxylate ~
Fuma 2
umarate Cs ... ._---- Isocitrate
Succinate —‘(‘.\ f .
alpha-Ketoglutarate —¢——— Oxalosuccinate
succinyl-COA L "]
(poryphyrins) (glutamate...proline,arginine,glutamine)

Figure A.2.2Formation of Acetyl-COA from Pyruic acid, the Glyoxylate cycle in
the TCA cycle and Intermediates forped from the cycles.

XXIv
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10.3 APPENDIX-3

EXAMPLE OF TRANSFOFHMATICN GF kAW LATA

Transformaticn of raw data hdd' to be done tc norrmalize
the difference in c¢xygen consumption exerted by the
gggggggggg§ sppe for similar nutrieat soluticns throughout
this study. Varicus tactors «cculd influence the‘ OXYy el
uptake of a strain when incculated into a sclutico. In this
case, the differences 1in cxygen ujtake ovserved 1in the raw
data were principally related tc variaticns in tarometric
pressures, differences in inoculum cell ccncentration and
variations in ceil vitality between the various tests. 7o
compare the different results cbtained in this study,

normaiization of thke raw Gata was necessary.

Tue steps taken tc normalize the data have been
detaiied 1m section £.3. However, to achieve a better
understanding of the =steps executed, an example of data
manipuiation 1is rresented here. For <convenience, tae
results used 1in this exakple are nct real results and the
values yiven as examples are mnct actually tsed 1in tae

generatlion oif the sample curves.
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As awentioned previously, eachk experiment performed
consisted of 5 reaction vessels; a distilled water vessel
(vhich compensates for tarcmetric effects), a rinimal salts
vessel (waica compensates for endogenous resgpiration), a
Jlucose control vessel, and 2 sample vessels. Thke raw oxygen

consumption curves generated frcm the [ript-cut of the

respirometer are therefcre similar to Figure A.3.1

Note:
Cistilled water curve: D¥
Minimal salts curve: M5
Glucose curve: G
Samgple 1 curve: S1
Semple 2 curve: S2
Cumulative S
Oxygen
Uptake G
(
ngo,/L) s2
Ms

-
Time

Pigure A.3.1 Raw cumulative oxygen uptake as printed by the

slectrolytic respirometer and plotted.

XXvT
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Normaaization steps:

1) The iirst normalization step ccnsists ¢f the subtraction

of the barogetric eftects rtrcm the coantrcl

minimai salts curve and the sample

cuives. The

curves are presented in Figure A.3.2.

Cumulative

Oxygen
Uptake

(mgOZ/L)

s1' (S1=S1-DW)
(GG-DW)

(S2=52-DW)

Time

curve, the

corrected

Pigure A,3.2 Cumulative oxygen uptake corrected for barometric

- effects.



2) The second step is the subtraction of the endogenous
respiration exhibiﬁed by the mipimal salts vessel. The
endogenous respiration is subtracted from both glucose and
sample curves. The curves corrected for Larcmetric effects

and endogenous respiraticn are presented in Figure A.3.3.

O

Cumulative

Oxygen
Uptake

(mg0,/L)

SI* (Sr:sr-ms)

(GGiMs)
(S2&s2tMs)

sz

Time -

Pigure A.3.3 gumulati?e oxygen uptake corrected for both
arometric effects arid endogenous. respiration.
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3) The' oxyJen consumption exhibited by the Pseudomopas
inoculated on glucose was assumed to have to Le constant
from experiment to ex;e:inent, since the <same Jlucose
solution was used in every test. The glucose ccntrol curves
vere therefore taken as a basis for normalization of the
sample curves. Hemce, the normalization of the results was
conducted by comparing the sample curves to the corrected
glucose curve. An example of numerical «ccamgarisoms is
presented in Table aA.3.1.
Table A.3.1. Bormalization Tables: Difference Between

Glucose Curve and sSample Curves.

Time Cumulative Oxygen Cumulative Oxygen Difference

Uptake by Glucose Optake bj Sanmple 1

Vessel. Vessel
(hrs) (mgC, /L) {mg0, /L) (mg0, /L)
0 c 0 0
5 50 - 60 +10
10 78 90 +15
15 100 110 +10
20 165 120 | ‘+15

25 105 , 130 +25

YvYyrv
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4) Since the samples are nov numerically related to their
glucose control, «cne has tc normalize tﬁe glucose curves
obtained in all exfperiments. To achieve this otjective, the
data points of all corrected glucose curves were plotted in
the same graph. A ncrmalized glucose <curve wWas then
generated by passing a best-fit curve through the data
points. This normalized curve has nov been corrected for
differences in inoculum cell concentration and vitality. An
example of a normalized glucose ccntrol curve is presented

in Pigures 12 and A.3.4.

Cumulative
Oxygen . e
Uptake .. .« .
(mg0,/L) . e e

Time

Figure A.3.4 Normalized Zlucose control curve.
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5) The differences in cxygen uptake presented in Table A. 3.1
are then used to generate oxygen consumption curves for the
samples by algetraically adding them to the normalized
glucose curve, in Figure A.3.4 Since the glucose curve had
been corrected fcr séme factors causing oxygen ﬁptake
differences, the sample curves novw related to ‘this
normalized glucose curve will also be corrected. Before
setting up the new curves, a second table is g¢enerated as

followus:

Table A.3.2. Normalizaticm Table, Exaiple cf Calculation

of Normalized Sample Curve Data Points

Time Cumulative Cxygen Difference in Calculated Oxygen
consumed by glucose Oxygen Uptake Consumed by Sample
normalized curve. betveen Glucose
(from Fig. A.3.4) and Sanaple 1

(from Table A.3.1)

(krs) (mg0, /L) (=gG, /1) (g0, /L)
0 0 0 0
5 60 +10 70

10 85 +15 100

15 100 +10 110



6) The normaliied sample data points calculatec from Table
A.3.2 are then plotted on a graph and a Lest-fit curve is
passed through the scattered data points. An example of this
norualize@ final cumulative oxygen uptake <curve cam te seen

in Pigure 14 for Pclymer C.
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1.0 INTRODUCTION

Polyelectrolytes, or charged vater soluble synthetic
poiynets, are.high molecular weigﬁt compounds, consisting of
long-chained ionizable amcnomers. In the environaental
engineering field, these polymers are used as flocculants or
coagulant-aids in the fgrocesses of flocculation, sludge
dewvatering, phosphorus removal, air flotation and chemical
precipitation (Berefield and Randall, 1980; Metcalf and
gEddy, 1979; Weber, 1972).

Nowadays, a lerge nuaber of treatment fplants are using
these polyelectrclytes, taking advantage of their bridging
and electrolytic activities. 1In Quebec, a survey of 2 major
suppliers (Allied Colloids and Calgon), demcnstrated that as
many as 30 treatment plamts, including water and vastewater
plants, use polyelectrclytes in their processes (refer to

Appendix 1).

In wvastewater treatment plants and particularly in
air-flotation processes, rolyelectrolytes are added to the
sludygye to enhance flocculation. It used to be telieved that
all the polyelectrolyte added to the aixed liquor would
adsorb on the settling sludge, and therefore would be

recycled or wasted with the sludge. But studies have shown
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that some of the added tolymer did not adsordb ccmpletely on
the sludge. Tne uradscrkted polyelectrolyte remained in the
supernatant, ie. in the treated effluent (Gehr and Henry,

1982; 1983; Goppers and Straub, 1976).

Oa.iy a few studies on the effects of these
polyelectrolytes «c¢n aquatic 1life have beepn conducted.
Biesingyer ¢t al (157€), concluded that wmost of the 7
polyaers tested (Superfloc 330, Calgon #4-500, Gendriv 162,
Magnifloc 570C, Magnifloc £21C (catiomic [fclymers), Dow
AP-30 (aniowmic pclymer) and Magnifloc 905N (a non-ionic
polymer)) were toxic tc trout, Mysis relecta, Lipnocalanus

macrurus and Darhnia magna. In general, the 5 tested

catiouic polyelectrolytes exhibited a higher toxicity to the
tested organisms. than the anionic and nop-icnic polymers.
Among tie 5 tested species, Daphnia magna exhibited the
highest sensitivity the éolyelectrolyte. Spraggs et al
(1982), by means of LCS5C tests concluded that pclymers were
toxic to rainbow trout at concentrations as low as 1 ppm for
a poiyacrylacide folymer and 0.5 ppm for Dimethyl Diallyl

Amnoniua Chnloride golyamer (DMDAAC polymer).

The effect of polyelectrolytes on macro-aquatic 1life
leads to the juestion cf their efiect on the microorganisas
present naturally in the streams. If toxic, the presence of

these polyelectrclytes cculd inbhibit the purifying action of



aquatic microorganisms, and slowly destroy the stream. If
‘biodegradable, the polysers could serve as nutrients to the
micropial  population. Alternatively, the degradation
products could be even more harmful to the macrc and aicro

biota or to subsequent users of the water.

The objective of this study was therefore to examine
the erfiect of variéus pclymers used in the field cf sdnitary
engineeciny (with emghasis on DMDAAC Gfolymer) on ' the
hicrooial populaticn present in a polluted stream. Toxicity
and biodejradation studies were conducted in order to gain a
general understanding cf the fate of the discharged
polyelectrolytes in the streams and the «gicrolkial activity

associated with these fpclyelectrolytes,



O

2.0 LITERATURE REVIER



O

2.0 -LITERATURE REVIEW

2.3 . DEFIBITION OF THE WORD POLYELECTROLITE

Packbham (1967), defined the wgrd "polyelectrolyte®” as a
chemical, combining the properties of both polymers aad
electrolytes. These 1lcng chain molecules could be either
natural (eg. proteins) or synthetic,. and classified as both

orgaaic or imorganic.

Metcalf and Eddy (1979), described synthetic‘
polyelectrolytes as teing chains of simple monomers,
polymerized into high molecular weight amolecules. These
polymers vwere then classified as cationic, anionic or
non-ionic, depending on whether their charge, once dissolved
in wvater, vas positive, negative or neutral respectively.
Examples of the 3 types of polyelectrolytes are given by
Weber {1972): aon-ionic (pclyacrylamide), ' anionic
(hydrolyzed polyacrylamide) and cationic (poly diallyl

dimethylaamonium).



2.2 HISTORY AND APPLICATIONS OF POLYELECTROLYIES IN THE

SANITARY ENGINEERING FIELD

Polyelectrolytes have been used Significantiy for at
least 20 yéars in the field of water and vastewater
treatment. In wvater treatment, polyelectrolytes have been
employed in the prccesses of water clarification, effective
in tne removal <c¢f organic and inorganic paiticles with
particle sizes varying frcm 0.001. to 100 wmicrocns (Herner,

1976; Packham, 19€7; Schwcyer, 1981).

In wastewater treatament, folyelectrolytes have a
broader range of applications. As early as 1966, 14 U.S.
treatment plants ;ere using anionic polymers to improve
primary-settling (Garwocd, 1967). Separation of biological
flocs from the treated liquid in activated sludge processes
has.vbeen improved by the addition of polyelectrolytes
(Herner, : 1975). Phosphorus removal from sewage has also
been ennanced by the usage of polymers (Herner, 1675). Air
flotation increases in efficiency with the addition of

polyelectrolyes (Gehr and Henry, 1976; Garwocod, 1967).

Polyelecttolytes are also utilized in sludge treatneht
processes such as sludge elutriation, conditioning of

inorganic sludges and dewatering of biological sludges.
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(Berner, 1975)
2.3~'2830l!‘pt'!nl ACTIVITY OF POLYELECTROLYTES OB COLLOIDS

Knowledge of chemical and physical interactions
oécurring between folyelectrolytes and colloids is important
vhen choosing the type and dosage of polymer in the
coagulation process; a brief description of these phenomena

will therefore be discussed here.

The role of fhe coagulant is to destabilize suspended‘
particles. To destahiliie the colloid, the polyelectrolyte
has to overcome natural repulsive forces and water-colloid
interactions ({solvation). Natural repelsive forces have
been associated with phenomena such as electrical double
layer repulsion (zeta-potential), short rangé hydration
repulsive forces, and protective colloid repulsion RBurke
and Dajami, 1966; Schwoyer, 1981; Weber, 1972). Solvatioa
as described by Weber (1972) is a poorly nunderstood
phenomenon and its effect on the rate of colloidal

aggregation has aot yet been clarified.

Polyelectrolytes used as coagulants or coagulant-aids

have the ability, when added prior to rapid-mixing
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processes, to overcome the repulsive force on the particle
and thus agyregate the destabilized particles (Weber, 1972).
These tlocs, now heavier and denser than individual colloids

can settle more easily and ke removed from the liguid phase.

Burke and Dajani (1966), Metcalf and Eddy (1979),
Schwoyer (1981) and Weber (1972) have classified the action
of polyelectrolytes cen  the unstable collcid into 3

categyories;

1- Double-layer compression (acccmglished by
polymers of opposite charge cczjared to the

cclloid).

2= Charge neutralization ky polymer

adscrpticn on the particle's surface.

3- Interparticle bridging, where the polyser,
attached to a particle at one or more
adscrption sites, also adsorbs on other
particles, creating a hridge—tyfe bond

between various colloids.



2.8 EFFECTS OF POLYELECTROLYTES ON BIOLOGICAL SISTEAS

A limited numker of studies have dealt with the effect
of polyelectrolytes «cn microorganisas wvhen used as
coagulants in water and swastevater treatment. This lack ot

information emphasizes the importance of the present study.

In order tc obtain inzormation on the subject,
investigations were pursued into similar chemical compounds

or sub-components cf the tested polyelectrolytes.

DMDAAC polymer (dimethyl diallyl-ammonium chloride), a
quateraary ammoniunm ccapcund, hereafter called Polymer C,
appeared to bLe a widely used, cationic «coagulant. 1Its

chemical structure is detailed 4in Figure 26, page 138.

'Since no informaticn vas available on the biological effects

of this specific polyser, research vas conducted on the

general microbial effects c¢f gquaternary ammcnius coapounds.

In general, the smaller quaternary asmonium molecules
such as CETAVLON, AJATIN and SEPTONEX, are recoammended as
disinfectants and exhibit great bactericidal activity, even
vith resistant organisms such as the Pseudomonas spp.

(Tabotsky et al, 1967).
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Dean-Raymond and Alexander (1977) investigated the
biodegradability <¢f 10 gquaternary ammonium ccmpounds by
means of the standardized BOD. technigue, inoculated with
sevage and sSoil =micrcorganisas. Bight of the tested
compounds were not biodegraded by the inoculated organisaus,
but Hexadecyltrimethylammonium bremide and
Decyltrimethylamsmonium (DTNH) , vere biodegraded at
concentrations down to 25 and 50 nmicrogram per Liter
respectivelye. It is interesting to note that the tvwo
organisas isolated from the biodegraded quaternary ammonium
compounds could only .develop on such substrates when grown
simultaneously. This example of mutualism (Pelczar, et al,
1977) has been exhibited by two cooperative bacteria,
identified as mesbers of the Pseudomonas and Xanthomopnas
genera. Examples of autualism between aicroorganisas are not
rare, but in this case, the two bacteria work together to
transfora an unavailable ammonium compound intc a necessary

ngtrient.

The second main polyelectrolyte tested during the
research described herein was a polyacrylanide based
co-polymer (Polymer A), composed of 63% by weight of
dimethyl amino ethyl' acrylate guaternised with methyl
chloride amd 37% of acrylamide. Suzuki, et al (1978)
investigated the tiodegradability of varicus water-soluble

polyelectrolytes, including a polyacrylaaide polymer. After



recognizing in a frevious study (Suzuki et al, 1976) that
those water—-soluble pclymers were not bLiodegraded by a
strain of pPseudcmonas aeroginosa, the authors partially
degraded the lotg chains by ozonaticn. After this

procedure, Suzuki and co-workers concluded that ozonation

did not iaprove tiodegradation of the shorter
acrylamide-based polyner, when inoculated with
microorganisms present in river mud. They therefore

suggested that resistance of polyacrylamide pquners wvas not
related uniquely tc their high molecular weight, but also to

the amide group present in acrylamide.

However, Brown et al (1979) showed that acrylamide
concentrations of 0.5mg/L to 5.0mg/L, when introduceq into
. non-sterile streas and se€a sanples, were bicdegraded (as
shown by 1liquid chrcmatcgraphy) by the " mixed iicrobial
population present in those waters. ~In 1982, the' same
authors reported on the ability of microorganisss present in
vastewater, artificially spiked with acrylaaide, to
biodegrade the acrylamide. The authors then ccmpared the
results obtained from wastewater samples to Jin-sjtu tests
performed directly on the river and concluded that in-yjtro
and ip-situ tests could be related. Brown et al (1982)
demonstrated by adding ’toxic substances to a sclution that
the disappearance of acrylamide was directly related to the

number of viable microbial cells.
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Croll, et al (1974) and Lande, et al (1979) also
studied the bicdegradation of acrylamide in mixed
populations, but all mention a 1lag period of a few days,
vhere no biodegradation cculd be observed. Thus, acrylaamide
(Monomer A) biodegradation could be expected in the present

study, put a long lag phase will most probally Le observed.

The toxicity of acrylamide to animals with a central
nervous system, including humans, has been extensively
investigated. For exasple Davenport, et al (1976) and
Keeson, et al (1977), ccncluded that acrylamide is a potent
neurotoxin, causing neurological disorders in hulans_ and
animals by affecting the aitochondrial function of
neuro-filaments in distal neural axons. Crcll, et al
(1974) , studied the effect of polyacrylamides on rats and
concluded that the polysers themselves were not toxic to the
test organisms. However the monomers resulting froas partial
degradafion were bLbighly toxic to the same organisas. No
toxicity studies of acrylamide or polyacrylamide to bacteria

have been reported.

Biesinger et al (1976) compared the toxicity of 7
polyelectrolytes used as coagulant-aids on 5 aquatic aniamal
species (rainbow trout, lake trout, Mysis relicta,
Limnocalanus macrurus and Daphnia magna) by acute and

chronic tests. Their results shoved that aost
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polyelebtrolytes assayed were toxic to one or more species,
particularly to Darhnia magna, vhich among those 5 animals

shoved the highest sensitivity to polyelectrolytes.

Spraggs, et al (1982) demonstrated by avoidance tests

that rainbow trout (Salmo gairdmeri) avoid Polymer A

(polyacrylamide polymer) and Polymer C (DMDAAC polymer) at
conceantrations of 1.0mg/L and 0.5mg/L tespectively, whereas
at similar concentraticans, the same fish were attracted to
the respective moncmers. The authors related the avoidance
by trout to polymer toxicity, by performing 3 static tests:
An algae inhibition test, performed vith the species
Selapastrum capriccrnutums, a Microtox LCS50 test using the
fiuoresceﬁt bacteriua (Rhotgbacterium phgsphoreum as an
indicator and, fipally 1CS50 toxicity tests conducted with
rainbow trout. Based cn the results obtained from these
tests, the authors concluded that both Monomers A and C were
less toxic than their respective polymers to all species
tested. Therefore the results supported the conclusions
derived from the avoidance tests. - In contrast, Goppers and
Straub (1976), stated that the toxicity of polymers vas
mainly related to tke wonomers liberated by partial

degradation, and not to the polymer itself.



