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Des poly~lectrolytes utilises comme floculants dans les 

procedes de traitement des eaux, eaux osees et boues 

activees, ont ete exp~rimentes pour leur effet to.xique sur 

des cultures mixtes de bacteries aquatiques isolees du 

fleuve St Laurent. tes 
, . , 

polyelectrolytes testes ne 

demontrarent pas d'effet inhibiteur sur la densite optique 

de la population microbienne ainsi que sur l'activit' 

metabolique de ceux-ci. Ces 
, 

polyelectrolytes ne purent pas 

pour autant servir de source nutritive pour les cultures 

microbiennes mixtes inocolees. 

Cependant, il fut fOSsible d'isoler du fleuve St 

Laurent une 
.... 

espece la 
, 

faculte de 

biodegrader les 6 polyelectrolytes testes. La biodegradation 

aerobe de ces polyelectrolytes fut associee a la respiration 

des bacteries et done controlee par la consomaation 

d'oxygene de ces microbes. La consommation d'oxyg~ne fut 

mesuree par un respircmetre electrolytique. Les efforts 

furent " " concentres sur la biodegradation du 
... 

polymere de 

Chlorure d'Ammoniague de Diallyl Dymethyligue (DHDAAC). Les 

experiences ont en effet demontr~ que le Pseudomonas isole 

de la rivi~re avait la capacite d'utiliser le pclym~re comme 

seule source de carbone et d 1 azote. Pendant le 
; 

procede de 

TT 
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biod:~radation, il fut possible d'isoler une enzyme 

extracellulaire de la solution inocul:e de polymere de 

DHDAAC. cette enzyme demontra la capacite de 
, 

degrader le 

polymere dans une solution sterile. Base sur des resultats 

experimentaux ainsi que sur une revue litteraire, un 

mecaanisme hypothetique de biodegradation du polymere par le 
. , , 

pseudomonad a-.juatigue est presente dans cette etude. 

Des tests de toxicite et biodegradation conduits sur 

les b~ues activees demontretque les polymeres aGment ajoutes 

n•ont pas d'effet toxique sur les bacteries contenues dans 
• # 

les b~ues act~vees. Ces tests ont aussi permis de confirmer 

qu•une concentration ~esiduelle de polymere demeure en 

solution apres la sedimentation du lit bacterien. Quand le 
. , .. 

aJoute a cette solution enrichie de 
' . , polymere non sed1mente, possible 

, 
de demontrer la 

biodegradation du ' ~ polyaere par le controle de consommation 

' ' d•oxygene ainsi que par la titration du polymere restant en 

solut.ion. 

m 



The effect of polyelectrolytes used as flocculants in 

water, v~stewater and sludge treatment vas tested on mixed 

aquatic microbial populations isolated from the St Lawrence 

River. fhe tested polyelectrolytes did not exhibit toxicity 

on the overall microbial population density or on the 

aicrobial metabolic activity. However, these 

polyelectrolyte& could not serve as nutrient sources for the 

mixed cultures and were therefore not readily biodegradable. 

However, it vas possible to isolate from the st Lawrence 

River a ~seudoaonas species vhich had the ability to 

biodegrade all 6 polyelectrolytes tested. ExpEriments vere 

conceatrated on the biodegradation of Dimethyl Diallyl 

Aaaoniull Chloride (DMDAAC) polyaer, which the isolated 

pseudoaonad could use as source of both carbon and nitrogen. 

An e~oenzyae vas also e%tracted from the inoculated polymer 

solution, which shcved the ability to lyse DMDAAC polymer in 

a cell-free solution. Based on experimental results and 

literature review, it vas possible to propose a hypothetical 

biodegradation pathway for D!DAAC polymer. 

Sludge-supernatant toxicity/biodegradation tests shoved 

that waen polymers were added to activated sludge mixed 

IV 
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liquor, the polymers adsorbed on the settled sludge did not 

shov toxic effects to the microbes present in tbe sludge. It 

also vas deaonstrated that soae added polymer remained in 

the supernatant after the sludge had settled. When the 

isolated e~eudoaonJ! vas inoculated into these supernatants, 

polyaer degradatian, as aonitored by oxygen uptake and 

polyaer titration, occurred. 
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10-1 APPENDIX 1 

LIST OF CANADIAN iATBB AND RAS~RWATEB TREAT~EN, PtAN!S 

This survey covers water and .waste treatment plants using 
polyelectrolytes as coagulants in four Canadian Erovinces. The 
survey uses information obtained from tvo major manufacturers 
selling polyelectrolytes (AlliEd Colloids and Calgcn CorF• of 
Canada). 

Average Munici
pallt y Plant Name Flew Apflicaticn 

Flocculant 
Tn:e 

cu.m;d 

Candiac candiac WTP 13619 

Contrecoeur Centra.le de Trait 
D'Eau 

2687 

Dolbeau 

Donnacona 

Hull City 

Lachu te 

Lauzon 

Lavaltrie 

L '1\ssomp
tion 

L'Islet 

Mirabcl 

11icol et 

Usine de Filtration ~987 

Usine de Traitement ~447 

Usine de Traite~ent E8C99 
D' Eau de Pare ~ouse 

Usine de Filtration 1C895 

Usine de Filtration 6174 

Dsine de Filtration 522 

Usine de Filtration 6809 

Usine de Filtration 

Usine Depuration de 
St. Janvier 

Usine de Traitement 
0 1 Eau 

1452 

!:)02 

Potable Water ~on ionic 
fclyacrylamide 

Potable Water Non ionic 
fOlyacrylamide 

Potable iater Non ionic 
folyacrylamide 

Pctable Water High MW Slightly 
Cationic 

Potable Water High MW 
ccn ionic 

Potable Water Nonionic 
J:olyacrylamide 

Potable Water Nonionic 
folyacrylamide 

Potable water Nonionic 
t:olyacrylamide 

Pota£le Water Nonicnic 
t=ol yacr ylami <le 

Potatle Water High aw Slightly 
Cationic 

Sludge 
Cevatering 

High ~W Slijhtly 
Cationic 

Potable later High MW Slightly 
Cationic 



~unic i- Average Flocculant 
pality Plant Name Flow Application ttype 

cu.m;d 

Plessis- Usine de Filtration !:67!t .l?ctable Water Ncnionic 
ville de Plessisville folyacrylamide 

Quebec Usine de Traitement 18 1599 Potable Water High MW Slightl:? 
Cationic 

Quebec Imperial Oil Sludge High MW Slightly 
Dewatering Cationic 

Repen tigny Centrale de 8217 Potable liater Non ionic 
Filtration fol yacrylamide 

River iere Usine de Traitement E170 Potable iater Nonicnic 
du Loup Eolyacrylamide 

Rcberval Usine de Filtration 1G895 Potable Water Non ionic 
Eol yacrylacide 

s t. Agathe Osine de Filtration 3631 Potable ia ter Nonionic 
Polyacrylamide 

c S t • .Fr ancois Filtration Potable Water Non ionic 
du Lac Conventionelle Polyacrylamide 

St. -Georges usine de Filtration 2905 Potable Water High l'!~ Slightly 
(Beauce} Cationic 

St. Lambert Usine de Pil trat ion 49939 I?otable Water Ncnionic 
Polyacrylamide 

Sorel Usine de Traitement 24520 Potable iiater Non ionic 
D'Eau Polyacrylamide 

Terrebonne Usine de Filtration 17705 Pot a t:le Water. Ncnionic 
Pal yacryla.nide 

Varennes Usine de Filtration 6968 Potable \later Nonionic 
de Varennes Polyacrylamide 

V audr euil Usine Epu.ration de 4085 Sludge High MW Slightly 
vaudreui1 Cewatering Cationic 



M unici- .Average Flccculant 
pality Plant Name F lcw Applica ticn T.:n;e 

cu. m/d 

Province of Ontario -----------
Aylmer Aylmer Municipal 1590 Potable Water High MW Nonionic 
Town Plant 

Buckingham Potable Water High .MW Uonionic 
Town 

Casselman Casselman WTP 404 Potable '.Vater High MW Nonionic 
Village 

Chapleau C.hapleau aunicipal 3314 Potable Water High MW Nonionic 
Township Plant 

Chat am City Chatam WPCP 15889 Sludge High ~w cationic 
Dewatering 

Durham Town Durha.m. Sewage works 1098 Sludge High MW Cationic 
Dew a tering 

Hamilton lrloodvard ·Avenue 239257 Sludge High MW Cationic 
City Sewage Treatment De-watering ,... 

'-' Kingston Kingston water 54479 Sludge High MW cationic 
City Pollution Control Dewa tering 

London City Sludge High MW Cationic 
Dewatering 

Marmora Marmora Municipal 499 Potable Water High MW Nonionic 
Village 

Midland Midland iPCP E171 Sludge High MW Cationic 
Town Devatering 

Moosonee Moosonee iTP 635 Potable Water High MW Nonionic 

North Bay ttorth Ba.y 'WPCP 31325 Sludge High tHl Cationic 
City Dewatering 

Ottawa City Green creek Pollu- 267859 Phosphorous High MW Nonionic 
tion Control Center Removal 

Prescott Prescott Municipal 31325 Clarification High ~w !di.ionic 
Plant 

Sarnia City Sarnia Sewage City 3«.:634 Phosphorous High M '.V Anionic 
Removal 

~ ..., 
Sault Ste. Highland Creek 10:781 Phos~;:horous High MW Anionic \ 

Marie City Plant Removal 

St. I1 ary St. Hary•s 3191 Potable Water High t!W Slightly 
iiunicipal supply Cationic 



Q Munici- Average Flocculan t 
palit y Plant tiame Flow Applicat.ion 'IYFE 

cu.m/d 

St. Thomas St. Thomas 11592 Sludge Eigh :tW Cationic 
City Municipal 'dPCP oevatering 

sudbury sud.bury WPCP 49939 Sludge Bigb MW Cationic 
City Thickening 

Toronto Toronto Kain Plant 77€339 Sludge fl.ig h M'.i Cationic 
Dewatering 

Toronto Toronto Main Plant 77 6339 Sludge High Mt1 cationic 
Thickening 

Toronto Metropolitan Potable Water Foly DAD11AC 
City Toronto 

Molson's Brewery Sludge Bigh ~w cationic 
Dewatering 

Molson•s Brewery Sludge Big.h MW cationic 
Thickening 

,..., Ontario Hydro Water High MY Anionic 
"-" Clarification 

Ch.rysler Canada Flotation High MW Anionic 

Collis Leather Sludge High MW Cationic 
Dewate.ring 

Interlake Steel Wastevater · High Hi Anionic 
Clarificaicn 

Green Gaint of Sludge High 11W Cationic 
Canada Dewatering 

Metal Koting iastevater High MW Anionic 
Clarification 

Verner Potable Water High MW Nonionic 

Windsor Little River Pollu- 100333 Sludge High MW Cationic 
City tion Control Plant oewatering 

Sludge High Mw Cationic 
Thickening 
Phos~:horous High t1w Anionic 
B.emcval 

Windsor Windsor City i!!ain 127555 Potatle Water Hig f: MW Slightly 

Q, City Plant Cationic 



aunic i-
pality 

Pronv inc'e 

Regina 
City 

Begin a 
City 

Estevan 
City 

Province 

Calgary 
City 

of 

of 

Plant Name 

Ss§katchewa;!! 

Buffalo Pound 

Begin a Wastewater 
Treatment Plant 

Regina Waste water 
Treatment Plant 

Estevan WTP 

Alber!,~ 

·aounybrook Sewage 
Treatment Plant 

Indian Affairs 

Average 
Flew 
cu. m/d 

61516 

61516 

3722 

282097 

Apt:licaticn 

Pet able Water 

Sludge 
Dewa tering 

Phosphorous 
Eemcval 

Potable Water 

Sludge 
Thickening 
(Flotation) 

Flccculant 
'Iyfe • 

High ML"J Anionic 

High MW cationic 

High MW Anionic 

High MW Anionic 

High MW Cationic 

Potable iater High ~w Anionic 



10.2 .&PPBBDD 2 

The .fol.loving appendix presents the Entner- Ooudoroff 

pathway (Figure 1.2.1) ~:resent in the pseudomonads, which 

converts sugars into pyruvic acid, glyceraldehyde or 

ribulose. Pyruvic acid is thereafter introduced into the TCA 

cycle a.fter being converted to acetyl-COA (figure A.2.2). 

D-Mannose ~ D-Glucose D-F:ructose 
.. I ;"" 
.:~~ 1\o _ ......... 
Jll" ~.. -

ADP "', I P .,."""" ADP 
.,., I """" 

~.. I "" ...... , ... 
Glucose-6-Phosphate 

I 
IS£ 
I NADPH 

D-Gluconate .., 1 
...,.... I 
A .. .,. 

DP 6-Phosphogluconate ........ 
...... ..~ 

......... .. .. 
H20 ~, ~ ..... "!1111> NADPH ...... ... ... 
,~ ', ......... .. .. 

2-Keto-3-Deoxy-6- 3-Keto-6-
Phosphogluconate Phosphogluconate 

~ I 
I ' I 

I ' I 
I ' I 1l 

1 ' I CO 
I ' I 2 

I \ I 
I \ I 

I ' I I 
Pyruvate D-Glyceraldehyde D-Ribulose-S-P 

I 
I 
i 

TCA cycle 

Figure A.2.1 The Entner-Doudoroff Pathway of the Pseudomonas spp 
• (Ciarke. 1975) 
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CH2 SH 
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Of( 
C:HJ N 

(Pyruvic acid) 

'#-
(ribooe-5-P, glucose-6-P, 
muramic acid, glyccrol-P, 
tryptophan, cysteine, serine, 
alanine, glycine, tyrosine.) 

Index; 

(aspartate ••• 
pyrimidines, 
asparagine, 
threonine, 
!llethionine, 
lysine.) 

••.•• transformation of 
pyruvic acid to 
acetyl-COA 

--- TCA cycle 
glyoxylate cycle 

...,. products metabolized 
~ from intermediates. 

Cll C ~- C CH2 CJ12 - 0 - f 0 ~ OH • •. • • • • •. • • • • • • • • • ••• • • ••t CH2 0 + 
0 0 

( ... -hydroxyl ethyl thiamine_ pyrophooJlhate) CH2 - S C · CHJ 

/tl /tl 

CHJ C 
11 

0 

s 
I 

Coenzyme-COA 

.. ·· 
.... ··· .· 

... ······· 
.· 

" .. ··· 
+ reduced lipoamide 

(Acetyl-COA) 

' OxT"''"'' . ( ratty-aoido~ 
Malate-. ------------~~--------------~ 

t 
·'"'''' -"''"'' 

Fuma.r,ato - '-: --•'·"':, . - • - ~ yoxylate Cis-aconit ' J ase 

'"" lnato - r 
... . . ''""'''''' -- .. 

f 
Oxalosuccina'te alpha-Ketoglutarate ~~--------

succinyi-COA 
(poryphyrins) -(glutamate ••• proline,arginine,glutamine) 

Figure A .2.2Formation of Acetyl-COA from Pyruvic acid, the Glyoxylate cycle in the TCA cycle and Intermediates formed from the cycles. 
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10.3 A.PPBIDil-3 

EXAMPLE Of TiANSFOEMATICN GF iAi DATA 

Transformation of rav data had to be done tc normdlize 

the di.tference in c1ygen consumt-tion exertEd by the 

g~~!lli§ spp. for siu:ilar nutrient soluticns throughout 

this study. Varicus factors could influence the oxy~eu 

uptake oi a st~ain when inoculated into a &elution. In this 

case, the differences in cxygen u1take observEd in the raw 

data were princiFally related tc variations in ~arometr~c 

pressures, differences in inoculum cell ccncentration anJ 

variations in ce~~ vitality between the various tests. To 

compare the different results obtained in this study, 

nvrmalization ot tte ra~ data was necessary. 

Tae steps taken tc normalize the data have b£en 

detai~ed in section .:.3. However, to achiele a better 

understandin-; 

maniJ:lu~a tion 

of the stE}S executed, an examfle of 

is Fresented here. For convenience, 

tl.:.~.ta 

tne 

results used in this examfle are net r~al results anj the 

values ~iven as examflEs are net actually t!Ed in tne 

generation of the sample curves. 

XXV 
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As mentioned previously, each ex~eriment pe~f0rrocd 

consi~ted of 5 reaction vessels; a distilled water vessel 

(which com~ensates for 1arcmetric ef1acts), a minimal salts 

vessel {w~ica comfensates for endogenous resfiration}, a 

glucose control ve&sel, and 2 samfle vessels. !te raw oxy~cn 

consumption curves generated frcm the fLint-out o£ the 

respirometer are t.herefcre similar to Fi·:JUI:E. A.3. 1 

Cumulative 
Ozypn 
11ptake 

CJIIOzi'Ll 

. Note: 
Cistilled water curve: D~ 
Mjnimal salts curve: MS 
Glucose curve: G 
Samfle 1 curve: 51 
Eample 2 curve: S2 

Pigure A.3.1 Raw cumulative oxygen uptake aa ~inted by the 
electrolytic respirometer and plotted. 

xxvr 
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1) The iirst normalization step consists cf the suttraction 

of the barometric effects trcm the contrcl curve, the 

minimal. Sdlts curve and the samfle cu.:ves. !he correct~J 

cutves are ~resented in figure A.3.2. 

Cumulative 
Oxygen 

S1' (S1!:S1-DW) Uptake 

(mgOafLl G' (G""'G-DW) 

S2' (S2!=S2-DW) 

' (MS!:MS-DW) 

Time 

Pigure lo .3 .2 Cum.ulati ve oxygen uptake corrected for barometric 
etfects. 



c 

2) The second step is the subtraction of the endogenous 

respiration ex.llibited by the minimal salts vessel. The 

endogenous respiration is subtracted from both glucose and 

saaple curves. The curves corrected for tarcmetric effects 

and endogenous resEiraticn are presented in Figure A.3.3. 

Cumulative 
Oxygen 
Uptake 

(mgO~L) 
St' (Sl'!:St-MS) -----
G" (C1!:G!.MS) ------
S2'' (S2'I:S2!.MS) ------

Time 

Pigure A.3.3 Cumulati!e oxygen uptake corrected for both 
barometrJ.c e..t:f'ects and endogenous. respiration, 
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3) The oxygen consum~tion exhibited by the gseudomonas 

inoculated on glucose was assumed to haYE to te constant 

froa experiment · to EXEELtiaent, since the same glucose 

solution was used in evEry test. The glucose ccntrol curves 

were therefore taken as a basis for normalization of the 

saaple curves. Hence, the normalization of the results was 

conducted by coaparing the sample curves to the corrected 

glucose curve. An e~ample of numerical ccmparisons is 

presented i.n !able A .3. 1. 

Table A. 3. 1. Boraalization Ta.bles: Difference Between 

Glucose curve and SamFle curves. 

%i.me Cumulative Oxygen Cumulative O.:r:ygen Difference 

Uptake by Glucose Uptake by Sample 1 

Vessel. Vessel 

(hrs) (mgC2 /L) (ago2 /I.) (119~ /L) --------------_ .... ______ ...._ __________________________ 

0 0 0 0 

5 50 60 + 10 

10 iS 90 +15 

15 100 110 +10 

20 105 120 +15 

25 105 130 +25 

-~------~~--~-----~~------~-----~-------~-------------

VVTV 



4) Since the samples are now numerically relatEd to their 

glucose control, cne has to normalize t.he glucose curves 

obtained in all ex~eriments. To achieve this objective, the 

data points of all corrected glucose curves were plotted in 

the same graph. 1 ncraalized glucose curve vas then 

generated by passing a best-fit curve through t.he data 

points. This noraalized curve has now been corrected for 

differences in inoculum cell concentration and vitality. An 

exaaple of a normalized glucose ccntro1 curve is presented 

in Pigures 12 and A.3.4. 

Cumulative 
Oxygen 
Uptake 
(mgO~L) 

. . 
' '. NG 

'l'ime 

Figure A • 3.4 Normalized glucose control curve. 



5) The differences in oxygen uptake presented in Table A.3.1 

are then used to generate oxygen consumption curves for the 

sampl~s by alget~aically adding them to the normalized 

glucose curve. in Figure 1.3.4 Since the glucose curve had 

been corrected fer scae factors causing ox_ygen uptake 

differences, the sa.IIJ:le carves now relatEd to this 

normalized glucosE curve will also be corrected. Before 

setting up the new curves, a second table is generated as 

follows: 

-'labl e 1.3. 2. Iforaaliza tic.n Table, Example of Calculation 

of Horaa1ized Sample curve Data Points 

Time cumUlative Cxygen 

consumed by glucose 

noraa1ized curve. 

(from Pig. A.3.4) 

(hrs) 

Difference in 

Ozygen Dpta.ke 

between Glucose 

and Samlfle 1 

(from 1able 1.3.1} 

(ag~ /L) 

calculated oxygen 

Consumed by Sample 

------------~---------------------------------------------------
0 

5 

10 

15 

20 

0 

60 

85 

100 

120 

0 

+10 

+15 100 

+10 110 

+15 135 

~------------------------------------------------------~---------
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6) The normalized sample data points calculatec from Table 

A.3.2 are then plotted on a graph and a test-fit curve is 

passed through the scattered data fOints. An example of this 

normalized final cumulative oxygen uptake curve can te seen 

in Figure 14 for Pclymer c. 
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Polyelectrolytes, or charged water soluble synthetic 

polymers, are high aolecular weight coapounds, consisting of 

long-chained ionizable acnoaers. In the environaental 

engineerin~ field, these polyaers are used as flocculants or 

coagulant-aids in the Frocesses of flocculation, sludge 

dewatering, phosphorus reaoval, air flotation and chemical 

precipitation (Be~efield and Randall, 1980; !etcalf and 

Eddy, 1979; iieber, 1972). 

Nowadays, a large number of treatment plants are using 

these polyelectrolytes, taking advantage of their bridging 

and electrolytic activities. In Quebec, a survey of 2 aajor 

suppliers (Allied Colloids and Calgon), deacnstrated that as 

many as 30 treatment plants, including water and wastewater 

plants, use ~olyelectrclytes in their processes (refer to 

Appendi.t 1). 

In wastewater treatment plants and particularly in 

air-flotation processes, FOlyelectrolytes are added to the 

slud~e to enhance flocculatian. It used to be telieved that 

all the ~olyelectrolyte added to the aixed liquor would 

adsorb on the settling sludge, and therefore would be 

recycled or wast~d with the sludge. But studies have shown 

1 
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that some ot the added 1olymer did not adsorb ccmpletely on 

the slud1e. Tne u~adscrbed polyelectrolyte remained in the 

supernatant, ie. in the treated effluent (Gehr a·nd Henry, 

1982, 198J; GopperE: an~ straub, 1976). 

On.1.y a fe" 

poly elect rolj· tes 

Biesin~er ~t al 

studies on the effects of these 

en aguatic life have 

(197t), concluded that 

.been 

most 

conducted. 

of the 7 

polyillecs t~sted (.SU,I;lEtfloc JJO, Calgon tt-500, Gendriv 162, 

Magnifloc S71JC, Magnifloc .521C (cationic fClyJEers), Dow 

AP-30 (an.iol!ic fclyme r) and Magnifloc 905N (a non-ionic 

polymer)) were toxic tc trout, Mysis relecta, Limnocalanus 

~££Y£~~ and DaEhnia ~gna. In general, the 5 tested 

catiouic ~olyelectrolytes exhibited a higher toxicity to the 

tested organisms than the anionic and non-ionic polymers. 

Among tue 5 tested Sfecies, Daphnis magna exhibited the 

highest sensitivity the polyelectrolyte. Sfraggs et al 

(1982), by means at LCSC tests concluded that ~clyaers vere 

toxic to rainbow trout at concentrations as low as 1 ppm for 

a polyaccyla~ide fOlymer and 0.5 ppm for Dimethyl Diallyl 

Aaaoniu~ Caloride foly•er (DMDAAC polymer) • 

The eftect of polyelectrolytes on aacro-aquatic life 

leads to the jUestion cf their effect on the microorganisms 

present naturally in thE streams. If toxic, the fresence of 

these polyelectrcljtes cculd inhibit the purifying action of 
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a~uatic microorganisms, and slowly destroy the stream. If 

biodegradaole, the polyaers could serve as nutrients to the 

microoial fopula tion. Al terna ti vely, the degradation 

products could be even more harmful to the mactc and aicro 

biota or to subsequent users of the water. 

The objective of this study was therefore to examine 

the eifect of varicus pclymers us€d in the field of sanitary 

er,gineer:in::; (ilith em~hasis on DI1DAAC f.Olymer) on · the 

microoial po~ulaticn ~resent in a polluted stream. Toxicity 

and bioJe~radation studies were conducted in order to gai_n a 

general understanding cf the fate of the discharged 

polyelectrolytes in the streams and the aictotiQl activity 

associated with these fClyelectrolytes. 
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2 •. 1 . DBI'ZIU'%01 O.f HE IOB.D POLtBJ.BaJlOI.UB 

Packhaa (1967), defined the vqrd •polyelectrolyte• as a 

cheaical, coabining the properties of both polymers and 

electrolytes. These lcng chain molecules could be either 

natural (eg. proteins) or synthetic,. and classified as ·both 

organic or inorganic. 

!etcalf and Eddy (1979), described synthetic 

polyelectrolytes as being chains of simple monoaers, 

polymerized into high aolecular weight aolecules. These 

polyaers vere then classified as cationic, anionic or 

non-ionic, depending on whether their charge, once dissolved 

iu water, vas positive, negative or neutral respectively. 

lxaaples of the 3 types of polyelectrolytes are given by 

ieber (1972): aon-ionic (polyacrylamide), anionic 

(hydrolyzed polyacrylaaide) and cationic (~o.ly diallyl 

diaethylaaaonium). 
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2.2 •xsroar &ID &PPL~C&riOIS 0~ POLI&LBCrBOLI!BS XI ~BB 

S~~r&at BIGIIIBB~IG PXBLD 

• 
Polyelectrolytes have been used significantly for at 

least 20 years in tbe field of water and wastewater 

treatment. In water treat•ent, polyelectrolytes have been 

employed in the prccessEs of ~ater clarification, effective 

in tne removal cf organic and inorganic paxticles vith 

particle sizes varying frcm 0.001 to 100 aicrons (Herner, 

1976; .i?ac.ltham, 1961; Schvc:yer, 1981). 

In vastewatet treatment, folyelectrolytes have a 

broader range of applications. As early as 1966, 14 u.s. 

treatment plants ~ere using anionic polymers to improve 

primary· settling (Garvocd, 1967). Separation of biological 

floes from the treated liquid in activated sludge processes 

has been iap~oved by the addition of polyelectrolytes 

(Herner,·~ 1~75). ehosphorus removal froa sewage has also 

been ennanced by the usage of ~olymers (Herner, 1975). Air 

flotation increases in efficiency with the addition of 

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

Polyelectrolytes are also utilized in sludge treataent 

processes such as sludge elutriation, conditioning of 

inorganic slud;es and devatering of biological sludges. 

5 
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(Berner, 197~) 

Knowledge of cheaica.1 and physical interactions 

occurring betveeu Eolyelectrolytes and colloids is important 

vhen choosing the t:n:e and dosage of polymer i.n the 

coagulation process; a brief description of these phenomena 

will therefore be discussed here. 

The role of the coagulant is to destabilize suspended 

particles. To destabilize the colloid, the polyelectrolyte 

has to overcoae natural repulsive forces and water-colloid 

interactions (solvation). Batural repulsive forces have 

been associated vith phenomena sach as electt:ical double 

layer repulsion ~eta-potential), short range hydration 

repulsive forces, and Erotective colloid repulsion 
.. 
(Burke 

and Dajani, 1966; Schwoyer, 198.1; Weber, 1972). Solvation 

as described by Weber (1972) is a poorly understood 

phenoaenon and its e.ffect on the rate of colloidal 

aggregation has not yet been clarified. 

Polyelectrolytes used as coagulants or coagulant-aids 

have the ability, vhe:n added prior to I:apid-mixing 
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processes, to overcome the repulsive force on the particle 

and thus a~gregate the destabilized particles (Weber, 1972). 

These tJ.ocs, nov heavie.t and denser than individual colloids 

can settle more easily and te removed from the liquid phase. 

Burke and Dajani ( 1966), Metcalf and Eddy ( 1979) , 

Schwoyer (1981) and Weber (1972) have classified the action 

of p~l]electrolytes 

ea tegor ies; 

on the unstable collcid into 3 

1- Doubie-layer compression (accomplished by 

polyaers of opposite charge CCEtared to the 

colloid). 

2- Chatge neutralization ty poly11er 

adsorption on the ~article's surface. 

3- Interfatticle bridging, where tbe poly•er, 

attached to a part.icle 

adsorption sites, also 

particles, creating a 

between various colloids. 

at one or aore 

adsorbs on other 

bridge-type bond 
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2.4 &PPBC~S OP POLIILJ~&OLriBS 01 BIOLOGICAL SIS~IIS 

l liaited nuater of studies have dealt with the effect 

of polyelectrolytes en microorganisms when used as 

coagulants in water and wastevater treatment. !his lack ot 

infora~tion emphasizes the importance of the present study. 

In order tc obtain in~oraation on the subject, 

investigations were fUt~ued into similar chemical coapounds 

or sub-coaponents cf the tested polyelectrolytef. 

DKDAAC polymer (disetbyl diallyl-aamonium chloride), a 

quaternary awmoniuu cc&fCUnd, hereafter called Polymer c, 

appeared to te a widely used, cationic coagulant. Its 

chemical structure is detailed in Figure 26, page 138. 

Since no inforaaticn vas available on the biological effects 

of this specific polyaer, research vas conducted on the 

general microbial effects of quaternary aamoniua compounds. 

In general, the smaller guaternary aaaoniua aolecules 

such as CETAYLOH, lJATIH and SEPTOI!X, are recoamended as 

disinfectants and exhibit great bactericidal actiYity, even 

vith resistant organisas such as the Ps~udoao!IS spp. 

(Tabor sky et al, 196 7) • 



Dean-Bayaond and Alexander (1977) investigated the 

biodegradability cf 10 quaternary aaao.niua cc11pounds by 

Hans of the standardized BOD technique, i.Doculated with 

sewage and soil aicroorganisas. Eight of the tested 

coapounds were not biodegraded by the inoculated orga.Disms, 

bat He.zadecyltriaethylaaaoniua . .broaide and 

(D'lft) , were biodegraded at 

concentrations down to 25 and 50 aicrogram per Liter 

respectively. It is interesting to note that the two 

organisas isolated froa the biodegraded quaternary ammonium 

coapounds could only develop on such substrates vhen grown 

siaultaaeously. this e~a•Ele of autualisa (Pelczar, et al, 

1977) has been exhibited by two cooperative .bacteria, 

identified as aeahers of the P§eUQ2112B!§ and !Jathoaonas 

geaera. Exaaples ot autualisa between aicroorganisas are not 

rare, but in this case, the two bacteria •ork together to 

traasfora an unavailable aaaoniua coapoand intc a necessary 

nutrient. 

The second aain polyelectrolyte tested during the 

research described herein vas a polyacrylamide based 

co-polyaer (Polyaer l), coaposed of 631 by weight of 

diaethyl aaino ethyl acrylate 

chloride and 371 of acrylaaide. 

quaternised with aethyl 

Sazuki, et al (1978) 

investigated the tiodegradability of various water-soluble 

polyelectro~ytes; including a polyacrylaaide polyaer. After 
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recognizing in a 1revious study (Suzuki et al, 1976) that 

those water-soluble pclymers were not biodegraded by a 

strain of .fi.!!!S,g.JS!!.i§ ~~roginosj, the authors partia-lly 

degraded the lomg chains by ozonaticn. After this 

procedure, suzuki and eo-workers concluded that ozonation 

did not iaprove tiodegradation of the shorter 

acrylamide-based polymer, when inoculated vith 

micro~rganisms prEsent in river mud. Tb~y therefore 

suggested that resistance of polyacrylamide polymers vas not 

related uniquely tc their high molecular weight, but also to 

the amide group present in acrylamide. 

However, Bro~n et al (1979) showed that acrylaaide 

concentrations of 0.5119/L to S.Omg/L, vhen introduced into 

non-sterile streaa and sEa samples, vere biodegraded (as 

shown by liquid chrc•atcgraphy)-by the mixed aicrobial 

population present in those waters. In 1982, the saae 

authors reported om the ability of.microorganisas present in 

wastevater, artificiall-y spiked with c:icrylaaide, to 

biodegrade the acrylaaide. The authors ~hen ccapared the 

results obtained froa wastewater saaples to JA-situ tests 

perforaed directly on the river and concluded that in-vitro 

and ia-2i1!! tests could be related. Brown et al (1982) 

demonstrated by adding toxic substances to a sclution that 

the disappearance of acrylaaide vas directly related to the 

nuaber of viable aicrobial cells. 