2.5 A .STUDY QN THE EPFPECTS AND BIODEGRADATION OF DIFFERENT

POLYMERS OF BIOLOGICAL SYSTEAS

As mentioned previously, literature was pot available
on the effects of the tested polyelectrolytes to aguatic
bacteria, nor was it fpossible to find information on the
possible biodegradation of the tested polymers. Information
vas therefore collected for a variety of other polymers,

used for purposes other than vater and vastewvater treatment.

Surfactaﬁts have bLeen studied extensively since their
introduction into detergents. These long polymeric chains
retain their foaming froperties even at higk dilutioas,
causing foaming prcbleas in aeratea activated sludge basins
treating domestic wastevwaters. Swisher (1970), described in
his book the effects and bicdegradation of these
surfactants. He Bmenticned that surfactants can exhibit a
bactericidal effect, especially to 6ram positive bacteria.
Svisher also studied the degradation of the surfactants by
microorganisas, and concluded that the longer the molecule,
the higher its biodegradation rate. This was because in
larger molecules, the sulphonate groups are located farther
apart on the'nolecule and hence the sulphonates seem to have
a less negative effect cn the ability of the microerganisms

to use the surfactants as nutrient sources.



Various authors have studied the biodegradation of a
broad variety c¢f surfactants. Aryl-sulphonates and

N-alkane-1-sulphonates +were shown to be Liodegraded by a

o

seudomonas strain (Jchanston, 1975; Thysse and Wanders,

1972, 1974). Pseundomonas testosteroni was inoculated into
various arylsulfcnates and could utilize individual
detergeats as a sole carbon source (Ripin, et al 1971).
Focht and Williams (1970), adapted a Pseudcmonas strain to

use P-Toluenesulphcnate as sulfur and carbon sources.

Guy, et al (1976), investigated the effect of Arguad
T50 (an alkyl guaternary "ammonium chloride surfactant) on
bacteriophages and enteroviruses. Althougt the surfactant
was found to bpe toxic to the bacteriophages, the tested
pocliovirus was resistant to the action of the surfactant.
Hales et al (1982), studied the biodegradation cf sodium
dodecyltriethoxy sulfate surfactant by a strain of
Pseudoaopnas. The surfactant was used as a scle carbon
source and the strain was able to grow on it. Hales and
co-workers also investigated different biodegradation
pathways, through the énalysis of metabolic intermediates by
the method of thin layer chromatography. The authors
described the initial steps of surfactant biocdegradation,
after presenting evidence that these steps involved the

breakage of ether tonds.

14
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These examples are only a small sample of the exteasive
research conducted cn the subject of  surfactant
biodegradation. These detergents, originally considered as
non~biodegradable are now being slowly reclassified as

biodegradable.

Since the early 1950's, polyethylene glyccls (PEG'Ss)
have been massively emfloyed in pharmaceutical, cosmetics,
tobacco and textile industries. AS a comseguence, enormous
quantities of these chemicals were discharged into streaas
and lakes, and the possible biodegradation of pclyethylene
glycols vas théronghly investigated. In many cases
bacteria of the Pseudosonadaceae family were recognized as
being reSppnsible for tke biodegradation of PEG's attaining
20,000 molecular weight (Mw) (Haines and Alexander, 1975;
Kavai et al, 1978; Watscn and Jones, 1977). Flavobacteriunm
species Bave also helcnstrated the ability to biodegrade
such high wmolecular weight PEG's (Kawai et al, 1978)«
Haines and Alexander (1975) also reported that the
biodegradation rate of these polyethylene glycols decrease
with increasing chain 1length. Suzuki et al (1976), on the
other hand concluded that even Pseudomonas aeroginosa could
not grov on large folyethyleme glycols, and that growth was
only possible on 8000 BW PEG's after ozonation. In the
paper cited, Suzuki and co-vorkers vwere protably unfortunate

vith their research, isolating a strain of pPseudoasonas



aeroginosa with a limited facility of adaptation.

2.6 REVIEW OF
ESEUDOHONAS BACTERIA

Bergey's Manual of Determinative Bacteriology (Buchanan

and Gibbons, 1974) classifies the Pseudomonas Lacteria as a

unicellular Gram negative rod, of length between 1.5 aid 4.0
microns. MHost species are motile by means of one or more
polar flagella, do not produce endospores, and are strict
aerobes (except for the denitrifying species). Some species
have been identified as facultative chemolithotrophs, using
hydrogen gas or carbon dioxide as energy sources (Holt,
1977) « In total, 149 species of pseudomonads have been
classified in Bergey'é Manual of Deterainative Bacteriology
(Buchanan and Gikloas, 1974) but many intermediate strains
also exist. Table 1 presents the 29 most coamon species,
but the other 120 species can be seen in the appendix of

Bergey®s Manual of Deterainative Bacteriology.

The pseudomonads are ubiguitous but have been isolated
mainly from wvater and soil habitats. These Gram negative
rods are also of special interest to environmentalists,

since members of the family have been isclated which have

16



Table -1 Principal species of Pseudomcnas
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the 2ability to degrade a wide variety of natural and
synthetic materials (Palleroni, 1964).‘ These versatilg
organisas have been asséciatéd with the Liodegradation of
compounds previously classified as both biodeyradable and
hon-biodegtadahle. As an example, Klages (1581), shoved
that a Pseudoaonas strain was able to ase
4-Chlorophenylacetic acid as a source of carbon. Swisher
(1970), associated Pseudcmonas spp. with the degradation of
a broad number of surfactants, as did authors such as Clarke
and Ricamond (1975), Focht and Williams (1969), Johnston, et
al (1975), Ripin, et al (1971), and Thysse and Wanders

(1974) .

Other “non-biodegradable" molecules such as
polyethylenes (Haines and Alexander, 1975; Kawai et al,
1978; Watson and Jones, 1S77), petroleum hydrocarbons (Van
der Linden and Thijsse, 1965) and pesticides
(1,4,5-Trichlorophenoxyacetic acid) (Chatterjee, et al,
1982) have also been demonstrated to be biocdegraded by

bacteria of the Pseudomcnas groupe.

The pseudomonads are not only recognized as bacteria
capable 6f degrading véry diversified substrates, but they
are also knovwn to possess a highly adaptive metabolic
system. This enables the species to use a wide vériety of

compounds as carbobt sources (Clarke and Richmond, 1975).



As a consequence cf such enormous metaktclic variety,
the pseudomonads have Leen extensively studied by scientists
searchingy for new bicsynthetic and catabolic pathways.
Results of this research are discussed in tbhe .following

section.

1a



O

2.7 BASIC HETABOLIC PATHWAYS COMNON TO THE

RSIUDORONAS - GENUS

Catabolic and anabclic pathvays ccmacn to the

Pseudomonas bacteria btave been extensively stundied and

- detailed. A detailed description of these pathways would be

out of the scope of this review, but the common mechanisas
shared by most pseudomcnads are described in this chapter.

Detailed pathways are presented in Appendix 2.

Bacteria of the [fseudomonas genus are classified as

microorganisas whose metabclisa is always respiratory. HNost
strains are aerobic, H?%h 'Oxygen as the final elect;on
acceptor. Some organisms have the ability tb denitrify,
using an anaerobic resgpiration pathway with nitrate as the
terminal electron acceptor of the electromn transport system.

(Clarke and Richaond, 1975).

In 1952, Eantner and Doudorocff established that P2.
§§ccharogh;;a' metabolized its sugar through a catabolic
pathway nov known as the Entner-Doudoroff pathway, an
oxidative catabolic pathway. Since then, further research
has fevealed that the Esbden-Meyeroff Pathway is effectively
abseat in all pseudomonads (see Clarke and Richmond, 1975).

In some species however, the absent Emden-neyeroff Pathway
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is replaced by the Entner-Doudoroff Pathway. Members of the
pseudomaonads, possessing the cxidative Entper-Doudoroff .
pathway, can therefore transférn ingested sugars such as
glucose into pyruvate and glyceraldehyde. ©Pyruvate can then
enter the classical tricarboxylic. acid cycle (Kreb's cycle,
detailed in Appendix 2) which has been shoun to be present
among the pseudomonads (Campbell and Stokes, 1951; Clarke
and Richmond, 1975; Kcgut and Podoski, 1953). | The Kreb's
cycle isolated in the PBseudomopnas bacteria appears to have
the same function and organization as in most biological
syétens: Converting pyruvate ianto building blocks and/or
energy. From the TCA cycle, compounds such as amino-acids,
pyrimidines, and fatty-acids are formed. The cycle also
generates phosphorylated ATP's which can either te stored or
converted into energy by the electron transport system (see
Clarke and Richnoqd, 1975). Besearchers have isolated
cytocaromes from the Pseudcmonas cell menkrane, confirming
that an electron transpgcrt system is effectively present in
the cell (Horio and Kamen, 1970; Stanier, et al, 1966). 1In
these pseudonmonads, vhen sugars such as glucose are not
oxidized through the Entner-Doudoroff pathway, these sugars
can be directly oxidized and decarboxylated to the form of
Ribulose-5-Phosphate ahich- can thereafter ~enter the

Pentose-fhosphate pathway (Clarke and Richmond, 1975).

Chapman and Duggleky (1967), demonstrated the existence
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in most Pseudomgpas spp. of a Glyoxylate cycle which
complements the TCA cycle, allowing isocitrate aad citrate
to be transformed into wmalate and hence insuring the

continuity of the cycle.

It has been mentioned that most Pseddglonas strains can
atilize a variety cf sisple or coasplex substrates as carbon
sources, thus explaining the presence of this Gram-negative
rod in most habitats. But in order to adapt to such
di fferent nutrient sources, the species requires a complex,
adaptable metabolic system, which can transforam 'the uncoamon
and coaplex substrates into simple compounds, able to be

incorporated into the cell central metabolic pathways.

This unigue metabolisa has been associated with a nuaber

of factors; these includée the following:

1) The large number of substrates catabolized by a
single pseudomonad cell implies that as large a
numsber of enzymes should be present in the cell,
since €RZyBES are generally known to be
substrate-specific (Bernhard, 1968; Malcoln,
1971) . EFalleroni (1964) demonstrated that most of
the enzyses irvolved in the catabolisa of complex
substrates vwere  inducible. This regulation of

enzyme products is a common physical trait in



bacteria. Clarke and Richmond (1975) and Hegeman
(1966, see Clarke and Richmond, 1975) isolated a
series cf enzymes which could Lke induced by a

number cf different chenmical analogues in a

Pseudonopas sgpecies.

2) Kay and Grunland (1969), Kundig, et al (1964),
Phibbs and Eagcn (1970) and Romano et al (1970)
concluded that inducible transport systems vere
present in the pseudomonad cell membrane.
Inducible transport systeas are induced by
specific substrates which are thereby }ctively
transported through the membrane of the bacteria.
Generally, this type of transport mechanisa is
induced by substrates required by the cell, and to
which the <c¢ell has the enzymatic ccomplex to
catabolize (Bcat, 1979). Higgins and Nandelstan
(1972) for example, discovered a transport system
for mandelate, vhich was induced by the preseance

of low concentrations of mandelate in the mediunm.

3) The preseice of exoenzfnes or extracellular
enzymes in the pseudomonads has been widely
documented (Incve, et al, 1963; Maeda and Taga,
1976; Markovitz, et al, 1956; Moribara, 1963;

Bobyt and . Ackerman, 1971; Zucker and Hankin,
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1970). . These eﬂzy-es enable the tLacterium to
cleave mclecules, which are too large (> 600MW) to
pe transported through the cellular =meabrane.
These smaller molecules could thereafter pass

through the memtrane and serve as mutrients.

4) The presence of multifunctional genes have also
been prcposed for the Pseudomonas bacteria (Gryder
and Adams, 1969; Gunsalus et al, 1S68). These
genes have effectively Leen shown to regulate the
synthesis of rore than one enzyme vhen induced by

specific substrates.

5) Bayly and ©Dagley (1969), Dagley (1571), and
Sala-Tregat and Evans (1971), cenfirmed the
existence cf divergent enzymatic pathuways
(metabolic pathways present sinmultaneously in the
cell, all ipduced by the same sukstrate, but
providing different products). This adaptation
euables the cell to produce various end-products

from the same substrate.

6) Finally, it has been shown that most
Pseudomgoras strains have the abiliiy to acguire
the reguired catabolic enzymes, »necessary to

degrade a newv substrate, by recombinaticn of its
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genes through transduction, conjugation (Clarke
and BRichmond, 1975; Keap and Hegeman, 1968) and
transformsation (carlson et al, 1983). Such an
activity allows the cell to acquire a new fragment
of genetic information, present 1in its sister
. cell, and consequently adapt aore easily to new

situatiocns.

2.3 HEVIEN OF LABORATORY HETHODS

2.8.1. BEASURENENT OF BACTERIAL GROWIH

A large number of methods have been developed to
measure the growth of wmicroorganisas. Most methods are
based on the principle that aicrobial growth is related to

replication.



Gaudy and Gaudy (1980), defined and ccamented on

various methods developed to measure bacterial growth.

1) Heasurement of biomass by dry weight after filtration
or centrifugation
2) Hleasurement of voluné of centrifuged.cells.
3) Measurement of turbidity or optical demsity
(restricted to low population density).
4) Measurement of the number of visible particles .
with a light microscope
5) Measurement of viable cells, using
- culture count by pour method
- culture count by spread method
- culture count by spot plating
- culture count by membrane filtration
- null point dilution (eg. MEN Technique).
6) Beasureaent of cell constituents (DNA, proteins).
7) Beasurement of oxygen consumption over time period.
8) deasurement of oxygen uptake rate.

9) HMeasurement of decrease in nutrient.

Por further informaticn on each method, the reader is
referred to Gaudy and Gaudy (1980) or amny microbiology

textbook such as Pelczar, et al (1977). Por the present
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research, grov¥th was tclloved firstly by optical density

aeasurements and later Ly oxygen uptake measuresents.

2.8.2 HEASUREHNENT OF POLYNER BIODEGRADATION

S¥isher {1970), described biodegradation methods
applicable for the measurement of surfactant biodegradation.
The methods nenticnéd are . gemerally not specific for a
particular surfactant and apply to a large number of
microorganisas. As an example, the author descriked in his
book different die-away tests, vhere- the rate of
biodegradation is measured by amalyzing the concentration of

the compound at regular time intervals.

Brown et al (1975, 1982), Degens et al (1950), and
Hammerton (1955), used river-wvater die-avay tests for their
research, where the moncmer was added to a river saample and

apalyzed at time intervals.

Borstlap and Kooijman (1963), and Heinz and Fischer
(1967) developed modifications of the standard BCD test to
follow surfactant biodegradation. Borstlap and Kooijman

(1963), achieved surfactant biodegradation by perforaing



typical BOD tests with a highly concentrated inoculum of
activated -sludge. Once diluted, the inoculum reached
- 500mg/L of suspended solids. In contrast Heinz and Fischer
(1967) developed an open flask test where the sauples,lonce

diluted in BOD dilution water and seeded, were shtaken for 10

days.

Huddleston and Allred (1963), Renmn (1964) and Toamiyaama
et al (1968), converted the standard microkiolcgical method
of shaked culture to study surfactant biodegradation. In all
cases, the cultures were continuously shaken in an
incubator, and the residual surfactant concentration

measured at regular time intervals.

In 1966, a test called the British STCSD Iest'(Standard
Technical Committee on Synthetic Detergents) sas developed
for measuring surfactant biodegradation. The test coAsisted
of BOD dilutioﬁ vater inoculated with air-dried activated
sludge, and completed <ty the addition of surfactant in
different conceantrations. surfactant biodegradation was
then measured over 21 days by a methylene-blue reduction

method (see Swisher, 1970).

Other biodegradation tests involving Filot plant
trickling filters, activated sludge and anaercbic processes

have also been used world-wvide (Barmhart 15€3).



Bespironetric.biodegradation tests have Leen utilized
for many years, by adapting the Warburg resgirometer to this
function (Barden and Isaac (1957), Bogan and Sawyer (1955)).
Pactors such as endogencus respiration have been‘repbrted by
Dietrich and Burris (19€7) to cause interferences, and must
therefore be taken intc consideration by running controls.
Busch and Myrick (1961) cbncluded from their experience with
respirometric biodegradation tests, that degradation cannot
be monitored by expecting the calculated theoretical oxygen
consuaption to Le reached. According to the authors, the
theoretical oxygen demand 1is only related to coaplete
degradation of a coapcnent when the compound is completely
oxidized to carbon dioxide and water. But when aicrobial
growth takes place, ccaplete degradation does ﬁotb always
occar, since biodegradation intermediates are often
incorporated into the cell protoplasa, and are therefore not

further biodegraded.

Biodegradation of polymers has also Lkeen studied more
recently by 1labelling the polymers aad focllowing the
incorporation of the lakelled Carbon!4 atoms into the cell
protoplasa (Mulders and G6ilain, 1977). 1In fact, the authors
mention that follcwing Liodegradation by oxygen consumption
may lead to false conclusions, such as nmisinterpreting
co-oxidation phencmena {chemical oxidation, where the

oxidant is a pollutant itself). These authors state that



the method of following biodegradation by die-away tests can
only lead to the conclusicn that degradaticm cccurred to a
point wvhere the coapounﬁ can no lomnger be  detected by
analytical methods. The authors also mention that pildt
plant activated sludge processes cannot be solely used for
biodegradation tests, since one cannot distinguish between
the adsorbed and the biodegraded product. 4In the case of
the present study, co-cxidation could not interfere with the
results since the polyaers iére dissolved in a synthetic
solution and not in a pclluted river water. The effect of

oxidation by a second pcllutant was therefore nct a problen.

2.8.3 HEEASUREAENT OF TOXICITY TO NICROORGANISAS

Toxicity tests were developed in the early 1800's, with
the objective of testing the potential hazardous effects
induced by new chemicals oa hnna#s and other amimals (Zapp,
1980). sSince the late 1940's, aquatic animals, especially
fish, bhave been tested for their response to chemicals
discharged into streass and lakes (Buikema et al, 1982).
Fish have been selected as the best test organism in these

vaters, since their biclogy, physiology and lLehaviour are



well understood. A number of recommendaticns have been
proposed by various intermational organizations councerning
the monitoring and interpretation of toxicity tests. Buikema

et al (1982), discussed the following recommendations:

1) Chroric and acute tests should be

pecforaed.