,n 
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~roll, et al (197ij} and Lande, et al (1979) also 

studied. the bicdegradation of acrylaaide in aixed 

populations, but all aention a lag period of a fev days, 

where no niodegradation cculd he observed. Thus, acrylaaide 

(Monomer A) biodeg~adation could be expected in the present 

study, Dut a long lag ,Phas.e will aost proba:tly .te obserYed. 

rne toxicity of acrylamide to animals with a central 

nerYous system, including humans, has been extensively 

investigated. For exaafle Davenport, et al (1976) and 

Keeson, et al (1977), ccncluded that acrylamide is a potent 

neurotoxin, causing neurological disorders in huaans and 

animals by affecting the aitochondrial function of 

neuro-filaaents iD distal neural axons. Crcll, et al 

(197qJ, studied the effect of polyacrylaaides OL rats and 

concluded that the polyaers themselves were not toxic to the 

test organisms. Ho.ever the monoaers resulting fro• partial 

degradation were bighlJ toxic to the saae or9anisas. lo 

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 OD 5 aquatic aniaal 

species (rainbow trout, lake trout, aysis 

Uanocalangs mac.c{urus and QAphnia •ASiJ!!) by acute and 

chronic tes.ts .. Their results showed that IIOSt 
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polyelectrolytes assayed were toxic to oae or more species, 

particularly to ~EhQia ~aqna, which amoog those 5 animals 

shoved the highest sensitivity to polyelectrolytes. 

Spraggs, et al (1982) demonstrated by avoidance tests 

that rainbow trout (Salag qaitdner;&.) avoid Polymer 1 

(polyacrylaaide polymer) ud Polymer c (D!ID11C polymer) at 

concentrations of 1.0mgJL and O.Sag/L respectively, whereas 

at similar concentrations, the same fish were attracted to 

the respective aoncaers. !he authors related the avoidance 

by t.rout to polyae.r tozicity, by perfo.raing 3 static tests: 

An algae i.nhibition test, performed with the species 

~linas,tm caericcrnUt]l!, a !licrotoz LC50 test asing the 

fluorescent bacterium jhgtgb§gteriU! eaosphoreum as an 

indicator and, fina~y tCSO tozicity tests conducted with 

rainbow trout. Based c.n the results ob-tained from these 

tests, the authors concluded that both !lonoaers 1 a.nd c were 

less tozic than their respective polymers to all species 

tested. Therefore the results supported the conclusions 

derived froa the avoidance tests. I.n contrast, Goppers and 

StraUb (1976}, stated that the toxicity of EOlymers was 

aainly related to the aonoaers liberated by partial 

degradation, and not to the polymer itself. 
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2 •.. $ A . S~ODJ: 01 ~8.1 Bl'ttiC~S AID BZODIGU.DA~.IOI o:r DUJPBUI~ 

PO£laB8S 01 IIOLOG.ICAL S!S~I!S 

lS aentioned ~reviously, literature was not available 

OD the effects of the tested polyelectrolytes to aquatic 

bacteria, nor vas it ~ossible to find inforaatioo on the 

possible biodegradation of the tested polJmers. Inforaation 

vas therefore collected for a variety of other polymers, 

used for purposes other than water and· vastevater treatment. 

surfactants have been studied extensively since their 

introduction into detergents. These long polJmeric chains 

retain their foaaing ~roperties even at high dilutions, 

causing foaaing prcbleas in aerated activated sludge basins 

treaUnq do.11estic vast.evaters.. Swisher (1970), described in 

his book the effects and biodeqradation of these 

sDrfactants. Be senticned that surfactants.can exhibit a 

bactericidal effect, 

Svisher a~so studied 

e~pecially to Graa positive bacteria. 

the degradation cf the surfactants by 

aicroorganisas, and concluded that the longer the aolecule, 

the higher its biodegradation rate. This was because in 

larger molecules, the sulphonate groups are located farther 

apart OD the aolecule and hence the sulphonates seea to have 

a less negative effect en the ability of the aicroorganisms 

to use the surfactants as nutrient sources. 
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Various autho~s have studied the biodeg~adation of a 

broad variety cf surfactants. Aryl-sulphonates and 

R-alk~ne-1-su~phonates were shown to be biodegraded by a 

Pseudg!Qas§ strain (Jchnston, 1975; Thysse and Wanders, 

1972, 1974). gseus2monas ~osteroni was inoculated into 

various arylsulfcnates and could utilize individual 

detergents as a sole ea~ bon source (Rip in, et al 1971) • 

Focht and Williams (1970), adapted a Pseudcmonas strain to 

use ?-roluenesulphcnate as sulfur and carbon sources. 

Guy, et al ( 1976), investigated the. EffEct of Arqu·ad 

TSO (an alkyl quaternary ·aamoniua chloride surfactant) on 

bacteriophages and enteroviruses. Althougt the surfactant 

vas found to De toxic to the bacteriophages, the tested 

poliovirus was resistant to the action of the surfactant. 

Hales et al (1982), studied the biodegradation of sodium 

dodecyltriethoxy sulfate surfactant by a strain of 

fseudgteaa§• The surfactant vas used as a sole carbon 

source and the strain vas able to grov on it. Hales and 

eo-workers also investigated different biodegradation 

pathways, through the analysis of aetabolic interaediates by 

the aethod of thin layer. chroaatography. the authors 

described the initial steps of surfactant biodegradation, 

after presenting Evidence that these steps involved the 

breakage of ether tonds. 

14 
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raese ezaaples are only a saall saaple of the extensive 

research conducted en the subject of surfactant 

biodegradation. These detergents, 

non-biodegradable are aov being 

.biodegradable. 

originally considered as 

slowly reclassified as 

Since the early 1950's, polyethyleae glyccls (PEG's) 

have been aassiYely ea,loyed in pharaaceutical, cosmetics, 

tobacco and textile industries. ls a consequence, enormous 

quantities of these cheaicals were discharged into streaas 

aad lakes, and the possible biodegradation of FOlyethylene 

glycols was thoroughly investigated. In aany cases 

bacteria of the Pseudoaouadaceae faaily were recognized as 

being responsible for tile biodegradation of PEG's attaining 

20,000 aolecular Eight (!I.W) (Baines and Alexander, 1975i 

lawai et al, 1978; latscn and Jones, 1977). llaYobacte{ium 

species have also deacastrated the ability to biodegrade 

sucb high aolecular 1eigbt PEG's (Kavai et al, 1978)~ 

Baines and Alexander (1975) also reported that the· 

biodegradation rate of these polyetbylene glycols decrease 

with iacreasiAg chain length. suzuki et al (1976}, on the 

other aand concluded tAat even Pseudoagpas aerggiaosa could 

not grov on large EOlyethylene glycols, and that grovth vas 

aaly possible on 8000 BW PEG's after ozonation. In the 

paper cited, Suzaki and co-vorkers were protablJ unfortunate 

vith their research, isolating a strain of Rseudoaona§ 



i1£09~!Q§A vith a limited facility of adaptation. 

2.6 utu• Ol' 

ISIVPOIQIAS BAC!BaiA 

Bergey•s !anual of Determinative Bacteriology (Buchanan 

and Gibbons, 1974) classifies the Pseudomonas lacteria as a 

uaicel~11lar Gram negative rod, o£ length between 1. 5 and 4. 0 

aicrons. !ost species are aotile bt 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 cheaolithotrophs, using 

hydrogen gas or carbon dioxide as energy sources (Holt, 

1977). In total, 149 species of pseudoaonads have been 

classified in sergey•s !anual of Deterainative Bacteriolo~y 

(Buchanan and Gibtons, 1974) but aany interaediate strains 

a~so exist.. .%able 1 presents the 29 aost coaaon species, 

but the other 120 species can be seen in the appendix of 

Bergey•s aanual of Deterainative Bacteriology. 

fhe pseudoaonads are ubiquitous but have been isolated 

mainly froa water and soil habitats. These Graa negative 

rods are also of special interest to environmentalists, 

since aeabers of the family have been isolated which have 

16 
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Table ·1 Princi.:al species of Ps eudoacnas 
-----------

• 
-----------------------------------------------

.f. ~,ggi.Q,Q£9 .f· aarginata 

f. JU!.tili .f· !~ignej. 

f· ill2.a.i!a!!§ .f· testostexoni 

i· w~lilli.s i· §.CidOVOr§J:!S 

i· S,!u;eg,t~c,ien.s i· gelafieldii 

.5:· .aui.n,gs£ f· §QJ:anaceam 

f. ~.i&A2:Iii .f. ;aecalis 

!· styt;en. g. §accbaroEbilt 

f. u.w!o"in§ g. J;Uhlandij. 

c f· e+ctligeD£§ i· fi..a:Is. 

.f. ~udoalcalig~~ !· Qallerooii 

f. ~lli.B.ll~i g. iillOPhil~a 

f· 11Jall,U .f. ves icu j.ar is 

f· car.IQ.E.&I..U! g. diainuta 

l· CE'QtCia 

From: Holt (1977). 



0 

• 

the ability to degrade a wide variety of natural and 

synthetic aaterials (falleroni, 1964). these versatile 

organisas have been associated with the biodegradation of 

coapounds previously classified as both biodegradable and 

non-biode~radable. As an example, Klages (1981) , shoved 

that a ~udoaonas strain was abl"e to a se 

4-Chl3rophenylacetic acid as a source of carbon. Swisher 

(1970), associated Pseu~£!g~ 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), Bipin, et al (1971), a~d Thysse and Wanders 

(1974). 

Other "non-biodegradable" molecules such as 

polyethylenes (Haines and Alexander, 1975; Kawai et al, 

1978; ila tson and Jone s, 1 S77) , petroleua hydrocarbons (Van 

der Linden and 7hijsse, 1965) and pesticides 

(1,4,5-Xrichlorophenoxyacetic acid) (Chatterjee, et al, 

1982) have also been deaonstrated to be biodegraded by 

bacteria of the i§eudomcns§ group. 

The pseudoaonads are not only recognized as bacteria 

capable of degrading very diversified substrates, but they 

are also known to possess a highly adaptive aetabolic 

systea. this enables the species to ase a vide variety of 

coapounds as carbon souices (Clarke and Bichmond, 1975). 
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As a conseguence cf such enormous •etatolic variety, 

the pseudomonads have teen extensively studied by scientists 

searching for new bicsynthetic and catabolic pathways. 

Results of this Ieseaich are discussed in tbe following 

section. 

10 



2.1 BASJ:C &:l~.lBOUC P.l~BV.liS COUOI '!0 '!BB 

fSIUDOIQIII-CBIUS 

Catabolic and anallclic pathways CCllmOJl to the 

P§eudoaQQA~ bacteria have been extensively studied and 

detailed. l detailed description of these Fathvays would be 

out of the scope of this review, but t.he comao.n mechanisas 

shared by raost pseudo11cnads are described in this cha.pter. 

Detailed pathways are presented in Appendix 2. 

Bacteria of the Eseudomo!J§ genus are classified as 

microorganisms whose aetabclisa is alvays respiratory. !ost 

strains are aerobic, vnh oxygen as the fi.nal electron 

acceptor. soae organisms have the ability to denitrify, 

using an anaerobic resFiration pathway with nitrate as the 

terainal electron acceptor of the electron transFort system. 

(Clarke a.a.d Richmond, 1975). 

In 1952, E.a.t.a.er and Doudoroff established that f· 

§l~§haroea!~t aetabolized its sugar through a catabolic 

pathway now known as the Entner-Doudoroff pathway, an 

oxidative catabolic pathway. Since then, further research 

has revealed that the B•bden-Meyeroff Pathvay is effectively 

absent i.a. all pseudoaonads (see Clarke and Bichaond, 1975). 

In soae species however, the absent Emden-!eyeroff Pathway 



is rep~aced by the Ent~er-Doudoroff Pathway. !eabers of the 

pseudoaonads, possessing the oxidative Entner-ooado.roff 

pathway, can therefore transform ingested sugars such as 

glucose into pyruvate and glycera~dehyde. Pyruvate can then 

enter the classical tricarboxylic acid cycle (Kreb's cycle, 

detailed in lppendix 2) which has been shown to be present 

among the pseudoaou.ads (Caapbell and Stokes, 19 51; Clarke 

and iichaond~ 1975; Kogut and Podoski, 1953). 'lhe Kre.b•s 

cycle isolated ia the fseudoagD!§ bacteria appears to have 

the saae function and organization as in aost biological 

systeas: convert.ing pyruvate into building blocks and/or 

energy. ~roa the TCA cycle, coapounds such as aaino-acids, 

pyriaidi.nes, and fatty-acids are foraed. The cycle also 

generates phosphorylated JTP1 s which can either be stored or 

coaverted into energy by the electron transport system (see 

Clarke and Bichaond, 1975). iesearchers have isolated 

cytochroaes froa the Rseudcaonas cell aeabrane, confirai.ng 

that an electron transpcrt system is effectively present in 

the cell {Horio and Kaaen, 1970; Stanier, et a~, 1966). In 

these pseudoaonads, vhe.n sugars such as glucose are not 

ozidized through the Bntner-Doudoroff pathway, these sugars 

can be directly oxidized and decarboxylated to the fora of 

Bibulose-5-Phosphate which can thereafter enter the 

Pentose-phosphate pathway (Clarte and iichaond, 1975). 

Chapaan and Dugglety (1967), demonstrated the existence 



in aost !§~a4g1g~ SPE• of a Glyoxylate cycle which 

coaplements the !CA cycle, a~lowing isocitrate a~d citrate 

to be transformed into u.late and hence insuring the 

continaity of the cycle. 

It has been aentioned that aost ifeudgaonas strains can 

utilize a variety cf siaple or complex substrates as carbon 

sources, thus explaining the presence of this Gram-negative 

rod ia aost habitats. But in order to adapt to such 

different nutrient sources, the SEeCies requires a complex, 

adaptable aeta.holic systea, which can transfora "the uncoamon 

and coaplex substrates into simple compounds, able to be 

incorporated into the cell central metabolic pathways. 

This aniqae aetabolisa has been associated with a nuaber 

of factors; t~ese include the following: 

1) The large nuaber of substrates catabolized by a 

single pseudoaonad cell iaplies that as large a 

nuaber ot enzyaes should be present in the cell, 

since eazyaes are generally known to be 

substrate-specific (Bernhard, 1968; ftalcola, 

1971). .•. lalleroni (1964) deaonstrated that most of 

the enzy.as icvolved in the catabolisa of complex 

substrates were . inducible. This regulation of 

enzyae products is a coaaon physical trait in 
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bacteria. clarke and Richmond ( 1975) and Hegeman 

(1966, see Clarke and Richmond, 1975) isolated a 

series cf en2ymes which could .te induced by a 

number cf differ~nt chemical 

PseudomoD!§ SEecies. 

analogues in a 

2) Kay and Grunland (1969), Kundig, et al (1964), 

Phibbs and lagon (1970) and Roaano et al ( 1970) 

concluded that inducible transport systems were 

present in the pseudomonad cell membrane. 

inducible transport systems are induced by 
-

specific substrates which are thereby actively 

transported througa the aembrane of the bacteria. 

Generally, this type of · transport mechanism is 

induced by substrates required by the cell, and to 

which the cell has the enzyaatic complex to 

catabolize (!cat, 1979). Riggins and aandelstan 

(1972) for ezaaple, discovered a transport system 

for mandelate, vhich vas induced by the presence 

of lov concentrations of mandelate in the medium. 

l) ~he preseace of exoenzymes or eztracellular 

enzymes in the pseudoaonads has been widely 

docuaented (Incve, et al, 1963; aaeda and taga, 

1976; !ar.tovitz, et al, 1956: !lorihara, 1963; 

.ao.byt and .laeraan, 1971; zucker and Hankin, 
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1970). These enzyaes enable tbe tacteriua to 

cieave aclecules, which are too large (> 6008i) to 

oe ~ran~ported through the cellular aeabrane. 

These s 11a ller molecules could tbereaf ter pass 

through the aemtrane and serve as nutrients. 

4) The presence of multifunctional genes have also 

been piCfOSed for the Pseudomonas bacteria (Gryder 

dnd Adaas, 1969; Gunsalus et al, 1S68). These 

genes have effectively teen shown to regulate the 

syntnesi~ of 1ore than one enzyme when induced by 

specific substrates. 

5) Bayly and Dagley ( 1969), Dagley (1 571), and 

Sala-Trefat and Evans (1971), ccnfiraed the 

existence cf divergent enzyaatic pathways 

(metabolic pathways present simultaneously in the 

cell, all induced by the same sub!trate, 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 aost 

Pseudomotas strains have the ability to aciuire 

the required catabolic enzymes, necessary to 

degrade a nev substrate, by recoabinaticn of its 
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genes through transduction, conjugation (Clarke 

and Bichaond, 1975; Kemp and Regeman, 1968) and 

transforaation (Carlson et al, 1983). Such an 

act~Yity allows the cell to acquire a nev fragment 

of genetic information, present in its sister 

ce~l, and consequently adapt aore easily to nev 

situations. 

2.. 8 DU .I I 01' UBORA20B!' BftBODS 

2.8 •. 'J. DUOUIBft OP IJ.C2Bil:U. GBOI!B 

l large nuaber of aethods bave been developed to 

aeasure the grovth of aicroorganisas. !ost methods are 

based on the principle that microbial growth is related to 

replication. 
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G~udy and Gaudy (1980), defined and cca•ented on 

Yarious aethods developed to aeasure bacterial growth. 

1) aeasureaent of bio•ass by dry weight after f.iltration 

or centrifugation 

2)!easureaent of voluae of centrifuged cells. 

3)11easureaent of turbidity or optical density 

(restricted to low population density). 

-)aeasureaent of the nuaber of Yisible particles. 

•ith a light aicroscope 

5)!easureaent of Yiable cells, using 

- culture count by pour aethod 

- culture count by spread aethod 

- culture count by spot plating 

- culture count by aeabrane filtration 

- null point dilution (eg. !ER ~echnigue). 

6)8easureaent of cell constituents (DIA, proteins). 

7)8easureaent of oxygen consuaption over tiae period. 

S)Beasureaent of oxygen uptake rate. 

9)!easureaent of decrease in nutrient. 

Por further infor•ation o.n each aethoa·, the reader is 

referred to Gaudy and Gaudy {1980) or any aicrobiology 

textbook such as Pelc2ar, et al (1977). For the present 
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research, g.rovth vas fclloved firstly by optical density 

aeasureaen ts and later by oxygen uptake aeasureaents. 

&llSDIIIBI~ o• IOLIIBB BIODBGBlDl~XOI 

Svisher (1970), described biodegradation aethods 

applicable for the aeasureaent of surfactant biodegradation. 

The aethods aenticned are . generally not specific for a 

particular surfactant and app~y to a large number of 

aicroorganisas. ls an exaaple, the aathor described in his 

boot different die-away tests, where. the rate of 

biodegradation is aeasured by analyzing the concentration of 

the coapoand at regular tiae intervals. 

Brown et al (1979, 1982), Degens et a.l (1950), and 

Baaaerton (1955), used river-water die-away tests for their 

research, vhere the aoncaer vas added to a river saaple and 

analyzed at tiae intervals. 

Borstlap and Kooijaan (1963), and Heinz and Fischer 

(1967) developed aodifications of the standard BOD test to 

follow surfactant biodegradation. Borstlap and Kooijaan 

(1963), achieved surfactant biodegradation by pe.rforaing 
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typical BOO tests with a highly concentrated inoculua of 

activated ·sladge. Once diluted, the inoculua reached 

SOOag/L of suspended solids. In contrast Heinz and Fischer 

(1967) developed aD open flask test where the saaples, once 

dilated in BOO dilution water and seeded, were shaken for 10 

days. 

Huddleston and lllred (1963), Renn (1964) and Toaiyaaa 

et al (1968), converted the standard microtiolcgical aetbod 

of shaked culture to study surfactant biodegradation. In all 

cases, the cultures were continuously shaken in an 

incubator, and the residual surfactant concentration 

aeasured at regular tiae intervals. 

In 1966, a test called the British STCSO !est (Standard 

Technical Coaaittee on Synthetic Detergents) •as developed 

for ae~suring surfactant biodegradation.. The test consisted 

of BOO dilution water inoculated with air-dried activated 

sludge, and coapleted ty the addition of surfactant in 

different concentrations. surfactant biodegtadation was 

then aeasured over 21 days by a aethylene-blue reduction 

aethod (see Swisher, 1910). 

Otber biodegradation tests involving 
\ 

Filot plant 

tric&ling filters, activated sludge and anaerobic processes 

have also been used world-wide (Barnbart 19t3). 
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Respiroaetric.biodegradation tests have been utilized 

for aany years, by adapting the Warburg resfirometer to this 

function (Barden and Isaac (1957), Bogan and Sawyer(1955)). 

Pactors such as endogenous respiration 4ave been reported by 
. ' 

Dietrich and Burris (19E7) to cause interferences, and must 

therefore be taken into consideration by running controls. 

BQsch and Byrick (1961) concluded from their exEerience with 

respirometric biodegradation tests, that degradation cannot 

be monitored by exEecting the calculated theoretical oxygen 

consumption to be reached. According to the authors, the 

t4eoretical oxygen demand is only related to complete 

degradation of a compcnent vhen the coapound is coapletely 

oxidized to carbon dioxide and water. But when microbial 

growth takes place, ccaplete degradation does not always 

occur, since biodegradation intermediates are often 

incorporated into the cell protoplasa, and are therefore not 

further biodegraded •. 

Biodegradation of polyaers has also been studied more 

recently by labelling the polymers and following the 

incorporation of the labelled carhont• ato•s into the cell 

protoplasm (!ulders and Gilain, 1977). In fact, the authors 

aention that following biodegradation by oxygen consumption 

aay lead to false conclusions, such as misi~terpreting 

eo-oxidation phencaena (chemical oz:ida tion, where the 

oxidant is a pollutant itself). ~hese authors state that 



c 

c 

the aethod of fo~loving biodegradation by die-away tests can 

only lead to the conclusion that degradation cccurred to a 

point where tbe ooapound can no longer be . detected by 

analytical methods. !he authors also aention that pilot 

plant activated sludge processes cannot be solely used for 

~iodegradation tests, since one cannot distinguish between 

the adsorbed and the biodegraded product. In the case of 

the present study, eo-oxidation could not interfere with the 

results since the polyaers were dissolved in a synthetic 

solution and not in a ~cl~uted river water. The effect of 

oxidation by a second pcllutant w.as therefo.re net a problem. 

UJ.SUDDI% OP toU:CXH to UCIOOIGJ.I~SJIS 

toxicity tests were developed in the early 1800's, with 

the objective of testing the potential hazardous effects 

induced by new cheaicals on huaans and other aniaals (Zapp, 

1980). Since the late 1940's, aquatic aaiaals, especially 

fish, have been tested for their respo.11se to chemicals 

discharged into streaas and lakes (Buikeaa et al, 1982). 

Fish have been selected as the best test organism in these 

waters, since their hiclogy, physiology and tehaviour are 



c 
well understood. A number of recommendations have been 

proposed by various international organizations concerning 

the aonitoring and interpretation of toxicity tests. Buikeaa 

et al (1982), discussed the following recommendations: 

1) Chronic 

perforaed. 

and acute tests should be 

2) Acute tests should be performed over a 

ainiaua cf 2 days. 

3) 1oxicity tests are only valid when 4 or 

aore different test organisas are involved. 

The organisas should represent different 

classes and organisa should be 

consider.ed as iaportant as the othecs. 

4) Average toxicity should not bE calculated. 

Instead, the results should be presented i.n 

detail, and the aost sensitive organism 

specified as such. 

Since aeasureaent of behavioural response is not 

coaaonly perforaed in aicrobiology studies, the aeasurement 

of toxicity to aictoorganisas has been generally related to 

growth inhibition. Thus the methods developed to measure 
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aicrobial toxicity axe closely related to the methods 

developed to aeasure aicrobial growth. These methods were 

aeutioned previously and will not be repeate.d here. 

Laaikaura and Allvood (1976) studied the effect of 

non-ionic surfactants on Sta2hylococ~!§ aureus, a Graa 

positive coccus. The toxicity of the polyaers vas measured 

by the classical aethods of plate counts, at different 

surfactant concentrations and contact tiaes. The same 

enuaerat.ion aethod vas utilized by Hallas, et al ( 1982), to 

aeasure the toxicity of tin to estuarine microorganis11s. 

Salka-!or and Stark {1982) correlated the toxicity of 

carcinogens to Salaonella typhimuriua vith the toxicity of 

the saae carcinogens to ani11als. They measured microbial 

toxicity by the spot method, a modification of the standard 

plate count. 

Although aost researchers prefer to use classical 

aethods such as plate counting to aeasure aicrobial 

toxicity, others use different technigues, involving 

analytical instruaents. aowat (1976) for exaaEle, measured 

the toxicity of heavy-aetals to aicroorqanisms ty means of 

the standardized Biocheaical Oxygen Deaand (BOD) test. 

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

pollutants with laboratory-scale activated sludge units. 
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The fSCio~mdDCe et tte treatmt::nt p·:.ints, a-.easu:.:E.d by 

res?ir~tiJn rat~s, wan th~n directly related tc the toxicity 

ot the cua~~cal tested • 

• 

2.8.4 ME1SOBEKEI7 OP RESIDUAL POLYELECT&CLYTE 

COJCE.ITBlT.IOIS 

In 1':1:>:J, :1icnaels alld ~1o:.:el.os relate,l the concentration 

of ~olyacrjlamide to tbE Cftical eensity of the 3Cf€!'natant 

remainiL~ aLter settling cf a kaolinite suspe;sion to Which 

- polymer n~J been added. This method was later modified by 

:rummet aad .:IJ;nlll91 (1963) and wimbe!'ley and Joroan (1':171) to 

acc:>mJd~t~ anionic polytilectrolytes, and aore recentlt by 

Gehr all;..L i<.al.1Jri (lSEJ) by usinj monc-disp::r:sad latex 

sus ;H.:msious. 

Thin laye!' chtomatcgrafhY nas been utilized by Go~pers 

.1nd Stra..1r;; (1976), tc ana.lyze water san:ples containing 

va!'ioua Jolyelectrclytes. Accord~ny to tne authors, the 

metho~ ;ho~eo e~arted high sensitivity t~r t~e analysis of 

polywt:::.:s. l'ne .lathers !'Ecommended thin layE:r cl.rcmatography 

for tne d~aljsis of fClymers, based on its sensitivity, 

small sawple size r€quirement, short testing time and high 

!'esolJtion 0r :nixed samfles. 
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Packhu (1967), described' and coamented on the 

following aethods to aaalyze polyelectrolytes: . 

1) Sappression of oxygen's polarographic •axiaum 

in a potassium chloride solution 

••• poor reproducibility 

2) Jiscosity aEasureaent 

••• poor reproducibilty dae to val1 adsorption 

3) Kaolin susp£Dsion settling rate 

••• subject to interferences 

4) Kaolin suspension filtration rate 

••• subject to interferences 

5) Silver .broaide flocculatioa 

••• poor .for 1ov coacentrations 

6) Quaternary amaoniua coapound precipitaticn 

••• unsuitable for high aw polymers 

7) Light scattering 

••• good for concentrations down to 0.2mg/L 

in pure solutions 

8) u. Y. absorption. (230nm) 

••• only accarate if ao interferences 

9) Carbont• latelling, measured by liquid scintillation. 

••• reliable tut costly and coaplex 

f!ore recen.tly, 

chroaatography have 

a~alytical aethods sach as liquid 

been described as bei..og efficient for 
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the:; auJ.lfSJ..S :)i f.Olyelectrolyt~::s. Lev:i and Cutin (19:32) 

dpJliel djU~OUS sel ~ermeation CLromatograp1y (GPC) to 

analyzo industrially significant cati0hic ~cly[ers. Gel 

permeatior. chromatcgrapty was also eroployed by furusawa. et 

al (1'.178) to m~asure anicnic polyacryla!lades. 

P0lyelectrolyte ccncentratioG has aiso been analyzeQ by 

simpler ard mure star;dardiz€d methods such dS C~l(;!;nical 

Cxygen Jemaud (COD) {Ter;ney et al, 196'::1) anJ. Tctal KjEldahl 

~atr-o:.:~ar. illethod (1KN) (Elack, et al, 196~). 

¥t:.1n~, ""tal (1974), developed d titration method 

applicd.ple for- bot.h aricnic and cationic folyelactrolytes. 

The method consists cf a charge titraticn, utilizing an 

indicator wuich changE~ cclor wten all tle ctarge of the 

poly iller nas beeu cctq.1exed. This method measures 

polyele=tr0~ytes in concentrations alove 1.0mg/L. In 1g79, 

Wang auJ. co-~orkers im~xcved the method so that it was 

ap?licauLe to concentrations as low ~s 0.2my/L. 
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2.8.5 ZSOL&!Io• &•D BI&SOaBBB•r OP B%fa&CBLLOL&a 

••staB &crztzrt 

Exoenzyaes a~e kDovn to cleave aacroaolecules into 

saaller aolecules that can then be transported across the 

cellul~r membrane (!oat, 1979). Their existence enables 

bacteria to benefit frcm la~ge suhstrates such as proteins, 

polysaccharides and othEr tolymers. 

Extraction of exoenzyaes has been car~ied cut for aany 

years. The fact that these enzyaes are present outside the 

cell gives an advantagE to scientists aiming tc isolate this 

type of protein. Since simple centrifugation was efficient 

for extr~ction of thosE p~oteins, early researchers could 

isolate exoenzymes and study their activity (Mo~ihara, 1963; 

Oeda and Hanri, 1967). !ore recently, aore ~ophisticated 

techni~ues have been developed to extract enzyaes; these 

include continuous-flow centrifugation (!aeda and Taga, 

1976): and high speEc centrifugation (Kobori and raga, 

1980). 

Studies ot the specific activity of enzyaes, and the 

kinetics of enzyae-catalyzEd reactions, started aostly vith 

the work of Michaelis and !enten (see lEhniD9er, 1975), 

which provided a matheaatical basis for the analysis of 
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eazyaatic reactions. fEca their extensive work resulted the 

l!lichaelis-aentea equation and constant, and of course, a 

better understanding of enzyme kinetics. 

lt present, the measurement of enzymatic 

be done by a Yariety of aethods. The methods 

activity can 

eaployed by 

Yarious authors to measure the specific activity of the 

enzyae are usually based on the decrease in concentration of 

the substrate catalyzed. !any authors developed 

calorimetric methods which allowed them to measure the 

concentration of the su.tstrate. 

!aeda and ~aga (1976) related the decrease in 

fluorescence intensity to the actiYity of an extracellular 

nuclease. Kobori and taga (1980) assayed the activity of 

phosphatase (isolated fro• a marine Pseudoaonas bacteria) by 

aeasuring the difference of absorbance betveen the sample 

aad the control. Ueda and Jaari (1967) aeasured the 

activity o£ an isoaaylase enzyme by aEans of a 

spectropaotoaeter set at 620na. ialsh et al (1981} studied 

the actiYity of 1-Aminccyclopropane-1-carboxylate deaminase 

extracted by centri£uga.tion froa a pseu4oaonas strain. The 

enzyme activity vas assayed by monitoring the disappearance 

of llDB (Hicotinaaide adenine dinucleotide hydrogenase, a 

coenzyme inYolvea in oxide-reduction reactions) by 

absorption at 340na. !orihara (1964) studied the activity 
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of two enzymes, proteinase and elastase, both iEolated from 

a Pseudomonas bacteria •. Proteinase activity vas aeasured by 

the conventional absortance technique, but elastase was 

aonitored bJ the plate assay method. This method, deYeloped 

by Sbarra in 1960 (see !orihara 1964) relates the enzyme 

activity to the dimension of clear zones on elastin agar. 
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3.0 SJQOIICB o• BJPBIIIII~S 

The experiments fXEsented in this thesis have been 

designed to provide an indication of the effects of various 

polyelectrolytes on aicxoorganisas isolated froa a river. 

The first. seriE:s cf e:z:_feriments consisted of 

preliminary exfetiaents, in which effects such as toxicity 

or biodegradation were considered. Micx:obial growth 

aonitored by optical density aeasureaents and by ~xygen 

uptake ~ere established as paraaeters to aeasure the effect 

of the polymers on the microorganisms. These microorganisas 

consisted of an utdefined aixed culture obtained froa St 

Lawrence River water. 

Since the polyaers appeared to exert no toxic effects 

on the overall nuaber and activity of the aquatic 

aicroorganisas, biodegradation studies were then considered. 

Since biodegradation vas now considered, it vas decided to 

aonitor aicrobial activity uniquely by oxygen uptake. All 

experiaents vere thereafter conducted with the electrolytic 

resp.iroa~ter. 

Oxygen uptaxe aeasureaents confiraed that the polyaers 

vere not toxic to •ost ex: all aicroorganisas present in the 
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inoculum ... But these experiments also demonstrated that the 

polymers could not serve as unique carbon sources. They 

could,. however, actua.llj enhance growth in the prese.o.ce of 

an available carbon source. 

Based on t.he results obtained to that date, and since 

the polyaers did not appear to exert toxic effects on the 

•icroorgani.sms tested, it vas decided that bi~degradation 

tests skould he conducted. However, previous experiments 

deaonstrated that the river aixed bacterial population vas 

unable to utilize the polyaers tested as sole carbon 

sources. So it vas decided to test individual species for 

their ab~lity to biodegrade Polymer c. These trial and 

error experiaents EJ:oved tc be successful, since a microbial 

species vhich vas able to metabo.lize Polyaer c, vas indeed 

isolated from the St Lawrence River, near !ontreal. 