2) Acute tests should be performed over a

painimum cf 2 days.

3) Toxicity tests are only valid when 4 or

more different test organisss are involved.

O

The organisas should represent different
classes and each organisa should be

considered as important as the others.

4) Average toxicity should not be calculated.
Instead, the results should be presented in
detail, and the most sensitive organisa

specified as such.

Since nmeasarement of behavioural response is not
- cosmonly performed in sicrobiology studies, the measurement
of toxicity to microorganisms has been generally related to

‘E} grovth inhibition. Thus the methods developed to measure
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microbial toxicity are closely related to the methods
developed to measure microbial growth. These wmethods were

sentioned previously and will not be repeated here.

Lamikanra and Allsood (1976) studied the effect of
non-ionic surfactants omn Staphylococcus aureus, a Graam
positive coccus. The tcxicity of the polymers was measured
by thé classical nmethods of plate counts, at differeant
surfactant concentrations and contact times. The sane
enumeration method was utilized by Hallas, et al (1982), to
measure the toxicity of tim to estuarine aicroorganisms.
Malka-Mor and Stark (1982) «correlated the toxicity of
carcinogens to Salmonella typhimurium with the toxicity of
the same carcinogens to animals. They measured microbial
toxicity by the spct method, a modification of the standard

plate coant.

Although most researchers prefer tc use classical
sethods such as plate counting to measure amicrobial
toxicigy, others use different techaiques, involving
analytical instrunenté. Mowat (1976) for exaample, measured
the toxicity of beavy—-setals to microorganisas ty means of

the standardized Biochemical Oxygen Demand (BOD) test.

Green et al (1975), studied the toxic effect of varioas

pollutants with laboratory-scale activated sludge uanits.
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The perzoramance ¢cL tle treatment prants, reasured by

respiration rates, was then cirectly related tc the toxlclity

O the caemicai tested.

2.8.4 MEASUBEMENT CF RESIDUAL POLYELECTECLYTE

CONCENTRATICNS

In 19>3, Aichaels and Horelbs related th= conceutration
of polyaccylamide to the cpticai- €ensity of the supernatant
remaining ariter settling cf a &xaolinite suspension to waich
polyser nuad been added. This method was later modilified by
Crummet and ddasel (19¢3) and Wimberley and Jordan (1971) to

accomddate anioanic polyelectrolytes, and &more recently by

‘Gear anu fKallari (1S€3) by wusiny mnonc-dispersed latex

suspensioaé.
I Thin layer chromatcgraphy kas bpeen utilized by Goppers
and Straac (197¢), tc analyze water samples containing
various polyelectrclytes. Accordinyg to the authors, the
methou Chosen exszrted bhigh sensitivity for the amaiysis of
polysers. Tue authcrs recogmended thin'layer clrcmatography
for tne 4analysis of pclymers, based on its sensitivity,
small'Sdmple size requirement, short testing time and high

resoidtion ot aixed samgles.



Packham (1967), described and conmented on

following aethods to analyze polyelectrolytes:

1)

2)

3)

4)

3)

6)

7

8)

9)

Suppression of oxygen's polarographic maximun
in a potassium chloride solution

eee poor reproducibility
Viscosity measurement

eee poor reproducibilty due to wall adsorption
Kaolin suspension settling rate

««es Subject to interferences
Kaolin suspension filtration rate

«es Subject to interferences
Silver bromide flocculation

eee poor for low concentrations

Quaternary amaonium coapound precipitaticn

eees Unsuitable for high M¥ polymers
Light scattering

««sgJood for concentrations down to 0.2mg)L

in pure sclutioas

U.V. absorption (230na)

eee ORly accurate if no interferences

the

Carbont* lalkelling, measured by liquid scintillation

«eeCeliable Lut costly and complex

More receantly, aralytical methods such as 1liquid

chromatography have been described as being efficient for
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golyelectrdlytes. Levy and Cukin (1532)

H,

the aunalysis 2

applied ajuecus 1 jermeation chromatcgraphy (G2C) to

(]
(D

analyze 1ndustrially =sigriticant cationlic pclysers. Gel
permeation chromatcyraplky was alsc euployed by lFurusawa et

al (1978) to measure anicnic polyacrylamides.

Poiyelectrolyte ccrncentration has aiso peepn analyzed by
simpier auni more starndardized metbods such as Caenical
Cxygen vemand (CCD) (Ternney et al, 19609) arnd TIctal Kjeldahl

Nitroyen metnod (I1EN) (Elack, et al, 1965).

Wangy, et al (197“), developed a4 titraticn methaod
applicavle for both aricpic and <cationic jpolyelectrolytes.
The wethod consists <¢f a caarge titraticw, utilizing an
indicator wanich <changes cclor when all tte ctarge of the
polyaer aas beeu ccrplexed, This method measures
polyelectroiytes in concentrations akove 1.0mgsLl. In 1979,
wang aad co-workers dimgrcved the method so that it was

applicabie to concentrations as low as 0.2mg/L.
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2.8.5 ISOLATION AED AEASURERENT OF BITRACELLULAR

BBZYHNE ACTIVITY

Exoenzymes are known to cleave macroamclecules into
smaller aolecules that can then be transpcrted across the
cellular aembrane (Moat, 1979). Their existence enables
bacteria to benefit frcs large substrates such as proteins,

polysaccharides and other fpolysmers.

Extraction of exoenzymes has been <c¢arried cut for many
years. The fact that these enzymes are present outside the
cell gives an advantage to scientists aiming tc isolate this
type of protein. Since simple centrifugation was efficieant
for extraction of those proteins, early researchers could
isolate exoenzymes and study their activity (Morihara, 1963;
Jeda and Nanri, 1967). Nore recently, more sophisticated
techni jues have been developed to extract enzyames; these
include continuous-flow centrifugation (Maeda and Taga,
1976); and high speec¢ centrifugation (Kobori amnd Taga,

1980).

Studies of the specific activity of enzymes, and the
kinetics of enzyme-catalyzed reactions, started mostly with
the work of Michaelis and Menten (see Lehninger, 1975),

vhich provided a mathematical basis for the analysis of
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enzymatic reactions. Frcm their extensive work resulted the
Michaelis-Menten egquation and constant, and o¢f course, a

better understanding of enzyme kinetics.

At present, the measuUrement of enzymatic activity can

be done by a variety cf methods. The methods enmployed by

various authors toc measure the specific activity of the

enzyae are usually based on the decrease in concentration of
the substrate catalyzed. Many authors developed
colorimetric aethcds which allowed thema to measure the

concentration of the sukstrate.

Maeda and Taga (1976) related the decrease 1in
fluorescence intensity to the activity of an extracellular
nuclease. Kobori and Taga (1980) assayed the activity of
phosphatase (isolated from a marine Pseudomonas bacteria) by
neasnring_the differénce of absorbance between the sample
and the control. Oeda and Namnri (1967) nwmeasured the
activity of aam isoaamylase énzyne by means of a
spectrophotonmeter set at 620nm. Valsh et al (1981) studied
the activity of 1-Aminccyclopropane-i1-carboxylate deaminase
extracted by centrifugation from a Pseudomonas étrain. The
enzyme activity was assayed by amonitoring the disappearance
of NADH (Nicotinamide adenine dinucleotide hydrogenase, a

coenzyme involved in oxido-reduction reactions) by

absorption at 340pa. Eorihara (1964) studied the activity
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of tvo enzymes, prcteinase and elastase, both isolated from
a Pseudomonas bacteria. Proteinase activity wvas measured by
thé conventional absortance technigque, but elastase was
monitored by the plate assay method. This methcd, developed
by Sbarra in 1960 (see Morihara 1964) relates the enzyme

activity to the dimensicn of clear zomes on elastin agar.
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3.0 SEQUENCE OF EXPERINENTS
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3.0 SEQUENCE OF EXPERIMENTS

The experiments fresented im this thesis bave been
designed to provide an indication of the effects of various

polyelectrolytes on microorganisms isolated fros a river.

The firsnI series cf experiments consisted of
preliminary experisents, in which effects such as toxicity
or biodegradation were considered. Micrcbial growth
monitored by optical density measurements and by oxygen
uptake were established as parameters to measure the effect
of the polymers on the microorganisms. These microorganisas
consisted of an urdefined aixed culture cbtained from St

Lavrence River wvater.

Since the polymers appeared to exert no toxic effects
on the overall number and activity of the aquatic
microorganisas, biaolegradation studies were then considered.
Since biodegradation was now considered, it wvas decided to
monitor licrbbial activity uniquely by oxygen uptake. All
experiments were thereafter conducted with the electrolytic

respiroaeter.

Oxygen uptake measurements confirmed that the polymers

vere not toxic to rost cr all microorganisas present in the
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inoculum . But these experiments also demonstrated that the
polynersbcould not serve as unique carbon sources. They
could, however, actually enhance grovth in the presence of

an available carbon source.

Based on the results obtained to that date, and since

.the polymers did mot appear to exert toxic effects on the

microorganisas tested, it wvas decided that biqdegradation

-tests should be conducted. BHowever, prévious experiments

demonstrated that the river mixed bacterial population uas
unable to utilize the rpolymers tested as sole carbon
sources. So it was decided to test individual ‘species for
their ability to biodegrade Polymer C. These trial and
error experimeats p:ﬁved to Ee.successful, since a microbial
species which was able to metabolize Polymer C, was indeed

isolated from the St Lavwrence River, near Montreal.

Biodegradation tests vwere then ‘conducted- jith the
isolated strain, testing the possible biodegradation of
various polymers and soncmers. In addition, additional
experiments, such as exoenzymatic activity tests and
sludge-supernatant toxicity/biodegradation tests were

conducted.
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8.0 . APPARATUS AND BETHODS

8.1 THE EFFECT OF POLYELECTROLYTES ON FRESHUATER

HICROBIAL HIXED CULTURRS
§.1.A GROWTH NEASURED BY OPTICAL DENSITY
8.1.4.1 APPARATUS

-Bausch and Lcab ‘spectrophotometer (Model 20)
set at 690n=s.
-Lab-Line Junior crbit shaker set at 100rgs
-Fisher BOD incukator (model B2)
set at 20°C
-Sterilized glasswvare
-Side-ara growth flasks (250ml)
{29aL liquid capacity

in the side-arnm).

41
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These flasks were used as growth vessels
with the advantage that optical density

measurenents could be taken via the side
arm, without having to open the flask and

risk contaminpnation.
4.%.A.2 BREAGEETS

-Minimal Salts: 20g ABmoniuam chloride
' 4g Ammonium nitrate
8¢ anhydrous Sodium sulfkte
12¢g anhydrous Potassiur fhosghate
monobasic
4g Potassium phosphate ditasic
0.4g Magnesium sulfate
diloted to 1L, filtered
and sterilized
-Saline solution: 8.59 Sodium chloride diluted to 1L
~Nutrient solutions:
-0.2% Glucose solution: 25zL Minimal éalfs
1.0mL 20X Glucose
(200,000mg/L)
diluted to 100mL
-1.0% Pclymer A solution (10,000mg/L)
(a cationic fpclyacrylamide-based polymer):

1g Polymer A
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-0.2%

| "0. 2’

"0025

-Inoculua:

iml Ethanol to help dissolve
dilute to 100al
Polymer A solutiom: 25mL Minimal salts
C . 20mL 1% Polymer A sclution
diluted to 100al |
Monomer A solution: 25al Minimal salts
1.0mL 20% Acrylamide
diluted to 100ml
Pclymer C solution: 25mL Minimal salts
1.3§mL 15% Dimethyl Diallyl
Ammonium Chloride (DMDAAC) Polymer
diluted to 100mL -

Cultures isclated from the St Lawrence river,

at Nun's Island. The cultures were grown oa

nutrient agar slants (Difco agar #0001-01)

and incukbated at 20°C

43
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8.1.4.3 PROCEDURE

Side-arm vflasks were filled with 25ml nutrient
solution. The flasks were then inoculated witk a 4% (4 oL
inoculuz ia 100al solutionm) inoculum of a saline suspension
composed of mixed cultures isolated from the river.
Microbial replication was enhanced by a rotary nmovement
(100rpa) and incubation was at 20°C. At regular time
intervals, the alksorbamce of the inoculated <sclutions was
measured by transferring (without opening the bottle) the
liquid into the side-ars by tilting the flask. Curves of
absorbance versus time were plotted in order to obtain the
aixed populqtionr growth curve, specific for e€ach nutrient
solution. A blank consisting of inoculated minimal salts
diluted into wvater was run, together with a contrcl (sterile

glucose solution).
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4.1.B GROWTH MEASURED BY OXYGEN UPTAKE

8.1.B.1 APPARATUS

-Exidyne Electrolytic RBespirometer
(nodels # ER-101,#% EE-102)
-Leedal automatic Jemperature Control unit

-Sterilized glasswvare

§.1.B.2 BREAGENTS

-Minimal salts (recipes described in secticn 4.1.A.2)

-Saline solution

-0.2% Polyamer A solution

-0.2% Moncmer A solution.

-0.2% Polymer C solution

-0.2% Monomer C sclution : 25mlL Minimal salts
0.32mL 62.23% DMLAAC
diluted to 100al

-Inoculum: See¢ sectionm 4.1.4.2
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Principle of operation of the electrolytic respirometer:

The electrolytic respirometer coasists of three major
components (Figure 1): A constant temperature bath, a
reactor (including the electrolytic cell) and a coantrol
module which records the amount of oxygen produced for egch

reactor.

The reaction vessel (Figure 2), is again divided into
three components: A reaction vessel (bottle) where fhe
sample is stirred continuously; an adaptor comtaining a
glass fiber filter paper immersed into potassiumn hydroxide;

and an electrclytic cell.

The electrolytic «cell is a modified manometer,
containing an electrolyte (sulfuric acid) cosmsremsating for
any change in the vessel's mancmetric pressure. When the
aicroorganisms respirate, they consume oxygen and produce
carbon dioxide. The likerated carbon dioxide is fixed by
potassiua hydroxide, present in the adaptor, and the loss of
oxygen coansumed decreases the vessel internal fressure. To
compensate for this decrease in pressure, the electrolyte
rises in the cellts internal tube and the external
electrolyte level decreases, activating the switch

electrodes present in the cell. As a consequence, oxygen is

L7
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produced, recorded in the control module and printed at

regular time intervals.

8.1.B.3 PROCEDURE

Sterilized glass kottles (11) were partially filled
with 100alL nutrient sclution and inoculated with 4mL of
inoculum. Boiled magnetic stirrers vere intrcduced into the
vessels to insure coaglete miiing of the sclution. The
reaction vessels were placed in a constant temfperature bath
set at 149°C, The becttles were then connected to the
electrolytic respirometer and oxygen consumgticn data vere
printed at regular intervals. Tke cunulative‘ oxygen
consumed by each tottle wvas then plotted versus time. A
blank coantaining iqoculated minimal salts and a control:
consisting of inoculated glucose soihtion wvere carrieéd in

each experiment. _ 3
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§.2 ISOLATION OF AN AQUATIC BACTERIA EIODEGRADING

DADAAC POLYNER

8.2.1 APPARATUS
See section 4.1.B.1
8.2.2 REAGENTS

-Minimal salts (recipes descrited in secticn 4.1.3.2)

-Saline solution - " n " "

-0.2% Polymer C soluticn 7 n n n

-Inoculua: Cultures isclated from the St Lawremce River.
Pure cultures were obtained by subseguently
inoculating nutrient agar petri dishes.

Pure cultures were suspended intc saline solution.

8.2.3 PROCEDURE

See section 4.1.B.1
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8.3 BIODEGRADATION AND ASSIBILATION OF POLYELECTROLYTES

BY AN AQUATIC PSEUDOBONAS STRAIN

‘8<3.1 APPARATUS

See section 4.1.B.1

8.3.2 REAGENTS

-Minimal salts (recipes in section 4.1.4.2)

-Saline solution " " n n
-0.2% Glucose solution " " " "
-0.2% Monomer A sclution * " " "
-0.2% Polymer A sclaticn ® " " u

-0.2% ¥onomer C solution (recipe in section 4.1.8.2)
-0.2% Polymer C sclution- 258L Minimal salts
16.67mL dialyzed OMDAAC Polymer
diluted to 100alLe.
-éolymer D soluticn- 25alL Minimal salts
20al Eolymer [ (a cationic
poclyacrylamide-based fpclymer)

diluted to 100ml.
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-Polymers

2318-2319/1-2319/4 solutions (cationié
acrylamide-based pclymers)
25ml Minimal salts
20mL 1% respective polymer

diluted to 100ml.

-Galactose solutico- 2S5zl Minimal salts

-Inoculuanm:

10mL 2% Galactose

dilated to 100alL

The culture which showed an ability to degrade
Polymer C in the previous experiment vas
maintained as a pure culture in the laboratory by
subsequently transferring isolated colonies to
fresh nutrient agar plates every 4§ days. This
culture vas later identified as a Pseudémgnas
species, but further species identification could

not be made.