Biodegradation tests v~re 

isolated strain, testing the 

various polyaers and aonomers. 

then conducted with 

possible biodegradation 

the 

of 

In addition, additional 

experiments, such 

sludge-supernatant 

conducted. 

as exoenzymatic activity tests and 

toxicity/biodegradation tests were 
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'·0 . IPPAilTOS IlD II!BODS 

'·1 TBB IP~Icr 0~ POL!BLIC!IOLITIS 01 PIISBIITBI 

IICIOEIIL IIIBD COLTOIBS 

, •. 1.1 GIOITB IIISOIBD Bl OPTICAL DBISI!I 

,.1.1.1 lPP .. lTOS 

-Bausch and Lcab ~pectrophotoaeter (Model 20) 

set at 690na. 

-Lab-Line Junior crbit shaker set at 100rf• 

-Fisher BOD incutator (aodel B2) 

set at 20oc 

-ster~ized glassware 

-Side-ara growth flasks (250aL) 

(29aL liquid capacity 

in the side-ara). 

41 



these flasks were used as growth vessels 

with the advantage that optical density 

aeasureaents could be taken via the side. 

ara, without having to open the flask and 

risk contaainat ion. 

4.1.1.2 lllGBI~S 

-Minimal Salts: 209 Amaoniua chloride 

Ss anhydrous Sodium sulfate 

12s anhydrous Potassiua fhosphate 

monobasic 

~g Potassiua phosphate ditasic 

0.4g Magnesium sulfate 

diluted to 1L, filtered 

and sterilized 

-Saline solution: S.Sg Sodiua chloride diluted to lL 

-lutrient solutions: 

-0.2% Glucose solution: 25aL Hiniaal salts 

1.0aL 201 Glucose 

(200,000ag/L) 

diluted to 100aL 

-1.01 Pclyaer l solution (10,000ag/L) 

(a catiomic fOlyacrylaaide-based poly•er): 

1g Polyaer 1 
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1ml Ethanol to help dissolve 

dilute to 100111 

-0.2~ PQlyaer A solution: 25mL !iniaal salts 

20mL 1~ Polymer A solution 

diluted to 100aL 

-0.21 Monoaer A solution: 25aL Miniaal salts 

1.0mL 201 Acrylamide 

dilutEd to 100111 

-0.21 Polyaet c solution: 25mL Minimal salts 

1.33mL 15~ Dimethyl Diallyl 

Aamonium Chloride (DMDAlC) Polymer 

diluted to 100111 

-Inoculua: cult~res isclated from the st Lawrence river, 

at Nun•s Island. The cultures were grown on 

nutrient agar slants (Difco agar 10001-01) 

and incubated at 20°C 
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4.1.1.3 PBOCBDDIB 

Side-arm flasks were filled with 25ml nutrient 

solution. the flasks vere then inoculated witb a 4% (4 mL 

inoculum in 100mL solution) inoculum of a saline suspension 

coraposed of .aai:xed cultures isolated fJ:om the river. 

Microbial replication was enhanced by a rotary movement 

(100rpra) and incubation vas at 20°C. At regular time 

intervals, the al:sorbance of the inoculated ~olutions was 

measured by transferring (without opening the bottle) the 

liquid into the side-arm by tilting the flask. curves of 

absorbance ve.csus time vere plotted in order to obtain the 

aixed popul~tion growth curve, specific for each nutrient 

solution. A blank consisting of inoculated minimal salts 

diluted into water vas ~:un, together with a control (sterile 

glucose solution). 



c ' 4.j.B GaDi~B !I~SUaBD B! OIYGBI UP!lll 

lt. t.B. 1 ~PP~I~!US 

-Exidyne Electrolytic Respirometer 

(models I EB-101,1 EB-102) 

-Leedal Automatic temperature Control unit 

-Sterili%ed glassware 

4.1.1.2 IIAGEI~S 

c -!tinimal salt.s (xecipes described in section ij. 1. A._2) 

-saline solution 

-0.2~ 9olymer A solution 

-0.2% ~onomer l solution 

-0.2~ 2olymer c solution 

-0.2% ~anomer c solution : 25mL Minimal salts 

0.32mL 62.23~ D!£AAC 

diluted to 100mL 

-Inoculum: see section ~.1.1.2 
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iig~re 1. ElEctrolytic Respiro~eter 

Figure 2. Electrolytic Cell. 



Principle of operation of the electrolytic resfirometer: 

The electrolytic respirometer consists of three major 

coaponents (.Figure 1): A constant temperature bath, a 

reactor (including the electrolytic cell) and a control 

module which records the amount of oxygen produced for each 

reactor. 

The reaction vessel (.Figure 2), is again divided into 

three components: A reaction vessel (bottle) where the 

sample is stirred continuously; an adaptor containing a 

glass fiber filter paper immersed into potassiumn hydroxide; 

and an electrclytic cell. 

The electrolytic cell is a aodified manometer, 

containing an electrolyte (snlfuric acid) co•Eensating for 

any change in the vessel's mancmetric pressure. ihen the 

aicroor~anisms resfiratE, they consume oxygen and produce 

carbon dioxide. the !iterated carbon dioxide is fixed by 

potassium hydroxide, present in the adaptor, and the loss of 

oxygen consnaed decreases the vessel internal f.Cessure. To 

compensate for this decrease in Fressure, the electrolyte 

rises in the cell's internal tube and the external 

electrolyte level decreases, activatiDg the switch 

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



0 
produced, recorded in the control module and printed at 

regular time intervals. 

4.1.8.3 PBOCJDUBE 

Sterilized glass tattles (1L) were partially filled 

with 10011L nutrient sclution and inoculated "With 4mL of 

inoculum. Boiled magnetic stirrers were introduced into the 

vessels to insure comFlete mixing of the sclution. The 

reacti.:>n vessels were Flaced in a constant tem~:erat11re bath 

set at 14oc. !he bcttles were then connected to the 

electrolytic res~itometer and oxygen"consumpticn data were 

printed at reg11lar iDtervals. The cumulative oxygen 

consumed by each cattle was then plotted versus time. A 

blaDk containiDg inoculated minimal salts and a· control" 

consisting of inoculated glucose solution were. carried in 

each expe.ri~aent. 

• 
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4.2 ISOLATIOI OP ~~ IQUA!IC BAC!BaiA EIODIGBADIIG 

D.IDI.lC POI.!.I.BB 

4.2.1 .lPPAB.l!US · 

See section 4.1.B.1 

4.2. 2 llUGII!S 

-!!inimal salts (J:e-cipe~ descJ:ited in section 4. 1.1. 2) 

-Saline solution " ft 11 n 

-0.2S PolymeJ: c solution n " ft 11 

-Inoculum: Cultures isclated from the St Lawrence .River. 

Pure culture~ vere obtained by subsequently 

inoculatinq nutrient agar petri dishEs. 

Pure culture~. were suspended in to saline solution. 

4.2.3 PBOCIDUBI 

see section 4. 1. B. 1 
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4.J BXODBGRADA!IOB liD lSSiaiLA!IOB 0~ POLJELEC!ROLI!BS 

BY AI lQUl!:IC laiUDOBOIJ!- S'.rllUI 

4.3. 1 AIPUl!US 

See section 4.l.B.1 

4.3.2 RB.IGBI!S 

-l'finimal salts (recipes in section 4.1.A.2) 

-Saline solution " " n If 

-0.2% Glucose solution " " n .. 
-0.2% !ono mer A solut.ion 11 n " " 
-0.2~ Polyaer A se lu ticn n " " " 
-0.2S Monoaer c solution (recipe in section 4.1.B.2) 

-0.21 Polymer c sclution- 25mL llinimal salts 

16.67aL d~alyzed D~DAAC Polymer 

diluted to 100mL. 

-Polymer D solgtion- 25aL l'finimal salts 

20aL iolyaer D (a cationic 

polyacrylamide-based t:clymer) 

diluted to 100aL. 
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-Polymers 2318-2319/1-2.319/4 solutions (cationic 

acrylamide-based fclymers) 

25aL Minimal. salts 

20aL 1~ respective polymer 

diluted to lOOmL. 

-Galactose solution- 25at Minimal salts 

-Inocullla: 

10•L 2S Galactose 

diluted to 100mL 

The culture 1hich shoved an abilit} to degrade 

Polymer c in the previous experiment vas 

maintained as a pure culture in t.he laboratory by 

subsequently transferring isolated colonies to 

fresh nutrient agar plates ever} 4 days. This 

culture vas later identified as a iseudoaonas 

species, but further species identification could 

not be made • 

• .3.3 R80CIDUBB 

See section 4.1.8.3, however incubation 

teapera~ure ~as maintained at 20oc. Chemical 

Oxygen Demand (COD} t~sts, were perfcrmed on some 

saaples ty the Beflux Cichromate Metbod, as per 

Standard !ethods (AWiA, APBA, WPCF, 1S80). 



4. 4 PO:Lt8D C AS .l SOO.CB 9.l CUBOI AID U%BOGEI l'OB .l 

IIIOP0801A~ S!B.lZI 

4.4.1 .lPP.la.l!OS 

See section 4.1.B.1 

4 .4. 2 IB.lQEftS 

-f!linimal salts 8g anhydrous Sodium sulfate 

12g anhydrous Potassium phosphate monobasic 

4g Potassium phos~hate ditasic 

0.4g flagnesiu- sulfate di.luted to 11. 

filtered and sterilized. 

-saline solution (reci~e as in section 4.1.B.1). 

-0.21 Polyller c solution (dialyzed) (recipe in section 4. 3.2). 

The polymer vas dialyzed with Fisher dialysis tubes, #8-667E 

-0.2S Glucose solution including Nitrogen in minimal salt's 

(recipe in section 4.1.B.1) 

-0.2J Glucose solution E%cluding Nitrogen in ainimal salts 

-Inoculum: see section 4.3.2 

4.4.3 P80CBDUII 

See section 4.1.B.3 
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4.5 BX%BACBLLULAB BBZYBB ASSAY 

4.5.1 &PPABA%US 

-Lab-Line Junior Otbit Shaker set at 100rpm 

-super speed Refrigerated centrifuge, Dupont Instruaen ts 

(model BC-5) 

-Leedal Automatic Control temperature Unit 

-10mL titration buret 

-sterilized glassware 

4.5.2 BBAGBB~S 

-!inimal salts tSee section 4.1.A.2) 

-Saline solution " " " 
-Polymer C solution (dialyzed) (see section 4. 3. 2) 

-Toluidine blue o (TEO) - 1g TEO (!astman IC1756} 

dissolved in lL water 

-Polyvinylsalfuric acid ,rctassium salt stock solution: 

1. 6221g PVSAK (east man # 8587) 

dissolved in 1L water 

-Polyvinylsul.furic acid potassium salt titrant O.J216g/L 

20aL Stock Solution in lL water 



, .I.SS.II 

-Lab-Li OOrpa 

)upont Instruaents 

(aodel RC-5) 

-Leedal Automatic Contrcl Temperature Unit 

-tOmL titration buret 

-sterilized glassware 

,.5. 2 .B.IGiftS 

-ftinimal salts (See EECtion 4. 1.A. 2) 

-Saline solution 11 " " 
-Polymer c solution (di~lyzed) (see section 4.3.2) 

-Toluidine blue o tT.BO) - 1g TBO (Eastman tc1756) 

dissolved in 1L water 

-Polyvinylsulfuric acid potassiua salt stock solution: 

1.6221g PVSAK (Eastaan te587) 

dissolved in 1L water 

-Polyvinylsulfuric acid potassiua salt titrant C.3216g/L 

20aL Stock Solution in 1L water 



The ~§iadqJ~»a~ strain isolated from the river and 

maintained as a pure culture in the laboratory, was 

inoculated into 20CmL of Polymer c solution and incubated at 

20oc for 12 hours. The turbid suspension was centrifuged at 

12,000rpm for ~Oain at constant teaperature. The 

supernatant, now free of cells, was enriched with a specific 

concentration of dialy2ed DMDAAC poly~er~ This enriched 

sterile sample vas shaken at SOrFm and concentrations of 

Polyaer c were determined hy titration at regular time 

intervals. The sterility of the superna tan t was insured by 

plate counts. concentrations of t:olymer 11easurEd by PVSAK 

titration were then plotted versus time. 
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•• 6 SLUDGB-SOPBIIA!l.! !OIICI!I/BIODBG8ADI!IO• !IS!S 

'. 6. 1 lPPl8A!OS 

- Exidyne Electrol}tic Bes~iroaeter 

- Leedal Automatic Temperature Control Unit 

~ Jar Test A~paratus 

(b-~addle aixing unit manufactured by Phipps and 

Bird Inc. and 6-2L square jars) 

- Titration afparatus 

- Autoclave and sterilized glassware 

•• 6.2 81AGII!S 

-ftinimal salts (recipe described in section 4.1.B.1) 

-0.21 Glucose solution " " " " " 
-Saline solution .. " .. .. " 
-15~ D!DAAC RolyaEI (Polyaer C) 

-1~ Polacrylamide co-pclyaer (Eolyaer A) 

-sixed liguor fro• the Ste Rose Vastevater Treataent Plant 

(Laval, Quebec) • 

Inoculua: -!icroorganisls present in the aixed liquor 

-Pseudoacnad tacteria isolated froa tbe river 



•• 6.3 PBOCIDUBI 

A mixed liguor sa•Ile, collected froa the aeration tank 

of a conventional activated sludge vastevater treatment 

plant, vas poared intc 2l standard square jars. 10ag of 

polyaer per gram cf dry Eolids vas added to the saaple and 

complete mixing vae insured by JOs rapid mixing at 100rpm. 

The process ot flocculation was enhanced by mixing. the 

samples at JOrpm tcr 20&in. The solids were then allowed to 

settle for 1h and the supernatant and sludge separated. The 

sludge samples recovered fro• the jars were enriched with 

glucose solution and oxygen uptake measurements were 

conducted with the reepiroaeter. The clear supernatant, 

which should ideally l::e polymer free,. vas inoculated with 

the ~§i~doJ2n~! culture,. and enriched with •inimal salts. No 

additional source cf carbon vas added to the samfle. oxygen 

uptake vas recorded and plotted versus time. 
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5.1 !BB BP'Jcr 0~ !01YILBC!BOLt!BS OW PBISBIA!BB 

IICIOBilL BIXBD CUL!UBBS 

The experiments · presented here are p~eliaina~y tests, 

necessary to acquire a minimal notion on the effect oi the 

tested polyelectrcl yt.es oil freshwater microtial mixed 

cultures. As mentioned previously, these cultures vere 

isolated from the St Lawrence river, off Nun•s Island, near 

Montr~al, Quebec. 

In this series of tests, two sets of si.11ilar 

experiments vere ~erformed on the same. microcrganisms.and 

experimental condition£. ~he zirst set cf gxow~h curves 

presented (see Pigures 3 to 5) vere generated ty conducting 

optical density measurements on the inoculated solutions. 

The second set of curYes were generated from data printed by 

the electro~ytic respiro•eter and are therefore cumulative 

oxygen uptake curves. The reasons for this change in 

methods are as follows; 



1) Optical density measurements are restricted by 

turbidity or color. Biodegradation can involve 

lengthy experiments, hence being restricted by 

turbidit] could limit the studies. 

2) Biodegradation is a metabolic fhenclenon, which 

is not always rela.ted to bacterial growth. 

Therefore, monitoring polyme~ biodegradation by 

optical density measurements can lead to talse 

results. On the other hand, aerotic biodegradation 

and assimilation is always related to oxygen 

uptake. Therefore, a method permitting one to 

measure oJ:ygen and relate it to 

biodegradation would represent a technical 

iaprovement. 

3) since biodegradation can be a lengthy 

phenomenon, a •ethod which could automatically 

generate data for long as vel~ as short time 

intervals, would be useful and would allow 

generaticn of lcnger and more accurate metabolic 

curves. 

The instrument chosen to monitor oJ:ygen conEUIIftion vas 

the electrolytic resfircmeter. This instrument allows 

measurement of oxygen Uftake in an inoculated vessel for an 
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extensive period of time. Neither oxygen Uftake, nor carbon 

dioxide produced, tecome inhibitory factors, since oxygen is 

produced by electrolysis at the same rate as it is consumed, 

and carDon dioxide is fixed by t:otasssi u11 hydr-oxide (see 

Figure 2). Although the electrolytic respirometer vas 

developed to measure E·icchellical Oxygen De11and (BOD) of 

water and vastewaters, it vas used in this study to measure 

aicrobial metabolism, which is closely related to 

biodegradation. The advantages 'of this method, in 

coaparison to the optical density method, are as follows: 

To 

1) Oxygen Uftake is a more sensitive and direct 

method tc measure bacterial respiration, and thus 

indirectly biodegradation and assimilation. 