8.3.3 PROCEDURE

See seCtion 4.1.B.3, hovever incubation
temperature was maintained at 209C. Chemical
Oiygen Demand (COD) tests, vwere ferfcrmed on sone
samples Ly the BReflux [Lichromate Method, as per

Standard Methcds (AWWA, APHA, WPCF, 1?80).
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8.9 POLYNMER C AS A SCURCE OF CARBON AND FITHCGEN FOR A

CHONAS SIRAIN

8.4.1 APPARATIUS
See section 4.1.B.1
8.8.2 REAGEXNTS

-Minimal salts 8g anbydrous Sodium sulfate

12¢ anhydrous Potassium phosphate monobasic

4g Potassium phosghate ditasic

0.4g Magnesiug sulfate diluted to 1L,
filtered and sterilized.
~Saline solution {recipe as in section 4.1.B.1).
-0.2% Polymer C solution (dialyzed) (recipe in section 4.3.2).
The polymer was dialyzed with Fisher dialysis tubes, #8-667E
-0.2% Glucose solution including Nitrogen in aminimal salts
(recipe in section 4.1.B.1)

-0.2% Glucose solution excluding Ritrogen in minimal salts

-Inoculum: see section 4.3.2

8.4.3 PROCEDURE

See section 4.1.B.3



§.5 EXTRACELLULAR ENZYNE ASSAY

8.5.1 APPARATUS

-Lab-Line Junior Crbit Shaker set at 100rpm

-Superspeed Refrigerated Centrifuge, Dupont Instrunenfs
(model RC-5)

~-Leedal Automatic Contrcl Temperature Unit

-10mL titration buret

-Sterilized glassvare

7~ 8§.5.2 REAGENTS
A\
-fMinimal salts {See section 4.1.A.2)
-Saline solution: " " "

-Polymer C soluticn (dialyzed) (see section 4.3.32)
-Toluidine blue O (TBC) - 1g TEQO (Eastman #C1756)
dissolved in 1L water
-Polyvinylsulfuric acid pctassium salt stock solution:
1.6221g PVSAK (eastman #8587)
dissolved in 1L water
-Polyvinylsulfuric acid potassium salt titrant 0.32163g/L

20alL Stock Solution in 1L water
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7 , ASSAY
Hhaaag
-Lab-Li 00rpm
~SUPEeLSPetu nosiay-— jupont Instruments

(model RC-95)
-Leedal Automatic Contrcl Temperature Unit
-10mL titration buret

-Sterilized glassware
8.5.2 REAGENTS

-Minimal salts (See séction 4.1.A.2)
-Saline solution " " "
-Polymser C solution (dialyzed) (see section #.3.2)
-Toluidiné blue O (TBO) - 1g TBO (Eastman #C1756€)
K dissolved in 1L water
~Polyvinylsulfuric acid potassium salt stock sclution:
1.6221g PVSAK (Eastman #8587)
dissolved in 1L wvater
-Polyvinylsulfuric acid potassium salt titrant C.3216g/L

20aL Stock Solution in 1L water

R?2
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8.5.3 PROCEDURE

The Pseadomgpas strain 1isolated from the river and
maintained as a pure‘ culture in the latoratory, was
inocuiated into 20(mL of Bclymer C‘solution and incubated é
209C for 12 hours. The turbid suspension was centrifugea at
12,000cpm for 20mpin at constant temperature. The
supernafant, now free of cells, was enriched with a specific
concentration of dialyzed DMDAAC polyper‘ This eanriched
sterile sample was shaken at 50rgm and concentrations of
Polymer C vere determined by titrationm at regqgular tinme
intervals. The sterility of the supernatant sas insured by

plate counts. Concentrations of Folymer measured by PVSAK

titration were then plotted versus time.
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4.6 SLUDGE-SUPERNATANT TOXICITY/BIODEGRADATION TESYS

4.6.1 APPARATUS

- Exidyne Electrolytic Eesgirometer

- Leedal Automatic Temperature Control Unit

- Jar Test Apparatus
(6-paddle mixing unit manufactured by Phipps and
Bird Inc. and 6-2L square jars)

- Titration apparatus

- Autoclave and sterilized glassware

8.6.2 REAGENTS

-Minimal salts (recipe described in section 4.1.B.1)
-0.2% Glucose solution " " " " "
-Saline solution " " " " "

-15% DMDAAC Polymer (Polymer ()

-1% Polacrylaaide co-pclymer (Folymer A)

—~Nixed liquor from the Ste Rose Wastewater Treatment Plani
(Laval, Quebec).

Inoculum: -Microorganiszs present in the mixed liquor.

-Pseudomcnad racteria isclated from the river
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§.6.3 PROCEDURE

A mixed liquor sasfle, collected from the aeration tank
of a conventional activated sludge wastewater treatment
plant, was poured intc 21 standard square jars. 10mg of
polymer per gram cf dry solids was added to the sample and
complete mixing was insured by 30s rapid wixing at 100rpsa.
The process of flocculation was enhanced by mixing the
sanples at 30rpa fcr 20gin., The solids vwere then allowed to
settle for 1h and the supernatant and sludge separated. The
sludge samples recovered from the jars vere‘ enriched with
glucose solution and oxygen uptake measurements were
conducted with the respirometer. The clear supernatant,
which should ideally ke polymer free, was inoculated vwith
the gggggggggg§ culture, and enriched vith minimal salts. No

additional source c¢f carton was added to the sasple. Oxygen

uptake was recorded and plotted versus time.



5.0 RESULTS
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5.0 RESULTS

5.1 THE EFPRCT OF POLYELECTROLITES ON FRESHWATER

BICRGEIAL MIXED CULTURES

The experiments - presented here are preliminary tests,
necessary to acquire a minimal noticn on the effect of the
tested polyelectrclytes on freshwater Bicroktial mixed
cultures. As pentioned previously, these cuvltures vere
isolated from the St Lawrence river, off Nun's Island, ne€ar

uonttgal, Quebec.

In this series of tests, tvo sets of similar
experiments were performed on the same microcrganisms-.and
experimental conditions. The first set c¢f growth curves
presented (see Pigures 3 to 5) were generated Lty conducting
optical density mneasurements on the inoculated solutions.
The second set of curves were generated from data printed by
the electroiytic respiroseter and are therefore cumulative
oxygen uptake curves. The reasons for this change in

methods are as follows;
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1) Optical density ﬁeasurements are restricted by
turbidity or color. Biodegradation can involve
lengthy experiments, hence being restricted by

turbidity could limit the studies.

2) Biodegradation is a metabolic phencmenon, which
is not always related to tacterial growth.
Therefore, mcnitoring polymer tiodegradation by
optical density measurements can 1lead to false
results. On the other hand, aerolkic Lticdegradation
and assimil;tion is always related to oxygen
uptake. Therefore, a method r[permitting one to
measure oxygen uptake and relate it to -
biodegradation would represent a technical

improvenent.

3) Since biodegradation can be a lengthy
phenomenon, a method which could autcmatically
generate data for 1long as well as short time
intervals, would be useful amnd would allow
generaticn of 1lcnger and more accurate metabolic

curves.

The instrument chosen to monitor oxygen consumfption was

the electrolytic resgircmeter. This instrument allows

measurement of oxygen uptake in an inoculated vessel for an

-



extensive period of time. Neither oxygen ugrtake, nor carbon
dioxide produced, tecome inhibitory factors, since oxygen is
produced by electrclysis at the same rate as it is consumed,
and carpbon dioxide is fixed by fpotasssius hydroxide (see
Figure 2). Althcugh the electrolytic respircmeter vas
developed to measure Eicchemical Oxygean Demand (BOD) of
vater and vastewaters; it was used in this study to measure
microbial metabolisa, ‘which is closely related to
biodegradation. The advantages ‘of this wmethod, in

comaparison to the optical density method, are as follows:

1) Oxygen uftake is a more seansitive and direct
method tc measure bacterial respiration, and thus

indirectly bicdegradation and assimilation.

2) The respirometer suprlies oxygen at the sanme
rate it is ccnsumed and it also fixes the carton
dioxide generated as a result of resgiration. In
other words tke imnitial oxygen and carbon dioxide

levels are maintained throughout the experiment.
3) Microtial metabolism can be follcwed without
time liamit since turbidity created by growing

cultures is nct a limiting factor.

To insure that the results obtained wvwith the

59
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respiroweter would e relevant, parallel experiments dere
conducted petween the methods (optical density and oxyjen

uptake). sased ot the similarity obtained Letween these

parallel experiments, tke respirometer ¥as considered

suitable as a meals tc measure mnicrobial metabclisu. In
gyeneral, the results cltained from the ofptical density
measurements were related to tue curulative oxygen
consumption results, ewmphasizing on the validity of both

methods to monitor micrckial activity.

Fljure 3 represents the «ccpdition 'where the tested
polymer or moncmer 1s the sole carbon source present in the
media. As in FPigtre 7, Polymer A soluticn apgeared to
support some yrowth. However, 2000mg/L ct Fclymer C (no
glucose added) did not support more growtih cr induce more
oxygen uptake than the ccntrol icurve {compare Figures 3 aad
9). fanis ancmaly will ke further discussed later. It is
also 1interesting to ncte in Figure 3 tkat growth with
jlucosa as a substrate, cccurred cnly after a lag paase of
l4hr. Tanis extensive lag fhase for glucose.is however not
expressed in the related cumulative oxygen uptake curve (see

Figure o).

The juestions generated from these first experiments
were related to the possibtle tcxicity of beth Pclymer C and
Honomer 4 to the acuatic =microbes. Experizents wWere

thererore conducte€c Witk tke same nutriest scluticns, but in
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Pigure 3. Growth curves of mixed aquatic microorganisms inoculated on
nutrient solutions and incubated at 140C.
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\ Pigure 4. Growth curves of mixed aquatic microorganisms at 14°C.
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Pilgure 5. Growth curves of mixed aquatic microorganisms at 14°C,

0\



Legend

gunulltivo X 6l : .
xygen ucose (2000mg/
Uptake 0 Glucose (1000mg/L)
(mgo2/1)

200}

—
’
100 ¢
Note: Points are average of 4 tests
R4

] 10 20 30 40 50 60 70 80 Time(hr)

Pigure 6. Cumulative oaxygen ustake curves of mixed aquatic microorgsnisms
inoculated into nutrient solutions and incubated at 149C,
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Pigure 7. Cumulative axygen uptake curves of mixed aquatic microorganisms
inoculated into Polymer A solutions and incubated at 14°C.

O

% Monomer A (1000mg/L+ gi
Cumulative % Monomer A (ZooOng/L)gucose)
Oxygen O Minimal Salts
Uptake
(mg02/1)
100
Note: Points are average of 4 tests
0

0 10 20 30 40 50 1) 70 80 Time(nr)

Pigure 8. Cumulative oxygen uptake curves of mixed aquatic mi
inoculated into Monomer A solutions and ingubat:d ‘:rggg . e
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Pigure 9. Cumulative axygen uptake curves of mixed aquatic nicroorganisms
inoculated into Polymer C solutions and incubated at 14°C,
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Figure 10, Cumulative oxygen uptake curves of mixed aquatic microorganisms
inoculsted into Monomer C snd incubated at 149C,
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addition jiucose 'in different concentrations was added a3 au
availapie carpon scurce. Growth inhibvition when ccepared to
the growtn level induced by the gliucose coatrcl could te

intecpreted as a siyn of tcxicity.

Figures &4 and £ were therefore geherated from
experiments in whica tke ©Fpolymer or moncmer sclution was
enriched with glucc¢se sclution. From bota curves, it cau ze
conciuded that Polymer C did not exhibit tdxicity, based on
thel overall number c¢f picroorganisms Jrowing. In fact,
instead or yrowtih inhitition, it was possible tc observe
growth enuancement wheu compared to the <cerntrocl growth
curve., The same ccnclusicn can be derived frcm Figure Y for

the enriched polymér oxyyen uptake curve (10600mg/L curve).

Aithouym growth «c¢n EFclymer A and 2oiymer ( exaibited
similar results when tested bty abscrbance apd cxyyen uptake,
this was aot the case for Honcmer A (acrylamide) enriched
with gylucose: Figures 4 and 5 show growta inaititicn for the
acrylamide enriched gsclution (1000mg/L Houm. 4) , when
compared to the glucose control; in contrast the curves ip
Figure 8 show tnat the cxyyen consumption fcr the acryiamide
enrichea solution is at least as high as the glucose coutrol

solution (Figjure €).

Polymer ¢, as previously mentioned, is a hczc-poliyumer,



or a polymer in which <chains are composed c¢f a single
monomer. This moncmer (LMDAAC), hereafter called Monomer C,
was also tested for its effect ‘on the agquatic mixed
bacterial populaticn (Figure 10). As expected, Monomer C
exhibited the same effect on the testinicrootganisms as its
corresponding polyser ({Figure 9). In other words, DMDAAC
monomer did Bnot exhikit toxic effects, neither wvas it

biodeyraded by the test microorganisas.

Although it wuas nentionedvthat the curves generated
from both methods were similar (Fiyures 3 to 10), it is
possible to observe some differences in the shape of the
generated curves. In fact, the oxygen consumption curves do
not exhibit the traditional S-shape growth curve, with its
lag, exponential and stationary phases. Instead the
cumulative oxygen consumption curves lack an afpparent lag
phase step. 1In fact, oxygen consumption during this initial
time period indicates that metakolic activity is taking
place, but not necessarily growth in terms of mass or
numbers. It 1is likely that the btacteria require oxygen to
adapt to the nes emnvircnmental coanditions, also called

endogenous growth.

Several conclusiops may be derived from these first

experiments (Figures 3 to 10):
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1) Polyser A, Pclymer C, Monomer A and Monomer C
do not exhikit toxic effects to a number of

-aguatic microcrganisams inoculated.

2) Polyser C, Monomer A and Monomer C, do not

appear tc supjcrt growth as sole carbon sources.

3) Polymer A solution seemsS to sufport some growth

among the inoculated mixed population.

4) In the presence of an available carbon source;
Polymer A, Pclymer C, Monomer A and Mconomer C seen

to enhance groewth.

Tae gquestion then arises: Are there any agquatic
bacteria capable cf bicdegrading such polyelectrolytes by
using then as nutrients? To answver this question,
biodegradation experiments with a pure aquatic culture were
conducted with Pclymer C. The reasons for this choice of

polymer are as follows:

1) The solecular structure of Polymer C (DMDAAC)

is known.

2) Polymer C solution appeared to be more
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resistant tc Ltiodegradation than Polyaser A

soluticn.

3) Polyser C was available in 1liquid form;
solveats required to assist dissclving the
polymers imn aqueous solution might have interfered

with the results.



5.2 ISOLATION OF AN AQUATIC BACTERIA BIODEGRADING

DADAAC POLYAER

The objective of this series of experiments was to
isolate from the St Lawrence river a bacterial strain which
could biodegrade Pol}mer C and utilize the fpolymer as a sole

carbon source.

Based on the main objective of this study, it is
obvious that it was imfortant to isolate frcm the river a
bacterial strain which would be\ indigenous to this river.
Isolation of an enteric species, recently discharged into
the water via sewage discharge, swas undesirable since it
would hot represent the patural condition of the river.
Hence, to maximize the chances cf 1isolating an aquatic
strain, the sampling site chosen is located on the south
shore of Nun's Island (south of Montreal in the St Lawrence
River), upstream from the island sewage discharge. Although
sampling was conducted tc avoid the possible isolation of
enteric microorganisas, the success of this objective could
not be totally insured. Monitoring of fecal colifora
pollution by the MF-C membrane filtration tecknique (APHA,
1980), showed that an average of 45 fecal coliform cultures
per 100mal filtered could be counted after 45hr c¢f incubation

at 35°C. Tais numker was low when compared to the number of
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microbial cultures Fresent on the agar dishes after

spreading 1mL of river sample and incukating them for

24-48hr, approximatly 3(C cclonies vere counted.

A variety of pure colonies; origimally isolated from
the St Lawrence Eiver water sample, were incculated into
Polymer C soluticn (DMDAAC polymer + Minimal salts) and
oxygen coansumption was monitored. Biodeg:adation was
suspected when the inoculated reaction vessel consumed more
oxygen than the minimal salts vessel. . The ptre cultures
inoculated on Polymer C sclution vere obtained Lty subsequent

transfers of initial isclates.

The choice of strains to be incubated, and therefore
chosen as test organisms, had to be made frcm a large number
of isolated <colonies, which grev on nutrient agar plates
inoculated with river water and incubated overnight. The
selection was made randcamly, but preference sas given to
dominant colonies, determined by the number of individual
but similar cultures counted on the agar plates. It is
however clearly understocd that dcminance on nutrient agar

does not necessarily relate to dominance in the streanm.

The cultures selected to be tested were morphologically
and microscopically studied. The «cultural and morphological

characteristics of the 5 cultures are described in Table 2.



Table 2. CHARACTEEISTICS OF THE ISOLATED CULTURES

- - - - —— - — — A A ———— ——

Culture number . Characteristics

1 Gram+ cocci in pairs.
lLarge, mucoid, white sharp

cultures with Lklue reflects

2 Gram+ large cocci.
Swall, whitish, nucleated

cultures

3 Gram- small rods.
Large, wvhite, irregular

shaped cultures

4 Gram- cocci in chains.
Very small, transparent

: cultures

5 Gram- rods.
Medium, irregular shaped
beige colonies, with

characteristic odor.
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FigureAII presents the oxygem uptake curves of the 5
isolated pure cultures, when incculated omn Polymer C
solution and incutated at 209cC. It can be noticed that
among all fiie colénies, only culture #5 exhibited a
significant oxygen consurption, with 130mag/L oxygen consu&ed

after 30hr of incutation at 149C.

Cdlonies #2 and #4 also exhibited Scme oXxygen
consumption. In bcth cases, the maximum oxygen consumed was
reached after 20hr of incutation. Culture #2 consumed 30mg/L
of oxygen and #4 consused 50mg/L after 20hr. The oxygen
uptake of both cultures were small vhen ccapared to culture
#5 uptake. Thereforg thé oxygen conéumed by cultures #2 and
#4 was assumed tc be related to the Lbiodegradation of
impurities present in tlke solution. All further experiments

were therefore conducted with dialyzed DMDAAC fclymer.

Culture #5 thus skowed some ability to use Polymer C
solution as a nutrient and was consequently chosen to be
the strain with +which all <further experiments would be

perforaed.



O

Legend
. (- c:llwrc 2
ture

Cumulative g :ulturc #

Oxygen e culture #

Uptake » culture #5
(mg02/L)

-
\ 100
Note: 2000mg/L Polymer C soiution
no replicates
0

0 4 8 12 16 18 22 26 30 Time(hr}

PFigure 11, Cumulative oxygen uptake curves of 5 pure aquatic bacteria

axl‘tl!‘l.ro;l inoculated into Polymer C solution and incubated
at .



S.3 BIODEGEADATION AND ASSINILATION OF POLYELECTROLYTES
BY AN AQUATIC PSEUDONONAS STRAIN

Since the polymers tested in the previous tests did not
exhipit toxicity to the mixed population of microorganisas
inoculated, biodegradaticn tests vwere considered as a
subject for further research. All tests performed in this
.series of experiments were conducted with the Gram negative
rod isolated in Series C (culture #5). The strain vas
maintained in the laboratory for an extensive period of time
~ by subsequently transferring the cultures every 4 days to a
fresh nautrieat agar plate. Pure culture vas insured by

inoculating petri-dishes by the streak method.

The isolated Gram negative rod wsas tentatively
identified by 3 microbiology laboratories (The Microbiology
Faculty of 8c Gill University, the Royal Victoria Hospital
Clinical Microbiology Laboratory and the Microbiology
Laboratory of tne Quebec Ministry of Public Health) withoat
further  possible identification. All 3 laboratories
identified the strain to be a member of the Pseudomonas
genus. But no species identification could be accoamplished

for reasons menticped later in section 6.3.

Each set cf experiments {5 bottles running



simuitaneously) consisted of a control (glucose solution), a
blank (taermobarometer) (distilled water)), a second control
consisting of inoculated winimal salts, and 2 sample
vessels. The glucose control enabled normalization of the
sample oxygen coasumpticn curves. It also lade it possible
to compare the «c¢xygen consumed by the Lacteria when
inoculated on the tested polymer, to the oxygen consumed
when the same orgarism was inoculated on glucose (assuamed to
be a readily available source of carbon). A distilled water
blank was run to correct the oxygen consumption curves for
any barometric effect, caused by temperature c¢r barometric
pressure variatioes. Finally, the minimal salts control
permitted one to estimate the oxygen consumed Ly endogenous

respiration, exerted during the initial adaptation phase.
Each oxygen ccnsumption curve generated in this series

(including glucose and <saample curves) was treated as

follows: (see Appendix 3 for a more detailed exasmple)

77



Oxygen consumed by sample 1 (S1) = NG - A S1

where: A S1 = (G~ MS - DW) - (S1 - ES - DW)
86 = Normalized glucose curve
{this curve has been norsalized by
plotting all corrected data p;ints
obtained frcm all experiments run
and passing a best-fit line through

the points (see for example, Figure 12)

(6 - ES - DW) corrected gluccse curve.