2) The respirometer supplies oxygen at the same 

rate it is consumed and it also fixes the carbon 

dioxide generated as a result of resfiration. In 

other vo~ds tke initia1 o~ygen and carbon dioxide 

levels are maintained throughout the experiment. 

3) !icrotial metabolis11 can be follcved without 

tiae li11it since turbidity created by growing 

cultures is net a limiting factor. 

insure that the results obtained with the 



respi£o~etar would te relevant, parallel expeximcnt~ were 

conducted Detween the methods (Oftical densit] and oxy~en 

uptaKe). dased on the similarity ontained tEtween these 

~arallel exferiments, tbe resfirometer was considered. 

suitable as a mears to measure microbial metabclis~. In 

general, the results cttained from the Oftical density 

measu~:-ements were related to tile cumulative oxy<;~en 

consuml}tion results" emf.hasizing on the validity of both 

methods to monitor micrctial activity. 

Fi~ure 3 refresents the condition where the tes~ed 

~olymer or moncmer is the sole carbon source fi€sent in the 

media. As iu Figure 7, Polyme.r A soluticn affeared to 

support some gro~th. Eowever, 2000mg/L et fclymer c (no 

glucose added) did not &Uffort more growth or induce more 

oxygen uptake than the control curve (compare Figures J and 

9). :l:nis anomaly will be further discussed latEr. It is 

also interesting to ncte in Figure 3 ttat gro~th with 

glucosa as a suhstrate, occurred only after a lag ~nase of 

14hr. Tnis extensjve lag phase for glucose is however not 

expressed in the rElatEd cumulative oxygen tlf take curve {see 

Figure o). 

The ~uestions genELated from these first experiments 

were related to thE fOssitle tcxicity oi bctb Pclymer c and 

Monomer A to the asuatic ~icLobes. Experiments ~ere 

there£ore conduct~ci witt tte same nutrient scluticns, bat in 
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dddition ;.i.ucose 'in difterent concentrations WdE added c.~.3 dH 

availa~le carnon scurce. Growth inhiLition when ccm~ared to 

the ~rowtb level induced by the· glucose conttcl could te 

interpreted as a si~n of toxicity. 

l' igures 4 and c were therefore generateJ from 

experiments in which the polymer or moncmer Eclution \ias 

enriched with gluccse sclution. Frcm both curves, it eau ~e 

conc~uied that Polymer C did not exhibit toxicity, based un 

the overall number cf wicroorganisms ~rowing. Iil tact, 

instead oi growth inhitition, it was ~ossible tc observe 

growth en~ancement wheu compared to tnE control growth 

curve. The same ccnclusion can be derived trcm Figure 9 for 

the enriched ~olymer ox}yen u~take curve {100Dmg;L curve). 

Althou~a growth en Polymer A and 2olymer C exni»ited 

similar results when tested by absorbance and cxy~eh uptake, 

tnis was uot the case fot Monomer A (acrylamide) enr~ched 

with ~1ucose: Figu~es 4 and 5 show growtn lnhititicn for the 

acrylamide enrichEd s:clution ( 1000mg/L !'Ion. A) , when 

compared to the glucosE control; in contrast the curv~s in 

Figure 8 show tnat the oxygen consumftion for the acrylamlde 

enriched solution is at least as high as the glucose control 

solution ( fl':;i ure 6). 

Pulymer C, as previously mentioned, is a hcmo~folymer, 
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or a ~olymer in which chains are com~osed of a single 

monomer. this monoaer (IftDAAC), hereafter called !onomer c, 

vas also tested for its effect on the aquatic mixed 

bacterial populaticn (Figure 10). As expected, fto»oaer c 

exhibited the saae effect on the test microorganisms as its 

corresponding poly.ar tFigure 9). In other words,·D!DAAC 

aonomer did not exhitit toxic effects, neither vas it 

biode~rad~d by the test microorganisms. 

Although it 'as aentioned that the curves generated 

from both methods were similar (Figures 3 to 10), it is 

possible to observe soae 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 lac~ an affarent lag 

phase step. In fact, oxygen consuaption during this initial 

tiae period indicates that aeta.tolic activity is taking 

place, but not necessarily growth in teras of aass or 

numbers. It is likely that the tacteria require oxygen to 

adapt to the ne~ eavironaental conditions, also called 

endogenous growth. 

severa~ conclusions aay be derived froa these first 

experiaents (Figures 3 to 10): 
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1) Po~yaer A, Polymer c. rtonomer A 

do not exhitit toxic effects to 

aguatic microo.tganisas inoculated. 

and rtonoaer C 

a n ua ber. of 

2) Polyter c, !onoaer A and Sonoaer C, do not 

appear tc SUEIOrt growth as sole carbon sources. 

3) Polymer A .£olution seems to SUfport some growth 

aaong the inoculated mixed population. 

~) In thE pre~ence of an available carbon source; 

Polymer J, Pclymer c, Sonomer A and Monoaer c seea 

to enhance g.rcwth. 

the question then arises: 

bacteria capable cf biodegrading 

using them as nutrients? To 

Are there any aquatic 

such polyelectrolytes by 

answer this question, 

biodegradation expEriments with a pure aquatic culture were 

condu~ted with Pclymer c. The reasons for this choice of 

polymer are as follows: 

1) The aolecnla r structure of Poly met C (D!DAAC) 

is known. 

2) Polyaer c solation appeared to be aore 
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resistant 

soluticn. 

tc tiodegradation than Polyaer A 

3) Polyaer C vas available in liquid fora; 

solvents required to assist dissclving the 

polyaers in aqueous solution aight have interfered 

vith the results. 
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5.2 ISOLl!ZOI OP 11 lQOl!ZC BlC!BBil BIODIGIIDIIG 

DBDilC POLIIBI 

The objective of this series of experi•ents vas to 

isolate from the st tavtence river a bacterial strain which 

could biodegrade Eolymer C and utilize the fOlJ•er as a sole 

carbon source. 

Based on the main objective of this study, it is 

obvious that it vas iafortant to isolate trca 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, ~as undesirable since it 

would not represent the natural condition of the river. 

Hence, to maximiz~ the chances of isolating an aquatic 

strain, tae saapling site chosen is located on the south 

shore of Hun•s Island (Eouth of Montreal in the St Lawrence 

River), upstream froa the island sewage discharge. Although 

sampling vas conducted tc avoid the possible isolation of 

enteric aicroorganisas, the success of this objective could 

not be totally insured. Monitoring of fecal colifora 

pollution by the BF-C aeabrane filtration technique (lPBA, 
-

1980), shoved that an average of 45 fecal coliform cultures 

per 100al filtered could be counted after 45hr cf incubation 

at 35°c. Tais numter vas low when coapared to the nuaber of 
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microbial cultures Fresent on the agac dishes after 

spreading 1mL of river sample and incutatins them for 

21l-48hr, approximat~y 3CO colonies were counted. 

A variety of pure colonies; originally isolated from 

the St Lawrence River water sample, were inoculated into 

Polymer c solution (D!DAAC polymer + ~inimal salts) and 

oxygen consu~ption vas monitored. Biodegradation vas 

suspected when the inoculated reaction vessel consumed more 

oxygen than the 11inimal salts vessel. . '!be pure cultures· 

inoculated OD Poly11er c solution were obtained ty subsequent 

transfers of initial isclates. 

The choice of strains to be incubated, and therefore 

chosen as test organisms, had to be made from a large Dumber 

of iso~ated colonies, which grew on nutrient agar plates 

inoculated with river lilater aDd incubated overnight. The 

selection vas madE raDdcaly, but preference ias given to 

dominant colonies, deterained by the number of individual 

but similar cultures counted on the agar plates. It is 

however clearly understood that dcminance on nutrient agar 

does not necessarily relate to dominance in the stream~ 

The cultures selected to be tested were llorpho1ogical1y 

and microscopically studied. The cultural and morphological 

characteristics of the 5 cultures are described in table 2. 
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~able 2. CHABACTEiiSTICS OF THE ISOLATED CULTURES 

culture Dumber . 

1 

2 

3 

4 

5 

Characteristics 

• 
Gram+ cocci in pairs. 

Large. mucoid, white sharp 

cultures with tlue reflects 

Gram+ large cocci. 

Saall, whitish, nucleated 

cultures 

Gram- small rods. 

Large, white, irregular 

shaped.cultures 

Graa- cocci in chains. 

Very small. transparent 

cultures 

Gram- rods. 

!lediua, irregul.ar shaped 

beige colonies, with 

characteristic odor. 

---------------------------------------------
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Figure 11 presents the oxygei uptake curves of the 5 

isolated pure cultures, when inoculated on Polymer c 

solution and incutated at 20oc. It can be noticed that 

aaoug a.-11 five colonies, only culture tS. exhibited a 

significant oxygen consuaftion, with 130mg/L oxygen consumed 

after 30hr of incutation at 14°C. 

Colonies 12 and t4 also exhibited scae oxygen 

consuaption. In bcth cases, the maximum oxygen consumed was 

reached after 20hr of incul:ation. culture t2 consumed JOmg/L 

of oxygen and 14 consuaed SOmg/L after 20hr. !he oxygen 

uptake of Doth cultures were small when compared to culture 

IS uptake. Therefore the oxygen consumed by cultures #2 and 

14 vas assumed tc be related to the biodegradation of 

impurities present in tlle solution. All further experiments 

vere therefore conducted with dia1yzed D~DAAC EClymer. 

Culture tS thus shoved some ability to use Polymer c 

solution as a nutrient and 

the strain with ~hich all 

perforaed. 

vas consequently chosen to be 

further experiments would be 
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5.3 BIODBGIADA!IDI IlD ASSIIILITIOI OF POttltiCti0£1tBS 

Bt AI IQUITIC PSIQOOIQIIS StiUI 

S~nce the polyaers tested in the previous tests did not 

exhiDit toxicity to the mixed population of aicroorganisas 

inoculated, biodesradaticn tests vere considered as a 

subject for further research. All tests perfotaed i~ this 

. series of experiments vere conducted vith the Graa negative 

rod isola~ed in Series c (culture 15). the strain vas 

aaintained in tae laboratory for an extensive period of tiae 

by subsequently transfetring the cultures every 4 days to a 

fresh nutrient agar plate. Pure culture vas insured by 

inoculating petri-dishes by the streak aethod. 

The isolated Gram negative rod vas tentatively 

identified by 3 microbiology laboratories (The !icrobiology 

Faculty of !c Gill University, the Boyal Victoria Hospital 

Climical Microbiology Laboratory and the Microbiology 

Laboratory of tne Quebec ftinistry of Public Health) without 

further. possible identification. 111 3 laboratories 

identified the strain to be a aeaber of the f§eudoaooas 

genus. But no species identification could be accoaplished 

for reasons aentioned later in section 6.3. 

Each set cf experiments (5 bottles running 
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siau~taneo~sly) consisted of a control (glucose solution), a 

blank ( taermobaro•eter) ldistilled va ter)), a second control 

consisting of inoculateil minimal salts, and 2 saaple 

vessels. The glucose con ttol ena . .bled noraalization of the 

sample oxygen consumption curves. It also aade it possible 

to compare the cxygen consuaed by the tacteria vhen 

inoculated on the tested polymer, to the oxygen consuaed 

when the same organism ia~ inoculated on glucose (assumed to 

be a re~dily available source of carbon). A distilled water 

blank vas run to correct the oxygen consumption curves for 

any barometric effect, caused by temperature or baroaetric 

pressure variations. Finally, the minimal salts control 

permitted one to estimate the oxygen consumed ty endogenous 

respiration, exerted during the initial adaftation phase. 

Each oxygen ccnsum1tion curve generated in this series 

(including glucose and sample curves) vas treated as 

follows: (see Appendix 3 for a aore detailed exaafle) 

.,., 
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oxygen eo nsumed by sample 1 (51) = &G - t::.. s 1 

where: A 51 = (G - f!S - DW) - (51 - !S - DW) 

IG = lor aalized glucose curvE 

tthis curve has been normalized by 

plotting all corrected cata points 

obtained from all experiments run 

and passing a best-fit line through 

the points (see for example, Fi~ure 12) 

(G - es - Di) = corrected glucose curve 

~ - MS - DW) = corrected samFlE curve 
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5.3.1 IIPBBIIII!S COIDOC!BD IZ!B GLDCGSB 

rae corrected oxygEn curve for glucosE is presented in 

Figure 12, where all exferiaental data points were plotted. 

ln average curve was then passed through the scattered data 

points. Although all t:cints were corr·ectEd for baroaetric 

effects and endogenous resfiration, it is still possible to 

notice a large stan.dard deviation among the 1arious data 

points. The noraalized curve reaches a cuaulative oxygen 

consuaption of 100ag/L after 14hr of incubation at 20°C, 

vith a visible decrease in oxygen uptake rate after 4.Sar. 

Based on the noraalized glucose curve (Figure 12) an 

oxygen uptaxe 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.Sag/hr-L during the first 4hr of 

incubation, followed by a rapid decrease, tc finally reach a 

steady state value at 2.5ag/hr-L. This state extended to 

the 33rd hour of incubation. Although Figure 13 sbovs the 

oxygen uptake rate for the first 1Sbr of incubation only, it 

can be noticed in figurE 12 that there is a seccnd period of 

oxygen consuaption after this 33rd hour. 
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5.3.2 IIPIIIIBI!S COIDUC%1D II%8 P0£!111 C IS 

& SOUICI o• C&IBOI 

The cuaulative oxygen uptake curves generated from the 

experiments conducted with Polymer c solution as a nutrient 

can be seen in Figuxe 14. The average cuxve has been 

noraalized as descxibed freviously. Once normalization vas 

perfoxmed, the data feints shoved a Lelatively saail 

deviation from the mean curve. 

The generated mean oxygen uptake curve for Polymer c 

reaches a cuaulative oxygen level of 110mg1L after 15hr of 

incubation at 20°C, whicn is higher than the glucose curve 

(coapare Figures 12 and 14). Note that the saaple curves 

were noraalized using tbe glucose curve (Figure 12), hence a 

higher oxygen uptake xefresents a significant increase in 

oxygen consumption. 

Figure 15 shows that, as with the glucose curve (Fig. 

12), a high oxyge£ uptake can be seen at the beginning of 

the experiaent ant this slowly decreases in the next few 

hours. It can also be noticed here that the oxygen 

consumption rate for Pclyaer c solution is siailar to the 

glucose consoaptiom rate curve. Both curves show an initial 
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ox}gen consuaption of 16.6mg/hr-L, but in the case of 

Polyaer c, the bigh ccnsuattion rate lasts only for Jhr. 

However, the decrease in oxygen consuaption rate for Polyaer 

c is aore gradual, with a final nadir of 1.8ag/br-L reached 

after 11hr of incubaticn, coapared to 6hr in the case of 

glucose. 

5.3.3 IJPIIIB!I!S COIOUC~!D II!B 10101!1 C 

Sonoaer 

presented in 

siailarly to 

c c~mulative oxygen consumption curves 

Figure 16. Contrary to Polyaer c, 

glucose, the experiaental data points 

are 

but 

are 

scattered with a noticeable high deviation frca the aean 

curve. The "fitted" mean curve exhibits a rapid oxygen 

consuaption for the first 4hr of incubation, followed by a 

gradual decline. After 13hr of incubation, a cuaulative 

oxygen consuaption level of 110ag/L could be observed. It 

is interesting to Dote tbat soae data points have a tendency 

to reach this saae 110ag/L faster than the aean curve. In 

general, tae oxygen con~u•Ftion appears to be acre rapid for 

!onoaer c, than tor 9lucose or Polymer c. !his faster 

consuaption rate, however, could not be noticed by studying 

tbe aean cuaulative oxygen curve tor !onoaer c (figure 16), 

since soae lover data 1cints have a negative effect on the 

noraalized curve. 
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When the oxygEn uptake rate is calculated from the aean 

curve, an initial cxygen uptake of 18.2ag/hr-L is 

established (l"igure 17) • However, .this high rate could only 

be observed during the first 2hr of incubaticn. As with 

Polymer c and gluccse, the high oxygen uptake is followed by 

a progressive decline, reaching a nadir of 1.8ag/hr-L after 

14br. 

Aaong the 3 analyzEd oxygen uptake rate curves (Figures 

13, 15 and 17) tbe one generated by inoculating Monoaer C 

as a sole carbon scurce exhiLited the highest rate of oxygen 

uptake, for the shcrtest time period. ftonomer c carve also 

attained its nadir at 1.8mg/hr-L, after tbe longest tiae of 

incubation. It is interesting to note that this final nadir 

is equal to 1.8mg1hr-L for both !onomer c and Polyaer c, 

whereas it reacaes 2.5mg/hi:-L for glucose. 
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5.3. 4 lOIG-!BIUI liiPBI..IBBI!S 

A number of ccmplementary expe~iments was conducted in 

connection with the Polyaer-Moncmer c series of experiments. 