(S - MS - DW) corrected samgle curve
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5<3.1 EXPERINENTS CONDUCTED WITH GLUCCSE

T'he corrected oxygen curve for glucose is presented in
Figure 12, where all experimental data points vere plotted.
An average curve was then passed through the scattered data
points. Although all pcints were corrected fcr barometric
effects and endogenous respiration, it is still possible to
notice a large standard deviation among the various data
points. The norealized curve reaches a cuaulative oxygen
consuaption of 100mg/L after 14hr of incubation at 20°C,

vith a visible decrease in oxygen uptake rate after 4.5ar.

Based on the normalized glucose curve (Figure 12) an
oxygen uptake rate curve was calculated. This new curve can
be seen in Figure 13. The oxygen uptake rate curve exhibits
a high uptake rate of 16.5mg/hr-L during the first 4hr of
incubation, followed by a rapid decrease, tc finally reach a
steady state value at 2.5ag/hr-lL. This state extended to-
the 33rd hour of incubation. Although Figure 13 shows the
oxygen uptake rate for the first 15hr of incubation only, it
can be noticed in Figare 12 that there is a seccnd fperiod of

oxygen consumption after this 33rd hour.
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Pigure 12. Cumulative oxygen uptake curves of a Pssudomonas species

inoculated on glucose sclution and incubated at 20°C.
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Figure 13. Oxygen consumption rate curve, from slope of Pigure 12.
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S5.3.2 BERIPERIBENTS COENDUCTED WITH POLYHNER C AS
A SOUBRCE OFr CARBON

The cumulative oxygen uptake curves generated from the
experiments éoiducted Witk Polymer C solution as a nutrient
can be seen in Figure 14. The average curve has been
normalized as described previously. Once normalization was
performed, the data [pcints shovwed a relatively small

deviation from the mean curve.

The generated meab oxygen uptake curve for Polymer C
reaches a cumulative oxygen level of 110mgsL after 15hr of
incubation at 20°C, whicn is higher than the glucose curve
(compare Figures 12 and 14). Note that the sample curves
vere normalized using the glucose curve (Figure 12), hence a
higher oxygen uptake regresents a significant increase in

oxygen coansumption.

Figure 15 shows that, as with the glucose curve (Fig.
12) , a high oxyger uptake can be seen at the beginning of
the experiment ané this slowly decreases in tke next few
hours. It can also be noticed here that the oxygen
consulptionbrate for Poclymer C solution is sisilar to the

glucose consumption rate curve. Both curves show am initial
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Pigure 15. Oxygen consumﬁtion rate curve, from slope of Figure 14,



oxygen coansumption of 16.6ags/hr-L, but in the case of
Polymer C, the high cconsumrtion rate lasts only for 3hr.
However, the decrease ip oxygen consumption rate for Polymer
C is more gradual, with a final nadir of 1.8mg/hr-L reached
after 11hr of incubaticn, compared to 6hr in the case of

glucose.

S5¢3<3 EIXIPERINENIS CONDUCTED WITH BOBNOHNER C

Monomer C cumulatiye oXxygen consumption curves are
presented in Figure 16. Contrary to Polymer C, but
similarly to glucose, the experimental data points are
scattered with a noticeable high deviation frca the mean
curve. The “fitted" mean curve exhibits a rapid oxygen
consumption for the first 4hr of incubation, followed by a
gradual decline. After 13hr of incubaticn, a cumulative
oxygen consumption level of 110mg/L could be observed. 1It
is interesting to pote that some data poiants have a tendency
to reach this séme 1108g/L faster than the mean curve. 1In
general, the oxygen consumfption appears to be mcre rapid for
Monomer C, tham for glucose or Polymer C. This faster
consuaption rate, Lowever, could not be noticed by studying
the mean cumulative oxygen curve for ﬁononer C (Figure 16),
since some lower data pcints have a negative effect on the

normalized curve.
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Plgure 17. Oxygen consumption cate curve, from slope of Figure 16;



When the oxygeén uptake rate is calculated froa the mean
curve, an dinitial cxygen uptake of 18.2mg/hr-L is
established (FPigure 17). However, this high rate could only
be observed during the first 2hr of incubaticn. As wWith
Polymer C and gluccse, the high oxygen uptake is followed by
a progressive decline, reaching a nadir of 1.8mg/hr-L after

14hr.

Among the 3 analyzed oxygen uptake rate curves (Figures
13, 15 and 17) the one generated by inoculatiang Monoamer C
as a sole carbon scurce exhibited the highest rate of oxygen
uptake, for the shcrtest time period. Monomer C curve also
attained its nadir at 1.8mg/hr-L, after the lcngest time of
incubation. It is interesting to note that this final nadir
is equal to 1.8mgs/hr-L for both Monomer C and Polymer C,

wvhereas it reacaes 2.5mg/hr-L for glucose.



S<3.4% 10NG-TERN EXPERIMNENTS

A number of ccmplementary experiments was conducted in

connection with the Polyner-Monomer C series of experiments.

The first question arising frcm the results expressed
so far, 1is related to the nadir reached in all generated
curves after a certain period c¢f incubatica. Is this
decrease in metatolic activity a final step, or an
intermediary stage? In crder to answer this guestion, 4
days incubation experiments were conducted with various
substrates, but particularly with dialyzed Polymer C as a
sole carbon source. The cumulative oxygen uptake curve
obtained for Polymer C after 4 days is presented in Figure
18 and more detailed ip Figure 19. It can be noticed that
the same nadir as expressed in Pigure 14 wvas reached after
15hrs of incubation. In addition, a second rise in
metabolic activity appeared after 65hr. This second
activity period raised the cumulative oxygen <consumed fronm
125ag/L to 210mg/L in 35br of incubation. Such a phenomenon
suggests that the tiodegradation of Polymer C is a stepwise
process. The first metabclic activity period (Figure 18)
vhich extends to 20hr of incubation, correlates in shape and
level with the mean c¢xygen upﬁake curve for Polfmer C,

presented in Figure 14.
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Pigure 18. Cumulative oxygen consumption curves of a Pseydomopnas species
inogulated on a variety of nutrient solutions and incubated
at 200C,
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S¢3.5 NUTBIENT RESIDUAL EXPERIMENIS

Tae second guesticn résulting from the experiumeats
conducted so tar, relates to the real pnutritional
availapility of the jclymer and 1its wornomer. Although
inaculation in wminimal salt demonstrated that the straix
used was unaple tc¢ grcw cn salts alone (as actotrophs), a
nutrieat resiaual experiment was coanducted. The cojective
was to yrove ky chemical apalysis that the substrate did
effectively decrease 1in concentration, as a fesult of
assimilation. Tae initial and finai supstrate
concentrations were therefore analysed by Chemical 0©&yjen
Demand (COD) tests aftét 20hr of incukaticn, after
separation of the cells frcm the liquid by centrifugation at

10,000cpm.

Ine resuits c¢f this analytical test are cresented in
Table 3. Tuey demcnstrate that the concentraticn ¢I Poiyaer
C, doaomer C and glucose did decrease with time. These
results can be interpreted as Lacterial nutrient consumgtion
since jolymer adscrpticn on the cells pecame negligible
atfter addition of salts prior to COD analysis. The addition
of salts reverses 1ioric charges, liberating the adsorbed
polymer froa the «cell. Hence, in theory, the ccncentration
of nutrient recovered and analyzed <can be used to calculate

microblral assimilation.

Qan -
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Table 3., NUTBIENT GBESIDUAL EXFERIMENTS CCNILCECTED

WITH THE ISCLATED PSEUDCHONAL.

Initial Final Average
Sample Concentration conc. COnC. ur take
{zc/L) {ng/L) {(my/1L) (%)
Pol.C 2600 650 4Ga 38.5
Mou.C 2G0C 84040 544 32.0
Glucose 2000 €75 435 32.9
in aili tests, oétical density (C.D.) pecasurercnts were

conducted ob the inoculated sample, pricr tc and after
incubation. Tne C.L. of seeded glucose, Fclymer ¢ and
Monomer C soluticrs were always higher at the end of the
experiment than ihitially. The npumerical results of such
measureaents are rot presented ir this study, since the
purpose of tanese measuremdents was simply tc ccnfirm that

growth nmad effectively cccurred, and thereiore that viygen

uptake could be correlated to growth. -
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5.3.6 BIPERINENTS COBDUCTED WITH POLINER C AS A

SOUECE OF CABBON AND EITROGEN

Based on the fpreviocus results, and the fact that DMDAAC
polymer includes nitrcgeh, it was decided to test the
polymer as a source of Ltoth carbon and nitrcgen for the Gram
negative rod. Oxygen uptake measurements uere fherefore
performed on Polymer C solution with nitrcgen-free minimal
salts. The normalized cumulative oxygen uptake curves for
both Polymer C and glucose in the akbsence of an additional
nitrogen source are presented in Figure‘AZO. It can be
noticed that the glucose medium (nitrogem free) supéorted
solely endogenocus respiration and its oxygen ccnsumption is
comparable to the minisal salts control. The polymer vas
able to induce scme Bmetabolism and cause an average of
60mg/L of oxygen to Lke consumed in 15hr. This oxygen
consumption is 1lowver than with the presence of inorganic
nitrogen in the salts (Figure 14) tut it remains
significant. It caa alsc be noficed that a plateau was
reached very soon after initiatiomn of incutation (about

6hr) .
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Pigure 20. Cumulative oxygen uptake curvoi for Polymer C and Glucose
without Nitrogen.



5.3.7 EIPIRINENTS COEDUCTED WITH GALACTOSE

The controls had been set as glucose soluticns for all
experiments so far, glucose being the classical carbon
source used for sipilar types of assays. But nmost

Pseudoaonas (coantrary to most microorganisas), cannot

catabolise Jlucose, =ince the Embden-Meyeroff (sugar
catabolic pathuay) is generally absent in the pseudomonads
cataboliic functionms. Soge strains however, possess the
Entner-Doudoroff pathway, which oxidises glucose to various

end-products (pathway described in Appendirx 2).

Although the isolated strain showed the ability to
metabolize glucose and vas therefore likely to [ossess the
Entner-Doudoroff pathway amoang its various metaoolic
pathvays, experiments vere conducted with a different carbon
source, in this case galactose. The objective was to confirnm
the validity of the experiments where glucose had been used

as a control.

The various galactose experiments run (Pigures 18 and
21) demonstrated tiat within incubation periods of 60hr, the
oxygen uptake for this sugar was similar to glucose or

DMDAAC polymer.
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Pigure 21. Cumulative oxygen uptake curves for Polymer C and D-Galactose.
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It was concluded that ror the purpose of this study.
glucose could remain as a control, since in most cases short

experiments were ccnducted (less than 48hr).

S5<3.89 BXPERINENYS CONDUCTED WITH POLYBER C
AND AN AVAILABLE SUGAR

The results obtained so far suggested that the isolated
Pseudomonas strair was able to tiodegrade Pclymer € and
utilize its carbor and nitrogen as nutrients. But would
aquatic bacteria, growing in the presence of other sources
of carbon such as sugats, still metabolize the polymer? Or
vould they rather give freference to the available sugar?
Such questions are of major importamce for this study, since
polluted streaas norsally contain a large variety of
available carbon sources. If the microorganisas have
preference for other sugars jn-situ, the results of this
study would be of minimum value. To ansver these questioas,
a solution containing both galactose and Polymer C was
inoculated with the pseudcmonad strain. The concentration
of the polymer was analyzed initially and aftér 160hr of

incabation. In both cases, any adsorbed polymer wvas reaoved

from the cells by addition of sodium chloride. Analysis was



conducted by titrating the polymer with 0.3216g/L PVSAK.
Figure 18 rpresents amcng various curves the cuamulative
oxygen uptake curves, ocktained for both substrates. It‘can
be seen that tbe metabclic activity is enhanced in the amixed
solution waen compared to pure Polymer C, Lut is lower than
with 100% galactose. The plateau existing in all curves is
shortened by 30hr when the strain is inoculated in both
nutrients, The increase in metatolic activity cccurs at
approximately the same time F[eriod as the 100% Polymer C

Curve.

Titration results showed that after 160hr of
incubation, the ccncentration of polymer in solotion had
indeed decreased. It was therefore concluded that polymer
biodegradation did occur. A control flask ccosisting of
Polymer C soluticr without inoculum, was also carried for
160hr to confirm that =srontaneous polymer degradation would
not interfere with the 1esults. Titration of the coutrol
saaple, confirmed that in fact no  significant

autodegradation nad occurred in 4 days at 20°C.



S5¢3.9 BEZINE ACTIVITY EXPERIMENIS

The large molecular size of Polymet C sugggsted that
extracellular cleaving was necessary, prior to any possiblé
catabolic activity. The existencé of one or more €xoenzymes
vas therefore suépected. Enzymatic ezxperinments wvere
conducted to demcnstrate the presence of this active
extracellular enzyae(s), which could cleave the polymer into
smaller fragments. These would Le able to penetrate the
cell and serve as nutrients. Begides, exoenzyme synthesis
has been recognized as being part of the great adaptation
ability of the pseudomonads (Inove, et al, 1963; Kobori and
Taga, 1980; Maeda and laga, 1976; Markovitz, et al, 1956;
Morihara, 1963; Robyt and Ackerman, 1971; Zucker and Hankin,

1970) .

This experiment was designed to encourage considerable
cell grovth on Poljymer C; exéenzyne(s) synthesis would then
be induced. After 1zbhr of incubation, the cells vwere
centrifuged at 12,000rpm for 20min in a refrigerated
centrifuge. The supernatant fraction ccntaining the
exoenzyme (s) was then enriched with DMDAAC r[rolymer, shaken
at rooa temperature (289C), and the concentraticn cf polymer
was -analysed by the PVSAK titraticn method at regular time

intervals. Polymer C bad to be added to the supernatant



fraction, since most of the polyamer preseni before
centrifugation was adsorbed on the cells and therefore
eliminated from the liquid interphase with the cells. As
mentioned, centrifugaticn separated the cells from the
liquid interphase together with the nutrient folymer, but
some adsorbed excemnzyse may also have settled with the
cells. However, the lcss cf extracellular enzyme did not
affect the experinentél results since this excenzyme assay
has been set as a qualitative test and measurement oI the
exact conceptration of enzyme synthesized is Leyond the

scope of this study.

deasurement <¢f polymer concegtrafion was done by a
method which could distinguish between the pclymer and its
smaller fragments. The PVSAK titration method, developed by
wang and Shuster (1974) vwas chosen since it cossists of the
measurement of charge by titration. As the polymer
deteriorates, it lcses its charge, requiring therefore less
titrant. An analytical technique such as CCD or Total
Organic Carbon (TCC) was not suitable, since there wvwas no
carbon coasumption, obnly a cleavage in the molecular

structure.

The various experimental curves presented in Figure 22
show that the concentration of Polymer C decreases with

time, until an asymitote is reached. It can be seen that
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Pigure 22, Extracellular Enzyme Actlivity Curves
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the slope of’polymer degradation is virtually independent of
the initial concentration of polymer, but as the polymer
concentration increases, the asymptote is reached later. It
can also be noticed that the aCtive’ €xcenzyme is
heat-sensitive, since a <short bheating for Sain at 80°C
inhibited 1its hjdrolytic activity. Finally, the control
(polymer without enzyae) shows that at the polymer

concentrations used, Polymer C did not autcdegrade.

5.3.10 BIODEGRADATICN OF OTHER POLYELECTEOLYTES

The biodegradation of cther polyelectrclytes, also used
as coagulants, was tested by incculating the pseudomonad’
into solutions cottaining these different polymers. Among
these polymers, 4 cationic and ome anionic pclyelectrolyte
were assayed. PFigure 23 presents the varicus cxygen uptake
curves generated fcr each specific pclymer. All curves show
a similar trend, with a high uptake rate for the first 10hr,
followed by a plateau. PEclymer D, an anionic high molecular
weight acrylamide-based polyelectrolyte exhibi ted the
highest overall oiygen uptake rate over the first 30hr;
525mg/L oxygen was ccosumed after SOhr of 4incubation.
Polymer 2319/4 (a caticnic acrylamide—based pclymer), also

enhanced microbial activity, with an oxygen uptake curve
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Pigure 23. Cumulative oxygen consumption curves for a variety of polymers.
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similar to glucose. Pclymers A and 2319/1 (both cationic),
supported microbial grcwth at a moderate rate, with almost
200ag/L of oxygen  consumed after | 50bhr. The oxygen
consumption induced by Polymers A and 2319/1, although
representing signs of retabolism, is 1lower than the other
tested polymers. A pore detailed descriptiom of the
polymers tested in this section 1is presented in section

6. 3. 8.

Figure 23 also presents the éunulative oxygen'uptake
cur?e' for the pseudomcnad when inoculated on Acrylaamide
(Monoaer A). The <curve exhibits a high nétabclic activity
induced by the Mcncmer after 20br of incubtation. Before
20hr, the cumulative oxygen curve is similar to cther curves
presented in Figure 23, but the inoculated bacterium starts
consuming oxygen at a faster rate after the first day of
incubation, reaching 250mg/L after 40hr. This result is .
unexpected when cozpared to the activity induced by Polymer
A, but similar oxygen uptake curves can be dJdbserved in the
case of glucose and galactose (Figures 23 and 18
respectively). Moncaer A seems therefore to be a readily

available source of carbon for the pseudomonad.

The Pseudomopas strain isolated from  the river has
therefore exhibited the capability to adapt to smany types of

polymers and utilize them as nutrient sources. It is
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interesting to note that EFclymer D (an amnicnic polymer), vas
soon colonized when stored at 109C by various
microorganisms, and in particular fungi, as evidence by

fungal mycilia and turbidity in the polymer stock solution.

5.3+.11 SLUDGE - SUPERNATANY IESIS

Flocculants in the fcrm of pclyelectroclytes are added
to the sludge in water and wvastewater treatment frocesses to
enhance solid-liguid separation. It is imsportant to
investigate the effect of the added polyelectrclyte oa the

microorganisas present in the sludge.

To approach real ccnditions, both polymers A and C were
added to a sample of 21 of activated sludge &®ixed liquor.

Complete mixing was insured by rapid mixing at 100rpm for

 30s followed by slovw mixing at 30rpm for 20min. The sludge

vas alloved to settle and the liquid phase separated. The
settled sludge was then enriched with glucose and minipal
salts, and metabolic activity was monitored by oxygen uptake

measurements.

High levels Oof oxycen uptake was exerted bty the sludge

(Figure 24) wvhen a concentration of 10mg/g of Folymer C was
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added to the aixed ligucr. The oxygen consumed by the

~sludge was as high as 1300mg/L after 30hr of incubation.

Based on the «concentration of polymer added (Qhen compared
to 2000mg/L in previous tests), it is evident that most of
the oxygen consuzed is due to the hiodegraéatioh of
nutrients present in the supernatant fraction and not to the
polymer itself. However, the sludge with Polymer C shoved a
tendency to ﬁake up more oxygen than the blank (no
coagulant-aid added) after 35hr of incubation. It can also
be "noticed that the klank sludge stops consuming oxygen
after 70hr of incubaticn, whereas the polymerized sludge

continues consuming oxygen.

The clear supernatapt fraction recovered from the
settled mixed ligucr was inoculated with minimal salts and
the isolated Pseudomonas strain, but no additicpal source of
nutrients was added. Titration of this same supernatant
fraction with 0.3216g/1 BVSAK indicated that not all the

polymer had settled with the sludge, since a concentration

of 3.5mg/L of polymer remained im solution (see Table 4).

’

Oxygen takem up by microorganisms present in the blank
reached 620ag/L after 45hr of incubation (Figure 25), but
the supernatant enriched with polymers A and C exhibited a
lower oxygen uptake. This result was unexpected and its

significance will te discussed in the following sectiom.
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The availability cf <cther sources of nutrients in the
superpnatant fractions enriched with polymers, and the
unusually nigh oxygen ccnsumption exerted by the pseudoumonad
in the presence of such a low concentration of polymer (only
3.5mg/L of Polymer C and 3.2mg/L of Polymer A), leads to the
question of whether the poclymer really was Leing used as a
carbon source. Tc ansver this, the supernatant fractiosns
vere tested for their comcentration of polymer after 85hr of
incubation (as with grevious titrations, Sodium chloride was
added prior to centrifugation). The results given in Table
4 show that both polymers did effecgively decrease in

concentration.

Table 4. CONCENTRATION OF POLYMERS IN SUPERNATANT

FBACTICN BEFOBE AND AFTER INCUBATION.

Fclymer A Polymer C
befote after before after
incub. incub. incut. incub.
(mg/L) {ng/L) (ag/1) (mg/L)
3.2 23 3.5 2.5
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6.0 DISCUSSION OF RESULTS
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6.0 DISCUSSION OF RESULIS

6.7 THE BFFECT OF POLYELECTROLYTES ON PRESEHWATER

AICRGBIAL HIXED CULTURES

The results oltained in this series of exreriments are
important because they represent the first positive results
achieved of the effect of pclyelectrolytes used as
coagulant-aids on aquatic bacteria. B Although these
preliminary results are rudimentary, they fpermitted one to
gain a general understanding of the eiffect of the tested
polymers on the mixed microbial Gpopulation and therefore to
establish the remaining series of experiments. Since little
literature on the subject has been published, any possible
meffect™®™ could be expected, ranging froa toxipity to the
aquatic bacteria, to wmicrobial biodegradatica of the
polymers. The results cbtained are of majcr importance to
the water quality of receiving‘ streams. If the tested
polymers would show toxicity to the inoculated agquatic
microorganisms, the natural  phenomenon of water
self-purification aight be inhibited with disastrous
consequences. If, on tke cther hand, biodegradation of the
polymers would occur, toxicity to agquatic amimals, such as

presented by various authors (Biesinger et al, 1976;
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Spragys, et al, 19v2) cculd be inhibited c¢r enaauced.
However, ianibitior _of toxic effects to agquatic crjanisus
could oniy we useful if‘the degradation interzediate and
end-products would be skcwn to nave no etfect cn the ayuatic
biota. Such toxicity tests are however beyond the scope of

tais study.

it is ibteresting tc observe from FrFigures 3, 4, 5, 8
and 10 that neithker Fclyrer A nor Poiyrer C inhibited
microbial Jrowth nor cxygen uptake whén ccmpared to thae
glucose contrcl curves (Fiqgures 3, 4, 5, andvé). Since tae
inoculum éonsisted ct a mixed «culture cf freshwater
microorgyanisms, it 1is only possible to state that tiae
pclymers tested did aoct inhibit overall «cell growth arnd
activity., 1t is in fact 1ispossikle to «ccmEernt cn Jrowth

inhivition of a particular sjecies.

2olymer A solution (2000mg/l) suppcrted some growth
(Figures 3 and 7), although =wnot as high as the glucose
control. This result contradicts the literature, which
states tnat generally, Folyacrylamides are
nonjniodegcadable, unless irior chemical degxadation' is
initiated (Suzuki et al, 1976). In fact, tle  wmicrokial
activity observed in Figures 3 and 7, could be attributed to
both tne presence of ethbanol added to dissclve the solid

polymer (1.0mL of 95% ethanol in 20CCmjsL Polymer 4

111
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solution), and impurities present in theé sclid polymer.

'But, when complemented with a carbon source such as glucose

(Figures 4, S5, 7 and 9), Polymer A, as well as Poly-er C
sigﬁificantly enhanced sicrobial grovwth. This .grovth
induction could be exglained by the fact that although the
polymers cannot be utilized as sole carbon sources by most
species, they may Le liodegraded to a certain extent and
serve as yJrowth factors, supplying carbon and-nitrogen. It
is also possible that impurities present im the stock
polymer solution may bhave contrituted as grosth factors.
The combination c¢f eitker ome or both sources would then

-

enhance microbial cgrowtlk in the presénce of glucose.

Wnen examining Figure 5, where the polymers are preseant

- in a smaller fraction, it can be seen that the growth curves

are enhanced by 64% and 86% for polymers A and C
respectively. Such an increase in growth could not be
caused solely by impurities. 1In fact, further research (see
section 6.3) demcnstrated that all monomers and polymers
assayed in the first two series of experiments were
biodegraded amd assimsilated by at least one amicrobial
species present in the inoculum. Plate counts demonstrated

that this species was [resent in significant gquantities in

-the inoculum, but was not in the majority. Based on this

knowledge, it is f[ossible to assume that this Pseudomonas,

present in all exreriments, would perforn polyaer
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biddegtadatioﬁ, fnerefore' liberating in the solution
additional growth factors such as nitrogemn and carbon.
These liberated grcwth factors could then enhance growth of
other microorganisms alsoc present in the sample. However, in
order for these growth factors to be effective, an available
source ofrcarbon such as glucose has tc be present in
significant concentraticn, to serve as a primary nutrient

source. It is indeed pcssible to relate the amcunt of sugar

available and the growth enhancement caused Ly the above

mentioned factors. Figures 4 and 9, whick presenmt curves
wvhere 1000mg/L of glucose and 1000mg/L of Pclymer C are
present, show that grcwth enhancement 1is lower than in
Figure 5, where g¢glucose solution represents 75% of the
solution and Polymer C cnly 25%. In both curves, the polymer
enriched curves are higker than the control curve (2000mg/L
glucose), but the effect cf the liberated growth factors is
more significant ir Figure 5, for both Polyker C and Polymer

A.

In Figure 6, it is ©possible to notice a difference
betvween the oxygen uptake curves of the solutions containing
2000mag/L glucose and 1000mg/L glucose. In fact, the 1less
concentrated samples induce oxygen uptake until a plateau is
reached; the richer saigles induce the same iritial oxygen
uptake, but the curves do not display this plateau. It can

therefaore be concluded that 1000mg/L of glucose in such



solutions is not sufficient to sustain growth after 50hr of
incubation. Glucose is thus a limiting factor in the two
curves presented in Figure 6 (it is important to remember
that the only difference between the 1000mg/L and the
2000mg/L glucose solution is the concentration of glucose;
all other elements remain constant). Therefore, in the case
vhere the low concentration of glucose liaits growth, there
are fewer microorganisms to benefit from the 1liberated
growth factors. However, when glucose is not a 1limiting
factor, other compcunds such as nitrogen or ghosghorus can
limit microbial gqrowth. In such a situation, the possible
breakdown of Polymer ( by a Pseudomonadacae known to be
present in the inoculua, would liberate carbomn and nitrogen
atoms which could acf as growth enhancers. The higher
concentration of glucose has also been shown to induce
microbial growth, and therefore there would be more
licroorganisn; present in the sample to benefit from the

liberated growth factors.

Tae optical density curves and oxygen uptake curves for
2000ag/L Polymer C soluticn (Pignfe 3 and 9 respectively)
shoved an absence of microbial activity, indicating that
DHDAAC could not supgort aicrobial activity among aost
aguatic bacterial species. The organic carbon present in
the polymer molecule is therefore unavailable tc most or all

microorganisms present in the inoculua. As with Polymer A,
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Polymer C solution enhanced growth (Figures 4, S5 and 9) when
complemented with an available carbon source such as
dglucose. The explanaticn of such a phenomenon would be

similar to that of growth enhancement due tc Polymer A.

Monomer A (or acrylamide), as with Pclymer C could not
serve. as a sole nutrient source (Figure 5) and therefore did
not support micrchial growth. Unlike the twso polymers
mentioned, the wmcnomer did not enhance growth in the
presence of glucose (Figures 4 and 5 ), but rather inhibited
growth as much as 37% for 21kr of incubaticn ina 1/3
mixture (Figure 5). Figures 4 and S may also be interpreted
as a toxicity effect of Monomer A on most or some inoculated
bacteria, since the growth curves obtained are in all cases
lover than the contrcl. However, oxygen uftake curves
(Pigure 8) contradicted this hypothesis, and proved that
Monomer A did oot inhibit oxygen uptake in the amirxed
microbial populaticn. In other +words, Monomer A did not
shov any toxic effect based on the overall oxygen
consumption exhibited by the aixed aquatic culture. In
Figore 10 wvhere 1000mg/L of acrylamide was ‘incculated with
aguatic microorganisas, the aicrobial oxygen cornsuaption was
generally as high as the control vessel (glucose). Thus it
can be concluded that acrylamide is not tcxic to the
majority of aguatic wmicroorganisms inoculated. The fact

that the tests conducted with Monomer A as a carbon source
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did not exhibit sicrcbial growth, is not necessarily related
to the ubavailablitity of the monomer as a nutrient to all
microwial species.. The absence of oxygen consuspticn by the
microorganisas in the [presence of acrylamide could be
related to the fpresence of a long lag Fphas€, where the
microorganismas slcwly adapt to the new sedium. The
existence of a long initial adaptation phase for acrylamide
is supported by the work cf Croll, et al (1974) and Lande,
et al (1979). Both studies uwmention that acrylaside monomer
spiked in a stream is effectively biodegraded, but gemerally
a lag. phase of a few days is observed. The existence of
such a long lag phase is most likely tglated to the number
of microbial species adapting to Lkiodegrade the acrylamide.
It 1is also important to notice that the above wmeantioned
studies were conducted on poliuted rivers, where the
preseaca of other sources of carbon, more easily
biodegraded, could be detected. Even under sach conditioas,
the acrylamide decreased in concentration (as wmonitored by

chromatography) .

In addition to the tested polymers and monoaers,
Monomer C was also assayed for its effect on the microbial
population. The results cbtained sere as predicted: Monoamer
C could not serve as a carbon source to the inoculated
microorganisams, but as Pclymer C, it enhanced growth when

mixed with glucose.
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In Figures 3 to &5, the control or glucose solution
showed an initial 1lag phase as 1lomng as 14hr, where no
microbial growth could ke observed. Although the existence
of this 1lonyg lag rhase cannot be dischssed vith precision

since the wmicrobial pofpulations present in the @wmedia have

. not been identified, it is fossible to assume that a longer

lag phase was reguired since the wmicroorganisas uwere
maintained in the lakcratory on nutrient agar slants
incubated at 209C. The medium used for the test was poorer
in nutritional value than nutrient agar and the experineht
vas only conducted at 14°C. It is interesting toc note that
the Pblyner A curves in Figures 3, 4 and 5 bad a shorter lag
phase than glucose. Once again, this pheromenon could be
explained by the presence cf both ethanol and impurities in
Polyaer A solution. Ethanol is a readily availatle source of
carbon for a large nuaber of microbes, vwhereas the nutrient

value of the iapurities cannot be discussed.

Although the final res%lts obtained from both series of
experiments are sisilar, it is interesting to ncte the major
differences existing betvween the curves generated froa the
two different analytical methods. Firstly, it would be a
nistake to interpret the oxygen comsumption curves generated
in Series B as growth curves. They cannot be considered as
growth curves because actual population multifplication was

not monitored. The oxygen consumption curves can however be
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conéidered'as metakolic activity curves, directly ielated to
microbial aerobic respiration. HMetabolic <curves do not
display the traditiomal growth curve shape, with its lag,
exponential and stationary phases. This fact is related to
the principle that «cell respiraticn 1s not necessarily
related to céll growth. As an example, it kas been
established that during the so-called "lag rhase", an
intensive metabolic activity does take fplace, where the
cell, without multiplying, increases in size and adapts to
nev environmental conditions (Moat, 1979). This adaptation
period involves the transfcrmation and inducticn of a large'
namber of metabolic pathbways and their specific enzymes. As
mentioned previously, kacteria induce the synthesis of some
enzymes when required. But generally, befcre ‘enzyme
synthesis can be initiated, the specific substrate to be
catalyzed must be resent in the proximity of the cell. When
microorganisas are inoculated into these substrates, a high
rate of metabolic activity starts, necessary to synthesize
all enzymes required for survival. This ipitial adaptation
phase has also often Leen called "endogenous respiration"®
(Buscah and Myrick, 1961; Dietrich and Burris, 1%67; Fincher
and Payne, 1962). The author does not agree with the tern,
since by definiticp endcgenous respiration takes place when
the organism has transformed its environment in such é vay
that the environment is no longer suitable for replication

of this organism. Transfcrmation of the environment (ie.
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the medium) occurs as a result of metabolic activity, where
intermediate and end-products are excreted into the
environmeﬂt. In this case, the term "adaptive respiration"
would be more suitable, since the nicrooréanisus have not
yet had a chance to transfora their environaent.
Independently £from its given name, this initial adaptive
respiration has tc be taken' in account. In this stndy;
nadaptive respiration" vas measured by incculating miniaal
salts solutioﬂ and carrying such a ccontrcl in every
experiment. The oxygen uptaken by the minimal salts control
vas then subtracted frcam every sample curve. The adaptive
respiration would alsc f[fermit cne to correct for oxygen
uptake by aicroorganisas biodegrading impurities present in
the nutrient solutionms or in the salts. It can.be noticed
that in all «cases, tte curve for adaptive respiration
reaches a final plateau after few hours of incutation. (See
for exampie Figure 16), which prcves that the Eseudoamonas
isolated does not have the capability to grow in pure water,

as do some members of the family.

In nmost ca#es, the C.D. growth «curves exhibit a
plateau after a few hours cf incubation. This plateau could
be interpreted as a stationary phase vhere growth ceases.
When coaparing thése curves to the corresponding oxygen
uptake curves, a similar decrease in microkial activity is

not observed (ccmpare for example Figures 5 and 7). This
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difference can be explained by the turbidity attained when
incubating inoculated sclutions for loang periods of ‘time
(for exaample, for active_nicrohes an incnbation time of 20hr
can briny the sample aktscrkance to 1.3, at which the 0O.D.
reading is no longer (rrecise (see Figure 5)). Imn such a
case, the growth curve uould display a plateau, suggesting a
false inhibition c¢f gicwth. In such a case, the sample
would have to be dilutgd for further measurements to be

possible.

The results oktained for Polymers A and C, and Monomers
A and C suggest that tlke barrier for polyser biodegradation
by @most tested microorganisms is not the atsence of a
hydrolytic exoenzyme, which could lyse the large molecules
into smaller bligémers CI monomers. Since most inoculated
microorganisms did not exhibit the ability tc biodegrade
both the polymers and the monomers, it can be assumed that
the reason for such a lack in biodegradation is related to
the absence of required catabolic pathwvays to degrade the

basic molecule exgressed in the monomer.

Enhancement of micrcktial activity and grosth, observed
vhen both polymers vwere compleamented vwith an available
source of carbomn (gluccse) gives the impression that soame
sinor polyaer bicdegradation is indeed occurring in the

vessel. This metalolic enhancement could Le ncticed in the
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case of both groith curves and oxygen consumgtion curves
(Figures 3 to 10). Eiodegradation oif the pclymer would
therefore liberate entrapred growth factors which could then
?ct as additional putrients for other micrckes. The presence
of carbon and nitrogen atoms in both Polymers A and C,
supports this last assumption. It is also tpossible that a
few microorganisas, adapted to degrade the jolymers, would
liberate as intersediate or end-products, molecules that
could enbance grosth of other microorganiszs. The results
obtained in Series A and B suggest that there may exist at
least one species in the inoculum that has the akbility to

degrade to some extent Polymer A, Polymer C, FNonomer A and

Monomer € (further results confirmed this hypothesis).

FPurther research was therefore oriented tovards the

isolation of this particular microcorganisam.



6.2 ISOLATION OF AN AQUATIC BACTERIA BIODEGRADING

DEDAAC POLYHNER

The method utilized to isolate from the river the
microorganism(s) wkich had the ability to biodegrade Polyaer
C, was a trial and error method. The cultures chosen to be
tested were present in large numkers in the nutrient agar
‘plates inoculiated ¥ith river water. However no culture could
be considered as dcminant. It is understocd that the number
of cultures yrowitg cn an inoculated agar glate is not
necessarily related to dcminance in the river, but some type
ofiarbitration had to ke made. It is also understood that
only non-fastidious organisms, able to replicate on nutrient
agar at room temperature, were represented on the inoculated

plates.

As mentiocned in Section 5.2, the sampling site was
chosen to avoid, if [fcssible, the isolation of enteric
coliforms recently discharged into the stream. The results
of fecal colifors counts showed that the number of fecal

bacteria is negligible when compared to the total counts.

The five 1inoculated vessels (Figure 11) shovwed that
only culture #5, a Gram negative rod, consumed enough oxygen
for obpiodegradation of Polymer C to be considered as

effective. The other cultures consumed different quantities
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of oxygen, but none comparable to culture #5.

The results cbtained by this series of experiments
suggested that it was wcrthwhile to investigate further thé
possible piodegradation of Polymer C and other [folymers by
aquatic microorganisms Fpresent naturally in a river. The
sampling site also insured that no prior adaptation to the
tested poiymer could have taken place in the river. Thus,
culture #5, or sisilar tacteria could 1likely be 1isolated
from any river with similar environamental conditions as the

St Lawrence River.
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‘.3 BIOGDEGEADATION AND ASSINILATION OF DHNDAAC

BY A ONONAS STRAIN

dost polymers and mopomers tested in this study have

been observed to be toxic to Salmo gairdneri (rainbow

trout) (Spraggs, et al, 1982). Conseguently, this series of
eiperiments was conducted in an effort to determine whether

these toxic substrates can be biodegraded intc potentially

"less toxic intermediate and end-prcducts.