The first question arising from the results expressed 

so far, is related to the nadir reached in all generated 

curves after a certain ~eriod cf incubation. Is this 

decrease in aetatolic activity a final step, or an 

intermediary stage: In crder to answer this question, 4 

days incubation experiments were conducted iith various 

substrates, but particularly with dialyzed Polymer c as a 

sole carbon source. ~he cumulative oxygen uptake curve 

obtained for Polymer c after 4 days is presented in Figure 

18 and· more detailed in Figure 19. It can be noticed that 

the saae nadir as expressed in Figure 14 vas reached after 

15hrs of incubation. In addition, a second rise in 

metabolic activity a~peared after 65hr. 7his second 

activity period raised the cumulative oxygen consumed from 

125ag/L to 210mg/L i.n 3~hr of incubation. Such a phenoiilenon 

suggests that the tiodegradation of Po~ymer c is a stepwise 

process. The first metabolic activity period {Figure 18) 

which extends to 20hr of i.ncubation, correlates in shape and 

level with the mean oxygen uptake curve for Polymer c, 

presented in Figure 14. 
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5.3.5 HU!IIEB! BESIDUAL EXPEBI!EI75 

The second ~uestion resulting from the experiments 

conducted so fac, .tela tes to the rEal nutrit~ona.l 

availaoility of the fclymer and its monomer. Although 

inJculation in minimal salt demonstrated that tne strain 

used was unaDle tc grew on salts alone (as autotrophs), a 

nutrieat r~sidual experiment was conducted. 'IhE cDjective 

was to ~rove ty chemical analysis that tbe ~ub~trate jid 

effectively decrease in concen tr.:i tion, as a result: of 

as si Wl.la ti ou. lbe initial and final SUtlStl:a te 

concentrations were therefore analysed by Chemical o~yJen 

Demand (COU) tests after 20hr of incutaticn, after 

separation of the cells .tJ:cm the Liquid by. centrifugation at 

10, OOOrpm. 

lne results et this analytical test are fresented in 

Table J. T.uey demonstrate that the concen tra ticn et i?O.i.Jiner 

c, donomer ~ and glucose did decrease ~ith time. These 

results can be interpreted as tacterial nutrient consUmftion 

since ~olymer adscrpticn on the cells b~came negligible 

after addition of &a1ts prior to COD analysis. !he addition 

of salts reverses ionic charges, liberating the adsorbed 

polymer from the cell. Hence, in theory, the concentration 

of nutrient .I:ecovered ana analyzed can b.: useJ to calculate 

microbial assimilation. 

1"1, . 
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Ta.ole J. NU'IE1l:.:NT FES1DUA.L E.i~Ef<IMENTS CCNJ:UC'IED 

iiTH THE l~ClATED PSEUDCMONAt. 

---------------------------------------------------
Initial 

Sa•~le Concentration cone. 

(11<;/L) (mg/L) 

Pol.C 2coo 650 

Mou.c 2000 800 

Glucose 2COO 675 

F.lnal 

cone. 

(my;l) 

iiOO 

544 

435 

Average 

u f take 

(;k) 

38.5 

32.0 

3 2. 9 

ln all tests, optical density (C.D.) measurements were 

conducted on the inoculated SdiDfl.; 1 pc ice tc and af tt;r 

incubation. Tne c. t. of seeded glucose, fclymer c and 

Monomer c soluticLs were always higher at the End of the 

experiment than initially. The numerical results of such 

measurements are Lot fiEsented in this stud}, since the 

purpose of taese measurements vas simply tc ccnfir~ that 

growth nad effectively cccucred, and therefore that o~yyen 

uptake could be correlated to growth. 
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5.3.6 IIPIIIBBI2S COIDUC2ED VI2B POLJBEI C lS 1 

SOOJCI o• CJIBOI liD ~I%10GII 

Based on the frevious results, a~d the fact that DMDAAC 

polymer i~cludes ~itrcgen, it vas decided to test the 

polyaer as a source of l:oth carbon and nitrcgen for the Gram 

negative rod. OzJgen uptake measureme~ts were therefore 

performed on Polymer c solution with nitrogen-free minimal 

salts. The noraaliz.ed cumulative oxygen uptake curves for 

both Polymer C a~d glucose in the absence of an additional 

nitrogen source are presented in Figure 20. It can be 

noticed that the glucose medium (nitrogen free) supported 

solely endogenous respiration and its oxygen consumption is 

coaparah~e to the miniaal salts control. The polymer vas 

able to induce so•e aetabolism and cause an average of 

60ag/L of ozygen to te consumed in 15hr. This oxygen 

consumption is lover than with the presence of inorganic 

nitrogen in the salts (Figure J:ut it remains 

significant. It can also be noticed that a Flateau was 

reached very soon after initiation of incutation (about 

6hr). 
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5.3.7 IIPIRIIII!S co•DUC!ID II!B GlLlC!OSI 

The controls had 

experiments so 

source used for 

been set as glucose soluticns for all 

far, glucose bei~g the classical carbon 

similar types of assays. But aost 

Pseugg!2Q!§ (cont~ary to most aicroorganisas), cannot 

catabolise ~lucose, since the Embden-Meyexoff (sugar 

catabolic pathway) is generally absent in the pseudoaonads 

catabolic functions. soee strains however, possess the 

Entner-Doudoroff pathvaJ, which oxidises glucose to various 

end-vr~ducts (pathway described in Appendix 2). 

Although the isolated 

metabolize glucose and vas 

Entner-ooudoroff pathway 

strain shoved the ability to 

therefore likely to FOSsess the 

aaong its various aetaoolic 

pathways, experiaents were conducted with a different carbon 

source, in this case galactose. The objective vas to confira 

the validity of the exferiaents where glucose bad been used 

as a control. 

The various galactose experiaents run (figures 18 and 

21) deaonstrated ttat within incubation periods of 60hr, the 

oxygen uptake for this sugar vas similar to glucose or 

DI!IDAAC polyaer. 
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It was concluded that tor the purpose of this study, 

glucose could remain as a control, since in aost cases short 

experiaents were ccnducted (less than 48hr). 

5.3.8 IIPIIXIII~S COIDOCrBD IIrB POLTIII C 

AID 11 AYIILIB~B SUGAI 

The results obtained so far suggested that the isolated 

~gz12as~ strai~ vas able to biodegrade Pclyaer c and 

utilize its carbon and nitrogen as nutrients. But would 

aquatic bacteria, groviDg in the presence of other sources 

of carbon such as sugars, still metabolize the folyaer? or 

would they rather give freference to the available sugar? 

such questions are of aajor i•portance for this study, since 

polluted streaas noraally contain a large variety of 

available carbon sources. If the aicroorganisas have 

preference for other sugars in-situ, the results of this 

stady vould be of ainiaua value. To answer these guestions, 

a solution containing both galactose and Polyaer c vas 

inoculated vith the pseudcaonad strain. the concentration 

of the polyaer vas analyzed initially and after 160hr of 

incubation. In both cases, any adsorbed polyaer vas reaoved 

froa the cells by addition of sodium chloride. Analysis vas 
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conducted ~Y titrating the polymer with O.J21og/L PVSAK. 

Figure 18 presents a1ong various curves the cumulative 

oxygen u~take curves, ottained for both substrates. It can 

be seen that the metabolic activity is enhanced in the aixed 

solution Y.o.en COIIIFared to pure Polymer c, tut is lover than 

Yith 100% galactosE. the plateau existing in all curves is 

shortened by JOhr Yhen the strain is inoculated in both 

nutrients. The increasE in metatolic 

approximately tne same time feriod as 

curv~. 

activity cccurs at 

the 10Cl Polymer c 

Titration rEsults shoYed that after 160hr of 

incubation, the ccncentratiou of polymer in solution had 

indeed decreased. It was therefore concluded that polymer 

biodegradation did occur. A control flask ccnsisting of 

Polymer C soluti Cll without inoculum, was also carried for 

160hr to confirm that SFOntaneous polymer degradation would 

not interfere with the results. Titration of the control 

sample, confirmed that in fact no significant 

autodegradati~n had occurred in q days at 20oc. 
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5.3., BIZJ!B Acr~YI%1 BXPBB~!JI~S 

The large molecular size of Polymer C suggjsted that 

extracellular clea~ing vas necessary, prio~ to any possible 

catabolic activity. The existence of one or mo~e exoenzymes 

vas therefore susEected. Enzymatic experiments were 

conducted to demonstrate the presence of this active 

extracellular enzyae(s), which could cleave the polymer into 

·saaller fragments.; These would .be able to penetrate the 

cell and serve as nutrients. Besides, exoenzyme synthesis 

has been recognized as .being part of the great adaptation 

ability of the pseudoaonads (Inove, et al, 1963; Kobori and 

Taga, 1980; !aeda and 1aga, 1976; !ar~ovitz, et al, 1956; 

l!lorihara, 1963; Rohyt and Ackere.n, 1971; zucker and Hankin, 

1970). 

This experiment vas designed to encourage considerable 

cell growth on Polyaer c; ex~enzyme(s) synthesis would then 

be induced. .After 1~hr of incubation, the cells were 

centrifuged 

centrifuge. 

at 12,000rpm for 

The supernatant 

20mi.n in 

fraction 

a refrigerated 

ccntai.ning the 

exoenzyme(s) vas then e.nriched with Dl!lD.AAC polymer, shaken 

at rooa temperature (280C), and the concentration cf polymer 

vas ·analysed by the PVSAK titration method at regular time 

intervals. Polymer C had to be added to the supernatant 
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fraction, since most of the polymer present before 

centrifugation vas adsorbed on the cells and therefore 

eliminated from tbe liquid interphase with the cells. As 

mentioned, centrifugation separated the cells from the 

liquid interphase together with the nutrient fOlymer, but 

soae adsorped exoenzyae may also have settled with the 

cells. However, the less of extracellular en2yme did not 

affect the experimental results since this e.xoenzyme assay 

has been set as a qualitative test and measurement of the 

exact concentration of enzyme synthesized is teyond the 

scope of this study. 

deasu:reaent cf polymer conceJ;ltration t!ias done by a 

method which could distinguish between the pclymet and its 

saaller fragments. !he PVSAK titration method, developed by 

Wang and Shuster (1974) vas chosen since it consists of the 

aeasurement of charge by titration. As the polymer 

deteriorates, it loses its charge, requiring there.fore less 

titrant. An analytical technique such as CCD or Total 

organic Carbon (TCC) vas not suitable, since there . vas no 

carbon consumption, only a cleavage in the molecula.r 

structue. 

the various experimental curves presented in Figure 22 

show that the concentration of Polymer c decreases with 

It can be seen that 
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c 
the slope of polymer degradation is virtually independent of 

the initial concentration of polymer, but as thE polymer 

concentra-tion increases, the asymptote is reached later. It 

can also be noticed that the active excenzyme is 

heat-sensitive, since a short heating for Smin at 80°C 

inhibited its hydrolytic activity. Finally, the control 

(polyaer without enzyme) shows that at the polymer 

concentrations used, Poly•er c did not autodegrade. 

The biodegradation of ether polyelectrclytes, also used 

as coagulants, vas tested by inoculating the pseudomonad 

into solutions coltaining these different polymers. Among 

these polymers, q cationic and one anionic polyelectrolyte 

were assayed. Pigure 23 presents the varicus oxygen uptake 

curYes generated fer each specific polymer. All curves show 

a siailar trend, with a high uptake rate for the first 10hr, 

followed by a plateau. Polymer D, an anionic high molecular 

weight acrylaaide-based polyelectrolyte exhibited the 

highest overall oxygen uptakE rate over the first 30hr; 

525ag/L oxygen vas ccnsuaed after SOhr of incubation. 

Polyaer 2319/Q (a cationic acrylamide-based pclymer), also 

enhanced microbial activity, with an oxygen uptake curve 
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similar to glucose. Pcly~ers A and 2319/1 (both cationic), 

supported microbial grc•th at a·moderate rate, with alaost 

of oxygen consumed after SOhr. 'J:he oxygen 

consumption induced bj Polymers A and 2319/1, although 

representing signs of aetabolism, is love~: than the other 

tested polymers. A aoxe detailed description of the 

polymers tested in this section is presented in section 

6. 3. 8. 

Figure 23 also pxesents the cuaulative oxygen uptake 

curve for the pseudomcnad when inoculated on Acrylaaide 

(ftonoaer A). The curve exhibits a high aetabclic activity 

induced by the acncmeJ: after 20hr of incubation. Before 

20hr. th~ cumulative oxygen curve is similar to other curves 

presented in Figuxe·23, but the inoculated bacterin• starts 

consuming oxygen at a faster rate after the first day of 

incubation, reaching 250ag/L after 40hr. this result is. 

unexpected when coapared to the activity induced by Polyaer 

A. but similar oxygen uptake curves can be observed in the 

case of glucose and galactose (Figures 23 and 18 

respectively). aoncaer l seeas therefore to be a readily 

available source of carbon for the pseudoaonad. 

The 2seudoagm~s strain isolated fro• the river has 

therefore exhibited the capability to adapt to aany types of 

polyaers and utilize the• as nutrient sources. It is 
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interesting to note that Eclymer D (an anicnic EOlymer), was 

soon colonized when stored at by various 

microorganisms, and in particular fungi, as evidence by 

fungal mycilia and turbidity in the polymer stock solution. 

5.3.11 S~UDGB- SOPBBIA~AI~ !BS!S 

Flocculants in the form of pclyelectrolytes are added 

to the sludge in water and wastevater treatment processes to 

enhance solid-ligoid separation. It is im,t.ortant to 

investigate tbe effect of the added polyelectrclyte on the 

microorganisms present in the sludge. 

To approach real ccnditions, both polymers A and c were 

added to a sample of 21 of activated s.ludge aixEd liquor. 

Complete mixing vas insured by rapid mixing at 100rpm for 

30s fol~oved by slov mixing at 30rpm for 20min. Tbe sludge 

vas allowed to settle and the liquid phase se~arated. The 

settled sludge vas then enriched with glucose and minimal 

salts, and metabolic activity was monitored by oxygen uptake 

measurements. 

I:iigb. levels Of o.xysen uptake was exerted bj .the sludge 

(Figure 24) when a concentration o·f 10mg/g of Eolymer c vas 



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 (when compared 

to 2000ag/L in prEvious tests), it is evident that most of 

the oxygen consumed is due to the biodegraaation of 

nutrients p.resent in thE supernata.nt fraction and not to the 

polymer itself. However, the sludge with Polymer c showed a 

tendency to take up acre oxygen than the blank (no 

coagulant-aid added) after 35hr of incubation. It can also 

be · noticed that t.he blank sludge stops consuming oxygen 

after 70hr of incabaticn, whereas the polymerized sludge 

continues consumins oxysen. 

The clear supernatant fraction recoverEd from the 

settled mixed liqucr was inoculated with minimal salts and 

the isolated iseodomons§ strain, bot no additional source of 

nutrients was added. titration of this same supernatant 

fraction with 0.3~16g/l PiSlt<: indicated that not all the 

polymer had settled with the sludge, since a concentration 

of J.Sag/L of polyaer xemained in solution (see Table 4). 

oxygen taken up by microorganisms present in the blank 

reached 620mg/L after 4Shr of incubation (Figure 25), but 

the supernatant enriched with polymers A and C exhibited a 

lower oxygen uptake. !his result was unexpected and its 

significance will te discussed in the following section. 
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The availability et ether sources of nutrients in the 

supernatan t fractions enriched with polymers, and the 

unusually i.ligh oxygen ccnsumption exerted by the pseudoiDonad 

in the presence of such a low concentration of EOlymer (only 

3.Smg/L of Polymer c and 3.2mg/L of Polymer A), leads to the 

question of whether the polymer really was being used as a 

carbon source. To answer this, the supernatant fractions 

were tested for their concentration ot" polymer after 8Shr of 

incubation (as with previous ti tra tions,· Sodium chloride was 

added prior to centrifugation). The results given in Table 

4 show that both polymers did effectively decrease in 

concentration. 

Table 4. COJCENTRATION OF POLY~EBS IN SUPERNATANT 

FBACYICN BEFOBE AND Al!EB INCUBATION. 

l?clyaer A Polymer c 

before after before after 

in cub. in cub. in cut. in cub .. 