”The studies irdicated that these polymers and monomers
are indeed readily biodegraded by a Pseudcmonas kacterium,
isolated froam the St lavwrence, river. The effect of the
polymer and ncoonmer degradatioen products on Salmo

gaicdneri, however, was not determined in this study.

The test pseudomonad was tentatively identified by 3
sicrobiology latcratories, but identification of the
specific species was not possible. Such a failgre of
specific identification is not unccemon when dealing witha
menbers of the fseudcmcocnas genus. Due to their bhigh
adaptability and gemetic mutation capabilities, Lacteria of

this genus are difficult tc identify.

It is also understccd that genetic transformation of
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the strain could have occurred by wmaintaining the
microorgaaism for one year in the laboratory. The original
strain u#s isolated frcs a polluted river, and in this river
the strain was constantly exposed to various external
pressures. In a laboratory, these adaptation fressures are
generally absent. In crder to control any biochemical
adaptation of major interest for this study, blasic glucose
and Polymer C exferiments were regularly conducted. The_
results ootained were then compared to the iritial oxygen
uptake cuives obtained at the beginning of this study. The
similarity in results ccnfirmed that no major transformationmn

involving the metakoliss of glucose or Polysmer C cccurred.

6.3.1 BEBXPERIAENIS CONDUCTED WITH GLUCCSE

As mentioned, glucose was chosen as a contrcl nutrient.
This decision was wmade while ignoring the genus of the
working microorganism. Identification of the strain as
being a member of the pPseudomonas species generated a
problem, since most pseudomonads are recognized as glucose
"hating" microorgapisas (Clarke and Richaond, 1975). The
inability of these sfpecies to consume glucose has been
related to the absence in most pseudomonads of the

glycolytic Babden-Meyerhoff pathway (Clarke amd BEichaond,
1975; #Moat, 1979).



The observed catakolism of glucose suggests that the

isolated Pseudsomonas strain does pcssess the

Entner-Doudoroff pathway (detailed in the Appendix). The
Entner-Doudoroff fathway illustrates oxidatiom of sugars
such as glucose, fructose and mannose to pyruvic acid and
D-Glyceraldehyde-3-P or D-ribulose (see Clarke and Richmong,
1975). Pyruvic acid wvould most 1likely be incorporated into
the Kreb's cycle (also known as the TCA cycle, detailed in
Appendix 2) where both energy and building bleccks would be
generated. It has indeed been reccgnized that pseudomonads
possessing the Entper-Dcudoroff pathway, are able to utilize
glucose as a source c¢f carbon as easily as any other

available carbon scurce (Clarke amd Richmond, 1¢75).

The metaboliss observed in these experiments suggests
that the Pseudomoras strain demonstrated the ability to
catabolize glucose as a sole carbon source, but it was
observed that a large deviation existed among the data
points generated after conducting variocus similar
experiments. This high deviation was iainly related to
differences in the inoculum, since the glucose sclutions and
the experimental conditions  were constant in all
experiments. Variations in the inoculum could be related to

differences in cell corcentration and cell age. The cell

age of the inoculated cultures could affect the vitality of
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the cells and therefore their ability to adapt to new
conditions. To ccapensate for these sources of variatiomns,
all oxygen uptake curves obtained from the experiments
conducted with glucose were ncrmalized. Normalization was
achieved by plotting all data obtained after correction (see
section 5.3 and Appendix 3) and passing a "best fit" curve

throuyh the points (Figure 12).

When analyzing tke data obtained for experiments
conducted with glucose =soluticns, it could be noticed that
even if some vessels ccnsﬁmed oxygen for a longer time at a
lower rate than others, all vessels attained a similar final
cumulative oxygen consumption. All vessels also exhibited a
similar cumulative oxygen uptake curve, suggesting that
independently of the time tegﬁired for metabclizing, . tae
same available glucose concentration was catakbkclized. TLis
indicates that the same mechanism for glucose catabolism is
present in all incculated cells, since the same guantity of
oxygen 1is required for the catabolism of a siamilar
concentration c¢f availalle nutrient. It can also be noticed
that independently of the number and vitality of cells in
the inoculum, an identical stepwise degradation pattern
occurs (see Pigures 12 and 18), suggesting that this
Stepwise activity is part of the normal tiodegradation

ritual of glucose by the isolated Pseudomomas strain.
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Similar oxygen uftake curves could be noticed for
Polymer C, Monomer C, D-Galactose and other polymers tested
(Figures 14, 416, 18, 21 and 23 respectively). It was
interesting to observe that some authors alsc reported a
similar stepvise Betabolic pattern, when studying
biodegradation of various substrates by oxygen uptake
measurements (Kawai et al, 1978; Ripin, et al, 1571). The
metabolic steps observed cam be tentatively explained by the
fact that when a ccmpourd is biddégraded, various mechanisms
are involved. Each catabolic pathway produces
intermediate-products, which cannot always be readily
further biodegraded. Currently, the formed intermediates
have to first 4induce the enzymes responsible for their
further biodegradation. However, the time required for such
adaptation is norsally shorter than the extensive hours
observed in the curves generated.

If the cells have already accumulated enocugh energy
from the first tiodegradation step, synthesis of these
induced euzymes is not necessarily coupled to oxygen uptake.
This statement may not be applicable to the initial lag
phase, where the cells are also adapting to nev nutrieats,
since it has been previously demonstrated thkat cells in
their lag phase comsume oxygen and increase significantly in
size (Moat, 1979). 1In the case of induction of pathways

which wiil degyrade these intermediates, it would be



reasonable to assuge that the cells do not increase in size
as with the lag fhase, and bhence, less cxygen should be
consumed. It is important to mention that this statement is
purely teutative and no special experiment was conducted to

measure cell enlargement.

6.3.2 BEXPERINEBNTS CONDUCTED NITH POLYHEER C

As predicted, the pseudonbnad had the abkility to use
dialyzed DMDAAC polymer as a sole carbon scurce (Figure 14)
and as sole source of bcth carbon aud nitrcgen (Figure 20).
In other words, Pclymer C represented a rich nutrient source

for the isolated EseudogEcnas strain.

Contrary to glucose oxygen uptake curves, Polymer C
data points, after normalization, exhibited a low deviation
from the mean curve (Figure 14). Normalization for
differences in cell concentratioﬁ and vitality could not be
the only factor affecting the deviation observed among the
various data points, since oxjgen curves for Monomer C
(DMDAAC Moaomer) (Figure 16) exhibited a large variance from

the normalized curve.

The small deviaticn observed for Polymer C data



suggests that there w®may exist a controlling step in the
biodegradation of the pclymer, which affects @wmicrobial
oxygen consumption. This controlling stepléccuts in every
eﬁperinent.conducted with Polymer C, since the various data
points were obtained frcm a 1large number of experiments
conducted over a period of 8 months. Based ocn the large
size of Polymer C, it could be hypothesized that the
controlliny step could Lte the need for synthesis of an
extracellular enzyse, which would cleave the &mclecule into

smaller available monomers or cligomers.

6.3.3 EXPERINENTS CONDUCTED WITH HONOMER C

It may be noticed that the oxygen uptake rate curve for

Monomer C (Figure 17) exhibits a higher oxygen consumption

rate for a shorter time than the Polymer C rate curve

(Pigure 15). Thus microbial nutrient uptake occurs more
quickly when the micicorganisa is inoculated into DMDAAC

Ronomer.

The faster oxygén uptake rate exhibited fcr Monomer c,
combined with the akove neﬂtioned hypothetical controlling
step related to Polymer C biodegradation, support the
assumption that this ccntrclling step may Le related to the

synthesis of an exoenzyme. In fact, Polyamer C being a
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ﬁomopoiymer composed of chains of Monomer C, shculd normally
be catabolized in the same faskhion as the wmonomer. The
oxygen counsuuption curves (Figures 14 to 16) show that in
reality, Momomer € is tiodegraded faster than its related
polymer ;nd with nc common controlled pattern. Based on the
fact that the major differeuce existing Letween Polymer C
and Monomer C is the mclecular size, it is reasonable to
conclude that an exoenzyme contrcls the degradation of

Polymer C.
6.3.4 EXIPERINERTS CONDUCTED WITH GALACIOSE

5alactose tests were conducted with the same
Pseudoupnas strair and the generated oxygen consumption
curves sdere compared tc the control curves (Figures 18 and
21). After the first 40hr of incubation, the oxygen
consumptioa rate 1is comparable for the glucbse, Polymer C
and galactose solutions. However, after 90hr of incubation,
the oxygen consumption rate for galactose test surpassed the
oxygen cousumgtion ot bcth glucose and Polymer C solutions.
Galactose, in sisilar fashion to the other tested compounds,

wvas degraded stepwise with a long stationary fphase of 70hr

between each activity feriod (Figure 18).

Based on the results obtained with galactose for the

first 40ar of incubation, and that the working strain
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demonstrated the ability to catabolize glucose, it was
concluded, tor the purpcse of this experiment, that glucose

could be accepted as a control sugar.

6.3.5 EXIIRACELLULAR ENZYNE ACTIVIXY TESTS

As mentioned in sections 6e3.2 and 6.3.3, the
controliingy step for Eclymer C and Monomer C catabolism
could be the synthesis of an exoenzyme. This exoenzyme
would cleave the large polymer molecule into smaller
oligomers and moncumers, which would then be of lower MW and
thus could permeate or Le transported through the cell
membrane. The time 1required for the synthesis of the
exoenzyme, and the time reguired for its catalytic activity
could control the metabclic activity of most cells and
conseguently synchronize the activity of the microbial
population. The e€xistence of extracellular enzymes aaong
the pseudomonads has Lbeen reported by many authors, among
which are: Haines and Alexander (1975), Inove et al (1963),
Maeda and Taga (1S76), Prarkovitz, et al (1956), HMorihara
(1963), Bobyt and Ackerrman (1971) and Zucker and Hankin

(1970) .

T> confirm the above hypothesis, extracellular enzyme
activity experiments were conducted. The enzyme activity
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vas related to the decrease in concentra@ion cf the added
polymer in a cell-free sclution. Measurement of polynmer
conceantration by the PVSAK charge titration mettcd developed
by Wang aand Shuster (1974), demcnstrated that the polymer
conceatration had decreased with time (Figure- 22).
Interference of spontaneous degradation of the polymer due
to temperature effects was compensated for Ly running
controls, in which pure polymer solution wvas assayed at

regular tinme intervals. This contrcl experiment

demonstrated that at 1rcca temperature and over 24hr, no

significant degradation of the polymer occurred (Figure 22).
Hence, it was concluded that any decrease in concentration
in the test vessels would be caused Ly enzymatic

degradation.

A study of the curves generated for the enmzyme activity
experiment (Pigu£e 22) leads to some interesting
conclusions, regarding tke pature and activity of the
extracted exocenzyme. It was previously mentioned that the
slope of Polymer C degradation by the exoenzyme in solution
was similar for all generated curves presented in Figure 22,
and was independent of the polymer or enzyme initial
concentrations. The «ccncentraticn of Polymer C decreased
with time (in a linear fashion) wuntil an aéymptote. was

reached. After tkis stage, the concentration of polymer

remained constant in all cases for the «rest of the
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experiment. The enzyme activity was thus limited after a
certain time by some factor which was present in all tests.
It can also be rwoticed that the slope c¢f the curve is
independent of the initial polymer concentration. However,
the time at thch the fipal concentration level was reached
depended on the initial concentration c¢f the polymer.
Higher initial ccncentrations tock longer to reach the

steady value.

Prom the facts cited, it seems that. the enzyme was
catalyzing tae Gpclymer in a zero-order fashion, since the
concentration of polymer does not influence the rate of
reactiion. However, enzymes do not follow zero-order reactioan
pathways. This false imfression given by the shape of curves
in Pigure 22, is related tc the fact that in all tests, the
concentration of substrate was in great excess (frca 500mg/L
to 800mg/L). Based on the Michaelis and Menton enzyme rate
curve (see Lenhinger, 1975), the enzyme had reached its

maxisum reaction rate due to the excess of polyser.

A conventional analytical method such as COD or TOC
could not be used to measure the concentration cf Polymer C

in this particular exgeriment, since in the absence of

‘cells, the monomers or cligomers liberated by the hydrolytic

action or the enzyme are not consumed and are released in

the solution. As a consequence, no carbon ccnsugption occurs
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and the results of 1T0C or COD would not reflect the
breakdowa of Polyrer C. A method was therefore required
vhich could differentiate between the [folyser and its
degradatioun products. Tke charge titrétion metbod developed

by Wang and Shuster (1974) was therefore applicable.

The aosence of cells to consume the smpaller molecules
in the cell-free extiact, also leads to a tentative
explauation of the presence of the asymptotes observed in
the polymer deéradation curves (Figure 22). It appears that
the exoenzyme ceases its catalytic activity, evemn if the
con&entration of pclymers remain high in the sclution. Two
tentative explanations can be offered for this result.
Firstly, the exoenzyné may be a repressible tyre of enzyme.
These enzymnes cease their catalytic activity in the presence
of a specific ccmpound; In wmost cases, the repressor
compound is the enzyme's end-product (Lehninger, 15975). 1In
this case, the cell is not present to catabolize the smaller
Bolecule (enzyme end—prd%uct),\ and as a consequence, a
build-up in degradation froducts occurs. These products may

inhibit the enzymet's activity.

A second tentative explanation to the asymptotes
observed could be that the enzyme aight lyse the polymer
into charged wmoncmers and/or oligomers. As mentioned, the

PVSAK titration method titrates the charge cn the polymer.
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The polymer may not lose its charye <completely when
transformed to the state of smaller fproducts. These

oligomers may thus ke responsitle for the observed

asymptotsas.

6.3.6 HYPOTHETICAL BIODEGRADATION PATHWAY FOR POLYMER C

The various tiodegradation experiments conducted with
Polymer C and its respective monomer, enabled a
possible biodeyradaticn pathway of Polymer C by the
isolated gseudcomonad to be advanced. In summary, the

experimeats conducted estatlished the following;

1) Polymer C could serve as sole scurces of both
carbon and nitrcgem to the pseudomcnad straia.

(see Figures 14 and 20)

2) Nutrient residual experiments showed that the
concentration cf Polymer C and Monomer C decreased
in concentration after the incuktation period (see

Table 3).

3) An extracellular enzyme vas extracted froa the

inoculated polyeer solution. This enzyme could
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degrade the jclymer over a pericd cf time 1in a

cell-free extract (see Figure 22).

Since polymer biodegradation was established, a

.biodeyradation pathway is proposed below. In general,

microorganisms catabolize . a nutrient to wutilize its
available atoas, thus generating energy and building
celluliar material. There are multiple pathways by which
organisas induce ltiodegradation, and these vary with each
specific microcrial species. Hence, a general pathwvay cannot

be projposed for all microorganisms degrading Polymer C.

The moiecular structure of Polyner C and its
corresponding Moncmer are detailed im Figure 26. Froam this
figure, it can te noticed that the only difference between
Polymer C arnd Moromer C is that Polymer C is a cyclic

structure whereas Monomer C is an aliphatic mclecule.

It was confirged above that at least one extracellular
enzyme was involved in the biodegradation of the polymer,
thus the first degradation step likely invclves the cleavage
of the large polymer wmolecular structure into smaller
fragments such as @moncaers or oligomers. The subseguent
biodegradation éte;s, which would most likely occur insidé
the cell, could &©ot be studied experimentally, so their

proposal 1is based wmairly on consulted literature. Such
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experiments could however be conducted by Ci‘ labelling.
Figure 27 presents the hypothetical steps fpropcsed in this
study for the biodegradation of Polymer C. The‘fitét step
is likely to be accomplished by the exoenzyse which vwas
previously isolated. This extracellular enzyme would
hydrolyze the polymer into smaller fragments, which could
thereafter penetrate the cell membkrane., Based on the common
mechanisas of synthesis of polymers (see Schwoyer, 1981) the
weakest methyl grcup would most likely be the lirking methyl
group. So the excenzymge cculd firstly hydrolyze this wveaker
methyl group. The enzywe assays havé demonstrated that
effectivély it was possible to follow the degracation of the
polymer py charge titratiom, proposing that the degradation
product aay bpe a ncn-charged molecule. Two possible
hydrolytic sites would Le on the right or 1left of the
intermediate metkyl group, indicated by nusber 1.
Subseguentiy, the xolecule may be small enough to diffuse or

be transported acrcss tike membrane (< 600MW)

‘Step 2 could pe tle separation of the various metayl
groups froa the nitrogen group, with formation cf a brancaed
hydrocarbon and a nitrogen-chlcride aclecule. Various
microorganisms have been reported to use hydrocarbons as a
source of carbon, among these Pseudomonas have been cited
often (Gaudy and Gaudy, 1980; Moat, 1979). The maost common

catabolic pathway to assisilate hydrocarbons involves the
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oxidation of the terminal wmethyl group, —resulting in the
formation of an alcohcl. This step requires «cxygen and is
therefore specific tc aerchbic organisams (step 3). The newly
formed alcohol is then reoxidized through tke action of
dehydrogenases tc foras successively an aldehyde and a
fatty-acid (steps 4 and 5 respectively) (Clarke and
Richmond, 1975; Gaudy and Gaudy, 1980; Hcat, 1579). HMany
bacteria do not have the sechanism to biodegfade
fatty-acids, but Esherichia coli and the pseudcwmonads, have
demonstrated the ability tc metabolize fatty-acids through
their beta-oxidation fathway (detailed in Appendix 2).

Acyl-CoA and Acetyl-Cod are formed as end-products of this

beta-oxidation pathway.

Acyl-Cod has leen reported to play an important role in
the metabolism of lipids, involved most particularly in the
generation of energy and the synthesis ¢f wmembrane
phospholipids (Moat, 1979). Acetyl CoA is a major substrate
in the TCA cycle (see Appendix 2) and is therefore utilized

to generate energy and truilding blockse.

Alternative [pathways for hydrocarbon metaktclisam have
also been suggested by Klug and Markovetz (1971) in their

study of the metabclism of aliphatic hydrocartcms. In this

paper, Klug and Markovetz demonstrated that some

pseudomonads metabolize hydrocarbons by oxidizing the
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subterminai methyl groug. A second study bty Firnik, et al

(1974) stated that scme strains of the Eseudcmopas genus

oxidize woth terainal methyl groups simultaneously in

straignt chains anc¢ braunched hydrocartons.

The experiment conducted with the isolated Pseudomonas
strain (Figuare 20) demonstrated that the pclymer is a
source o0t both carbonm and nitrogen, sugygesting that the
nitroyen-chioride molecule formed after the seccnd step is
also rurther biolecraded. It is kuown that incrgjanic forms
of .. nitrogen are degraded in scpe miccocrganisms; until
ammonia 1s liberated and thereafter incorpocrated into
cellular wmolecules, It would therefore Le acceptable to
predict that the nitrogen-chloride compourd will be
dimethylyzed with subsequent removal of the chlcride atom to

form a molecule of ammcria aitrogen.

6.3.7 LONG-TERN EXPERTHNENTS

In all oxygem consumption curves p[presented in this
study, (Figures 6 to 20), the oxygen uftake inv;riably
attains a Flateau, whereafter very little oxygen 1is
consumed. To interpret such a decrease in metabolism, 4

days experiments were ccnducted with a variety cf substrates
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(Figuce 18). It may be concluded from the short experiments
conducted previously that biodegradation generally stops
before 40hr, since in ®mcst curves, the oxygen consumption
attains a plateau tefore this time (see for example Figures
14, 16, 21 and 23). However, some long-tera experiments
were conducted tc copfirn fhe validity of the shorter
experiments and the significance of the r[plateaux obéerved.
These lonyer experiments demonstrated that kiodegradation is
in fact not ccmpleted after 4Qhr. It was, hovevef, decided
to stop most experiments after 40hr of incutation, since
40hr in a stream represents many =miles in distance and
prediction of any fate becomes imfpossible. In amost curves
presented in Figure 18, it can be seen that a second period
of metabolic activity fcllows the abovementioned plateau.
This second metabclic activity period occurs generally after
60 to 90nr of incutaticm (Figure 18), suggesting that there
would be little difference in stopping the experinents‘after
40hr or 60hr. Finally, in the case of polymers which
exhibit toxicity to aquatic biota, the study of immediate
biodegradation of polyelectrolytes is more important than

their long-term fate.

All oxygen uptake curves generated from this long ruan
test exhibited the same plateau after an average incubation
time of 20hr. This decrease (or even cessation) in

metabolism could be observed for a few hours or evem 2 days.
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In all cases though, a metabolic activity enhancesent takes
place after this flateau. This fact could be due to the
formation of intersediate products during the first activity
period, to wnich the cell has to adapt and induce pathways
to further piodegrade these new sukstrates. For example, in
the case of DMDAAC pclymer, the hypothetical degradation
described proposed that fatty-acids resulted as an
interuediate product cf .aikane oxidation. The cells nmay
transform the generated fatty-acids to Acetyl-Coa and
Acyl-Coa. Tais transformation would occur through the
beta-oxidatioh pathvay, but some enzymes of this pathway may
first nave to be icduced. Induction of specific enzymes is
likely to regjuire some adaptation in which the cellular
metabolise decreases and a second lag phase may be induced.
This type of adaptation period is likely to be reqﬁired for
the activation <c¢f pathways such as the Leta-oxidation

pathway, since it is not constantly teing used by the cell.

6.3.8 EXPERINENYS CONDUCTED WITH OTHER POCLYNERS

In addition tc the biodegradation of Folymer C and its
corresponding moncmer, <cther polymers employed in the
sanitary engineering field have also been tested. These

polyelectroliytes were inoculated with the previously
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isolated pseudomonad strain. Among these was Pclymer A, a
polyacrylamidé co-polymer. Experiments with Polymer A had
previously been conducted in the first two series of
experiments (Figures 3 and 9) and it was possible to observe
some Jrowtn amsony the mixed population. This growth and
shall oxygen uptake was tentatively related to the presence
of ethdnol in the solution, required to obtain comgplete
dissolution of the polymer. Impurifies present in the solid
polymer werc¢ alsoc proposed to cause the high microbial
metabolism obpserved. In section 5.3.10, the polymer was
dissolved without the Lkelp of ethanol as a sclvent; as a
result, complete dissclution of the polymer could mot be
achieved. Hence, it was impLossible to state the true
concentration of the fpolymer in the solution. However,
these tests were principally qualitative tests, and tlie real
concentrations were not of importance. The results given in
Fiqure 23 show that the pPseudomonas strain could metabolize
the polymer; As a ccnsequence, it was concluded that
Polymer A éan be tiodegraded by the isolated pseudomonad.
Monomer A (acrylamide), one of the components cf Folymer A,
vas also tested for its effect on the pseudomonad bacteria.
This time, the morpomer yielded a higher oxygen uptake than
its corresponding folymer (Figure 23). 1In fact, HNonomer A
shovwed a faster oxygen consumption than glucose or
galactose. This rgsult contradicts the conclusions

published by Suzuki and co-workers (1976), which mentioned
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that polyacrylamide pclymers could not be bicdegraded by

Pseudomonas aerogiposa, even after cleaving the polymer by

ozonation. Suzuki et al (1976) added that the reasomn for
the absence of biodeygradation of polyacrylamides was the
presence of amice grougs. One explamnaticn for this
difference in results, could be based on the difference of
workingy pseudomonad strains. It is possible that Suzuki and
co-vworkers conducted their expe;iments with a Pseudomonas
strain poarly adapted to tiodegrade pclymers and
specifically amide grougs. As a matter of fact, they also
mentioned that their pseudomonad strain was ubhable to
biodegrade polyethylene glycols of 1large to intermediate
molecular weights, whereas other authors, (Haines and
Alexahder, 1975; Kawai et al, 1978; Watson and Jones, 1977)
reported that some sjgecies of Pseudomonas can biodegrade

polyetaylene glyccls attaining 20,000 MW.

Other cationic frclymers, of 1less interest, were also
inoculated with the strain isoléted from the river, to test
the adaptation capacity cf the bacterium to ticdegrade a
variety of polymers (Polymer A (a polyacrylamide), Polymer D
(an anionic acrylamide-based polymer), Polymers 2319/1 and
2319/4 (cationic acrylaaide-based pclymers with 20% dimethyl
amino ethyl acrylate, quaternised with methyl chloride) and
2318 (a cationic acrylamide-based polymer with 50% dimethyl

amino ethyl acrylate quaternised with methyl chloride). As
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expected, the strain ccnsumed oxygen when incculated into
all tested caticnic fclymers  (Figqure 23). It could
therefore ve concluded, that the isolated straim had a great
capacity to ftiodegrade large molecules, ard its catabolic
steps did not seemz to be specific for a single compound.
This conclusion is in agreement with Hegeman (1966, see
Clarke and Richmond, 1975) wvho isolated a nuaber of enzymes

from a pseudomonad strain, inducible by a number of

differeut chemical analcgues.

A high mclecular ueight,'lov aniogic charge, acrylamide
based polymer (Polymer D) vas tested for its
biodegradability. The results cbtained with this 1last
polymer were surgrising, since the oxygen consumed by the
higher than with any cther compound, attaining levels of
250ag/L arfter 30hr of incubation (Figure 23). The oxygen
consumed when inocculated on the anionic polyser was not
higher in the first 10hr of incubatiomn, but it did anot
display a plateau, such as obéerved for all other compounds
tested. As a consequence, after 30hr of constant oxygen
uptake, the cumulative uptake was higher that any other
polymer tested. The reason why this polymer induces a
higher oxygen consumpticn than glucose and galactoée could
unfortunately not be answered with the results available,

but this higher
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oxygen uptake may not necessarily be asscciated with _the

fact that the polymer is arionic.

It is also cf ipterest to mention that this same
anionic polymer was vin a short period of time coniaminated
with fungi and Lacteria whken stored at 10°C. It seems that
this anionic polymer could serve as an availalle source of
carbon to a number of different microorganisms. It can also
be assumed that the microorganisms which invaded the stored
polymer possessed ACtive exoenzymes. The presence of
exoenzymes in yeasts have 1indeed been reported by
Spencer—-Martin (1982). Since the anionic Folymer seemed to

be so desirable as a nutrient, it can be concluded that the

negative charge of the pclymer did not interfere with that

of the cell. The extracellular enzyme, responsikle for the

initial cleavage, may €ven neutralize the [folymer charge,

and possibly transform the polymer into its moncmeric state.

Hence, after this first hydrolysis, the polymer becomes

suitable for the cell in both size and charge.

6.3.9 SLUDGE-SUPERNATANT IOXICI!!/BIODBGR!DAIIOI TESTS

In sludge thickening and dewvatering frocesses, or in

other biological sludge coagulation processes, the polymer
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is added directly to tke sludge. What are the effects of
these high concentrations of polyelectrolytes on the
microorganisams present in the sludge? Ideally, the polyamer
should adsorb completely on the bacterial cells and increase
the flocculation efficiency,  enhancing the =solid-liquid
separation. But how much of this added polymer does not
adsorb to the sludge and hence remains free in the

supernatant?

To aanswer these twoc gquestions, a sludge-supernatant

toxicitys/biodegradation test was conducted with mixed liguor

from an activated sludge treatment plant.

The results cktained vwith the settled sludge to which
glucose had Leen added as a nutrient source, shown ia Figure
24, permitted one to conclude that the polymer did not
exhibit toxic effects, based on oxygen conSum;tion curves.
In fact, the vessel containing the sludge settled with
Polymer C, exhibited a higher oxygen uptake than the blank

vhich was polymer free. Hence, the polymer is not only

‘non-toxic to some or mcst of the umicrobial species present

in the sludge, but it also seems to be bicdegraded to some

extent by some microcrganisas present in the sludge.

A second igportant comclusion derived froa the

sludge-toxicity test correlates with the results published
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by Gehr and Henry (1982, 1983) and Goppers and Straub
(1976) . Both studies ccncluded that the polymer added in a
sludge treatment process does not adsorb completely on the
sludgé.‘ As a conseguence, some <¢f the polymer remains in
the supernantant. In fact, PVSAK titraticn of the
supernatant remaining after the sludge had settled, showed
that a concentraticn of 3.5m:g/L of Polymer C acd 3.2mg/L of

Polymer A remained in tke supernatant.

This tested supernatant fraction known to coatain
polyser was thereafter inoculated with the Pseudomonas
strain, this test being called the
supernatant/biodegradaticn test. When the pseudoaonad
strain vas inoculated om this supernatant fracticn, it could
be observed (Figure 25) that the fraction ccantaining polymer
exhibited less oxygen consumption than the blaank
(supernatant fraction frcm the Gfpolymer-free Jjar). This
difference in oxygen consumgtion, observed for both Polymer
A and Polymer C, can tentatively be explained by the fact
that both mixed liguors settled with polymers exhibited a
better settling. More suspended solids were therefore
settled in the sample jars than in the contrcl jar. Hence,
although the supernatant fractions were ccoglemented with
polymers, there were fewer av&ilable nutrients in the media
to be consumed by the inoculated pseudomcnad. To insure

that polymer degracdaticn had effectively taken place in such
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a vrich mediua, titration analyses were conducted oa the
final solutions after 8Chr of incubation. 1In all cases, the

final concentration of gpolymer was lovwer than the initial

‘concentration detected in the supernatant fractiom (see

Table 4).

It may also be noticed that the additicn cf polymers to
the sludge enharnced settling cf the microorganisms
themselves. Hence, the supernatant fractions sefparated by
polymer addition may have tad a lower concentration of mixed
liquor microorganisms. Although the pPseudomopnas strain was
added in similar concentrations to all 3 vessels, the
unsettled cells origirnating from the mixed liguor may have
also consumed high guantities of oxygyeanm. It is then obvious
that the blank, ccntaining higher concentrations of these
unsettled cells, would ccnsumpe more oxygen, Lased on its
population size. To support this hypothesis of higher
population deasity in the blank vessel, a few petri dishes
were inoculated and the number of cultures estimated. As
mentioned, the nusber of wmicroorganisms in the blank was
higher than in any other reactor vessel. It was also
noticed that the number c¢f cultures was in fact much higher
than any experiment rup to that date, when conducting

experiments with the inoculated pseudomonad strain.

When comparing the oxygen consumption curves obtained



vith the  inoculated supernatant with those presented
previously for polymer degradation, the oxygen consumed was
5 times higher in the case of the supernatant tests (for
example 600ng/L (Figure 25) vs. 150mg/L (Figure 21)). This
difference in oxygen uptake is likely related to the fact
that the supernatant is rich in nutrients, cf many types and .
quantities. However, note that the first 10hr ci incubation
are similar for all curves generated, displaying
biodegradation (Figure 23). The difference in oxygen
consunption only appears after these 10 hours, when the
usual plateau is reached in the case <¢f rpolysers and
glucose. This plateau, as in the case of the tested anionic
polymer, does not exist here for the supernatant samples.
This plateau would not occur yet 1in such a rich source of
available nutrients. There 1would be noc need to stop
metabolisa to adapt for further degradation of formed
intermediate products. As mentioned previocusly, some cells
from the unsettled sludge remained in solution. Hence, even
the original cell populaticn represented by the supernatant
test curves is actually much higher than any other oxygen
uptake curve generated, where virtually the only

aicroorganisms present criginated from the inoculunm.
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In general, all ckjectives stated in the introduction
vere achieved, with an increase in understanding about the
fate and effect ct pclyelectolytes ~ ¢n aguatic
microorgaanisas. : The importance of these results and
conclusions is heightened by the 1lack of information
available on the subject selected. It is alsc importaat to
understand the relation of the experimental results obtained

in-situ to the in-vivo situation. Although the tests

conducted in this study were performed inm kcttles, they
should be constantly related to the true environmental

problea of polyeléctrolyte discharge.

The mwmajor ccnclusions derived from the experimeants

conducted in the study are as follcws:

1) Polymers discharged into streams as a result of
inefficient settling and adsorption did nct show toxic
affects to the inoculated non-fastidiocus aquatic mixed
populations at ccncentrationss as high as 2000mg/L,
based on overall population density ard métabolic
activity. 1In other words, the polymers introducéd into
streams in residual ccncentrations will @most probably

not affect the «c¢verall microbial activity of the



strean. AS 4 ccnsegquence, the stream's natural
self-purification frocess is likely not to be inhibited

by tne discharged jolymers.

2) Polymer A (a folYyacrylamide-based co-golymer) and
Polymer C (DMCAAC folymer) «cculd not sufppcrt microbial
metabolic activity of the mixed populaticn preéent in
the inoculuan. Neither growth nor oxygen uptaké could
pe detected when the mixed cultures were inoculated on
Polymer C. Somg growth and oxygen uptake could be
noticed ih the Pclymer A vessels. This grovwth was
however related tc the presence of both ethanol (0.02v
mL of 95% ethanol in 100mL 2000mg/L Folymer solution)

and impurities in the same solution.

3) All polyelectroiytes tested were bicdegraded to some
extent by a Eseudcmonas strair indigenous to the St
Lavrence River. 1bis biodegradation occurred even in
the presence of cther available sources of carbon.
Hence, the discharced polymers would te ccnsumed to a
certain extent by scme adaptable bacteria preseant in

the strean.



4) Although <cne strain wvwas isolated from the river,
vith tne ability tc tiodegrade a series of polymers, it
is not stated that it will be the <cnly species
indigenous tc the river with this atility. 1In fact,
the facility Ly which the strain was isolated, suggests
that there s®sight ke a number of bacterial species in
the same stream with the ability tovbicdegxade polymers
of tnis type. In such a case, the tLiodegradatiou of
tane residual ;olyier discharged in the streams could be

even faster thanm as predicted by this =study.

5) The 1isolated Pscudomopas strain has been shown to
Cleave the 1long Folymeric chains by means of
extracellular enzyme (s), easily extracted from the

solution.

6) A biodegradaticn fpathway vwas tentatively proposed
for the biodegradatipn of DMDAAC polymer by the
isolated Pseudomcpas strain. This catabclic pathway
was not based con experimental results, Ltut on a

Literature review.
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7) Experiments ccnducted with mixed-iiqucr‘ sludyge
demonstrated that the polymer that is added to the
aixed-liguor coes nct inhibit the microbial metabolism
of the sludge amicrcorganisas. Experiments coanducted
using the supernatant of mixed-liqucr settled with
polymers, demonstrated that some residual

concentraticns of fclymer remained in the supernatant.

8) The electrolytic respirometer has been demonstrated
to be an effective instrument for the wmeasurement of

toxicity and Licdecradation effects.

The area of research conducted 1in this study is a
new field, where very little experimental work has been
done. This study Bay therefore Le considered a
preliminary study, wbich gave satisfactory results, but

which opens the docrs to further research.
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8.0 PUTURE RESEARCH

A number of research subjects could Le developed

this study. These include the following:

1) It has been shown in previous papers that the
polyelectrolytes used as coagulants We€re ﬁoxic to
fish (Spraggs et al, 1682). It sculd be of érime
interest to @measure the toxic effect of the
intermediate and eand-products of Lkicdegradation on
the same fish. Toxicity £ests shculd then be
coaducted uith extracted intermediate and

end-products.

2) In the area of micrcbiology, it would be
interesting to study experimentally, the actual
biodegradatior steps of the polyelectrolytes by
the pseudomonad strain. A more detailed knowledge
of such a2 pathway would permit one +to choose the

polyelectrolytes to be used as flocculants, pased

on their ability tc be biodegraded.

3) Since it kas been demcnstrated that there is at
least one aguatic species able tc Ltiodegrade the
tested pclymers, it would be interesting to make a

survey of other possible strains sharing the same
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abilities. Such information could give insight
into the actual biodegradation of the polymers
ip-vivo.

4) In-situ tests should be <conducted on the

viodegracdatior of residual pclyelectrolytes

‘discharged Ly wvastewater treatment flants into

streams or lakes. These tests could involve
sampling and analysis ot water samples at various
distances frcx the discharge site. It would permit’
one to correlate the results obtained inm the
laboratory with jin-vivo situations. The results
obtained from such an experiment could also lead
to the generation of a mathematical model
representing the stream with its decreasiny
concentration of polymer as a function of time and
distance. Such a model, coamabined with LCS50 fish
tests of the intermediate products of polymer
biodegradation, would permit one to predict at
which distance from the discharge site the polymer

or its fproducts would cease to be toxic to fish.

5) In-sjtu experiments could also include the
microbiclogical analysis of waters receiving
polyelectrolytes in residual concentrations.

Adapted micrcokes would have a tendency to grow on
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such sites. Information on the @®micrcorganisas
effectively developed at contaainated sites would
permit «cne tc visualize and understand the

biodegradation of the polymers jin-situ.

6) It would also be interesting to effectively
analyze all gpclyelectrclytes actually used by
treatment plants, for their akility to be

biodegraded. Infcrmatiom on the biocdegradability

" of such polymers would enable a 1list to be

generated of recommended G[polymeric flocculants
which could bLe used in the wastewater treatment

field.

7) Finally, a <closer collaboration betweén the
companies producing the polyelectrclytes and the
above-mentioned area of research would guide these
manufacturing companies to produce pclymers whicha
could be wmore easily biodegraded by agquatic

microorganisase.
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