(ag/L) (llg/L) (11g/l) (mg/I.) ____________ .,. _____________________________ _ 

3.2 2.3 3. 5 2. 5 

----.... --------------------------------------
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6.0 DlSCOSSXOI 0~ BISOL%5 

6 .. 1 %BB IPl'ICf Ol POJ.!ILICTBOL!%15 01 IBISBI1%1B 

IICBOIXll. BIJJD COL!UBIS 

~ae results ottained in this series of ex~eriments are 

iaportant because they repres.ent the first positive results 

achieved of the .effect of pclyelectrolytes used as 

coagulant-aids on aguatic bacteria. Although these 

preliminary results atE rudimentary, they fetmitted one to 

gain a qeneral understanding of the e.ffect of the tested 

polymers on the aixed 11icrobial population and therefore to 

establish the remaining series of experiments. Since little 

literature on the subjEct has been published, any possible 

•effect" could be expected, ra·nging from to:.dci ty to the 

aquatic bacteria, to microbial biodegradaticn of the 

polymers. The results cbtained are of majcr imfortance to 

the water quality of receiving streams. If the tested 

polymers would show toxicity to the inoculated aquatic 

aicroorganisas, the natural phenomenon of water 

self-purification aight be inhibited with disastrous 

consequences. If, on the ether hand, biodegradation of the 

polymers would occur, toxicitr to aquatic animals, such as 

presented by various authors (Biesinger et al, 1976; 
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Spra~~s, et al, 1962) cculd be inhi1ited er enhauccd. 

However, innitition of toxic eftects to aguatic crjan~sms 

coula only ~E usefUl if the Jegraaation intermedia~e and 

end-~£oJucts would be slcwn to nave no etfect en the a~uatic 

biota. Sucb toxicity tEsts are however beyond the sco~e of 

this study. 

It is intere~ting tc observe from figures 3, 4, 5, 8 

and 10 that neither foly!er A nor 2olymer c inhiLited 

microbial '}rowth nor cxy gen Uk-ta ke when ccnq.a red to the 

glucose control curves tFiyures 3, 4, 5, and 6}. Since the 

inoculum consisted cf a mixed culture c f tresb •a ter 

miccoor~anisms, it i~ only possible to state that tnc 

polymt:rs tl:i!sted did oct inhibit ovecall cell growth and 

activity. lt is in fact im~:-ossi.tlc to ccmment en ::~ro wth 

inhiuition of a particular s~ecies. 

?olymer A solution (2000mg;l) suppcrtEd some growth 

{Figures J and 7) 1 alt.hou:jh not as hlJb as tbe glucose 

contro.l. Tbis ~Esult contcadicts the lite~ature, which 

states that general~y, fOlyacr}'lamides are 

non-oiode~radabls, unless fi:'lor chemical degradation is 

init~ated (Suzuki et al, 1976). In fact, tte microtial 

activity ob~ecved in Fisures 3 and 7, could be attributed to 

both tile presence ot eth anal added to d isscl ve t.he solid 

.tJOlymec ( 1. OmL of 95' ethanol in 20CCillJ/L Polymer A 

111 
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solution), and i•turities present in th~ solid polyaer. 

But, when co•Eleaented with a carbon source such as glucose 

(Figur~s ~. 5, 7 and 9), Polyaer 1, as well as Polyaer C 

significantl1 enhanced •icrobial growth. This growth 

induction could be ex~lained by the fact that although the 

polyaers cannot be utilized as sole carbon sources by aost 

species, they may Le liodegraded to a ce~tain extent and 
-

serve as ~rowth factors, sup~lying carbon and nitrogen. It 

is also possible that impurities present in the stock 

polymer solution may have contriluted as gro~th factors. 

The combination ot either one or both sources would then 

enhance microbial grovtl in the presence of glucose. 

inen examining Figure 5, where the poly•ers are present 

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

are enhanced by 6qJ and 86~ for polyaers 1 and c 

respectively. such an increase in growth could not be 

caused solely by iapurities. In fact, further research (see 

section 6.3) demonstrated that all aonomers and polyaers 

assayed in the first two series of experiaents vere 

biodegraded and assi•ilated by at least one aicrobia1 

species present in the inocula•. Plate counts deaonstrated 

that this species vas ErEsent in significant guantities in 

the inoculum, but vas not in the aajority. Based on this 

knowledge, it is IOSsible to assuae that this Pseudoaonts, 

present in all experiaents, would per fora polyaer 
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biode~rada tion, tnerefore liberating in the solution 

additiona1 growth factors such as nitrogen and carbon. 

These liberated grcwth factors could then enhance growth of 

other aicroorganisms also present in the sa•ple. However, in 

order for these growth factors to.be effective, an available 

source of carbon such as glucose has tc hE present in 

significant concentraticn, to serve as a priaary nutrient 

source. It is indEed possible to relate the aacunt of sugar 

available and the growth enhancement caused ty the above 

aenti~ned factors. Figures 4 and 9, whict present curves 

where luuOmg/L of glucose and 1000ag/L of Polymer C are 

present, show that growth enhancement is lower than in 

Figure 5, where glucose solution represents iSI of the 

solution and Polymer c cnly 251. In both curves, the polyaer 

enriched curves arE higt.er than the .control curve (2000ag/L 

glucose), out the effect of the liberated growth factors is 

aore significant ir. Figure 5, for both Poly1er C and Polyaer 

A. 

In Figure 6, it is possible to notice a difference 

between the oxygen uptake curves of the solutions containing 

2000ag/L glucose and lOOOag/L glucose. In fact, the less 

concentrated samples induce oxygen uptake until a plateau is 

reached; the richer sa&fles induce the saae ititial oxygen 

uptake, but the curves do not display this plateau. It can 

theref~re De concluded that 1000ag/L of glucose in such 
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solutions is not sufficient to sustain growth after 50hr of 

incubation. Glucose is thos a limiting factor in the two 

curves presented in Figure 6 (it is iaportant to xeaeaber 

that the only difference between the 1000mg/L and the 

2000mg/L g~ucose ~olution is the concentration of glucose; 

all other eleaents reaain constant). Therefore, in the case 

where the low concentration of glucose liaits growth, there 

are fewer microorganisms to benefit fro• tbe liberated 

growth factors. However, when glucose is not a limiting 

factor, other coaFcunds such as nitrogen or fbosphorus can 

liait aicrobial growth. In such a situation, the possible 

breakdown of Polyaer c by a Pseudoaonadacae known to be 

present in the inoculum, ~ould liberate carbon and nitrogen 

atoas which could act as growth enhancErs. The higher 

concentration Of glucose has also been shown to induce 

aicrobial growth, and therefore there 

aicroorganisas present in the saaple to 

liberated growth factors. 

would be 

benefit froa 

a ore 

the 

Tne optical dEnsity curves and oxygen uptake curves for 

2000ag/L Polyaer C solution (Pigare 3 and 9 respectively) 

shoved an absence of aicrobial activity, indicating that 

DftDAAC could not sup1ort microbial activity aaong aost 

aquatic bacterial species. The organic carbon present in 

the polyaer aolecule is therefore unavailable tc aost or all 

aicroorganisas present in the inoculua. 



Polymer c solution enhanced growth (Figures. 4, 5 and 9) when 

coapleaented with an available carbon souxce such as 

glucose. The explanation of such a phenoaenon would be 

siailar to that of growth enhancement due tc Polymer A. 

Manoaer A (or acrylaaide), as with Polyaei c could not 

serve as a sole nutrient source (Figure 5) and therefore did 

not su~~ort aicrcbial growth •. Unlike the t\o polyaers 

aenti~ned, the mcnomer did not enhance growth in the 

presence of glucose (Figures 4 and 5 ), but rather inhibited 

growth as auch as 37' for 21hr of incubaticn in a 1/3 

aixtura (Figure 5). Figuies 4 and 5 aay also be interpreted 

as a toxicity effect of !onoaer A on aost or soae inoculated 

t.acteria, siAce the growth curves obtained are in all cases 

lower than the contrcl. Hovever, oxygen Uftake curves 

(Figure 8) coAtradicted this hypothesis, and pxoved that 

!onomer A did not inhibit o~ygen uptake in the aixed 

aicrobial populaticn. ~n other words, ftonoaer A did not 

shov any toxic effect based on the overall oxygen 

consuaption exhibited :t::y the aixed aquatic culture. In 

Figure 10 where 1000ag/L of acrylaaide vas incculated with 

aquatic aicroorganisas, the aicrobial oxygen consuaption vas 

generally as high as the control vessel (glucose). Thus it 

can be concluded that acrylamide is not tcxic to the 

aajority of aquatic aicroorganisas inoculated. The fact 

that the tests conducted with Monoaer A as a caxbon source 
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did not exhibit micrcbial gLovth, is not necessarily related 

to the unavailablitity of the aonoaer as a nutrient to all 

micro~i~l species. The absence of oxygen consu&Ftion by the 

aicroorganisms in the Fresence of acrylaaide could be 

related to the presence of a long lag phasE, vbere the 

microorganisms slcvly adapt to the nev The 

existence of a long initial adaptation phase for acrylamide 

is supported by the votk cf croll, et al (197q) and Lande, 

et al (1979). Both studies mention that acryla1ide aonomer 

spiked in a stream is effectively biodegradEd, but generally 

a lag phase of a few days is observed. The existence of 

such a long lag phase is most likely relatEd to the nuaber 

of microbial species adapting to tiodegradE the acrylamide. 

It is also important to notice that the above mentioned 

studies were conducted on polluted rivers, where the 

presence of othEr sources of carbon, aore easily 

biodegraded, could be detected. Even under such conditions, 

the acrylamide decreasEd in concentration (as •onitored by 

chromatography). 

In addition to the tested polyaers and aonomers, 

Bonoaer c was also assayed for its effect on the aicrobial 

population. The results cbtained were as predicted: !onoaer 

C could not servE as a carbon source to the inoculated 

microorganisms, but as Polymer c, it enhanced growth when 

mixed with glucose. 



In Fi~ures 3 to 5, the control or glucose solution 

shoved an initial lag phase as long as 14bx, where no 

aicrobial growth could be observed.. A.lth_ougb the existence 

of this lon~ lag Fhase cannot be discussed vi\h precision 

since the aicrobial pofulations present in the aedia have 

not been identified, it is fOSsible to assuae that a longer 

lag phase was required since the aicroorganisss were 

maintained in the latcratory on nutrient agar slants 

imcubated at 20oc. The aediua used for the test was. poorer 

in nutritional value than nutrient agar and the experiment 

was only conducted at 1~oc. It is interesting to note that 

the Polyaer A curves in Figures 3, 4 and 5 had a shorter lag 

phase than glucose. Once again, this phemoaenon could be 

explained by the presence cf both et4anol and iapurities in 

Polyaer A solution. Ethanol is a readily availatle source of 

carbon for a large nuaber of microbes, whereas the nutrient 

value of the iapurities cannot be discussed. 

Although the final resUlts obtained frca both series of 

experiaents are si1ilar, it is interesting to ncte the aajox 

differences existing between the curves generated froa the 

two different analytical aethods. firstly, it would be a 

aistake to interpret the oxygen consumption curves generated 

in Series B as grovth curves. They cannot he considered as 

growth curves because actual population aultiElication was 

not aonitored. The oxygen consuaFtion curves can however be 
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considered as metal:olic activity curves, directly related to 

microbial aerobic respiration. Metabolic curves do not 

display the traditional growth curve shape, with its lag, 

exponential and stationary phases. This fact is related to 

the principle that cell respiraticn is not necessarily 

related to cell growth. As an example, it has been 

established that during the so-called "lag phase", an 

intensive metabolic activity does take FlacE, where the 

cell, without aultiplying, increases in size and adapts to 

new environaenta~ conditions (!oat, 1979). This adaptation 

period involves the transfcrmation and induction of a large 

nuaber of metabolic pathways and their specific enzyaes. As 

aentioned previously, bacteria induce the synthesis of some 

enzyaes vhen required. But general~y, before enzyme 

synthesis can be initiated, the specific substrata to be 

catalyzed must be present in the proximity of the cell. When 

aicroorganisms are inoculated into these substrates, a high 

rate of metabolic activity starts, necessary to synthesize 

all enzymes required for survival. This initial adaptation 

phase has also often teen called "endogenous respiration" 

(Busch and ayrick, 1961; Dietrich and Burris, 1567; Fincher 

and Payne, 1962) • The author does not agree with the term, 

since by definition endcgenous respiration takes place when 

the organism has transformed its environment in such a way 

that the environment is no longer suitable for replication 

of this organism. Transformation of the environmen~ (ie. 
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the medium) occurs as a result of metabolic activity, where 

intermediate and end-products are excreted into the 

enYironment. In this case, the term "adaptive· respiration" 

would be more suitable, since the microorganisas have not 

yet had a chance to tra.nsform their environment. 

Independently from its given name, this initial adaptive 

respiration has to be taken in account. In this study, 

"adaptive respiration" wa.e measured by inoculating mini.ual 

salts solution and carrying such a control in every 

experiment. The oxygen u~taken by the minimal .salts control 

vas then subtracted from eYery sample curve. The adaptive 

respiration would also perait one to correct for oxygen 

uptaxe by microorganisa.e biodegrading impurities present in 

the nutrient solutions or in the salts. It can be noticed 

that in all cases, the curve for adaptive respiration 

reaches a final plateau after few hours of incutation. (See 

for example Figure 16), which proves that the g~eudo~Q~ 

isolated does not have the capability to grow in pure water, 

as do some members of the family. 

In aost cases, the O.D. growth curves e.xhibit a 

plateau after a few hours of incubation. This plateau could 

be interpreted as a stationary phase where growth ceases. 

When coaparing thEse curves to the corresponding o.xygen 

uptake curves, a s.iailar decrease in microtia! activity is 

not observed (coa~are for e%aaple Figures 5 and 7). This 



difference can be explained by the turbidity attained when 

incubating inoculated ec}utions for long periods of tiae 

(for example, for active •icrotes an incubation tiae of 20hr 

can briny the samtle atscxtance to 1.3, at vhicb the O.D. 

readia~ is no longer frecise (see figure 5)). In such a 

case, the growth curve ~ould display a plateau, suggesting a 

false inhibition cf gtcwth. In such a . case, the saaple 

would have to be diluted for further measurements to be 

possible. 

The results obtained fer Polymers A and c, and !onoaers 

A and c suggest that tle barrier for polyaer biodegradation 

by aost tested microo.t-:1anisms is not the atsence of a 

hydrolytic exoenzyme, which could lyse the large molecules 

into smaller oligcmers et monomers. Since most inoculated 

aicro9rganisms did not exhibit the ability tc biodegrade 

both the polymers and the aonomers, it can be assumed that 

the reason for such a lack in biodegradation is related to 

the absence of required catabolic pathways to degrade the 

basic aolecule exfressed in the monomer. 

Enhancement of aicrotial activity and gro•th, observed 

vhen both polymers vere compleaented vith an available 

source of carbon tgluccse) gives the iapression that soae 

ainor polymer biodegradation is indeed occurring in the 

vessel. This aetatolic enhancement could be ncticed in the 



case of both grovth curves and oxygen consumftion curves 

(Figures 3 to 10). Eiodegradation of the ~clymer would 

therefore liberate entrapped growth factors which could then 

act as additional nutrients for other micrcbes. The presence 
' 
of carbon and nitrogen atoms in both Polymers A and c, 

supports this last assumption. It is also possible that a 

fev microorganisas, adapted to degrade the fOlymers, would 

liberate as interaediate or end-products, molecules that 

could enhance growth of other microorganisms. The results 

obtained ia Series A and B suggest that there may exist at 

least one species in the .inoculum that nas the ability to 

degrade to·some extent Polymer A, Polymer c, !onomer A and 

aonomer c (further results confirmed this hypothesis). 

Further research vas therefore oriented towards the 

isolation of this farticular microorganism. 



c 

6.2 ISOL&~IOI OP AI AQUATIC BAC~BaiA BIODIGBADIIG 

~IDAAC P9LIIBB 

The aethod utilized to isolate from the river the 

microorganisa(s) which had the ability to biodegrade Polyaer 

c, vas a trial and error aethod. The cultures chosen to be 

testei were present in large numters in the nutrient agar 

·plates inocuiated ~ith ~iver water. aovever no culture could 

b~ c~nsidered as dcminant. It is understood that the number 

of cultures ~rovitg en an inoculated agar flate· is not 

necessarily related to dcminance in the river, but soae type 

of arbitration had to te made. It is also understood that 

only non-fastidious organisms, able to replicate on nutrient 

agar at room tea~erature, ~ere represented on the inoculated 

plates. 

As mentioned in Section 5.2, the sampling site vas 

chosen to avoid, it 1cssible, the isolation of enteric 

colif~rms recently discharged into the stream. The results 

of fecal coliform counts shoved that the number of fecal 

bacteria is negligible when coapared to the total counts. 

rhe five inoculated •essels (Figure 11) shoved that 

only culture t5, a Graa negative rod, consumed enough oxygen 

for oiodegradation of Polyaer C to be considered as 

effective. The other cultures consuaed different quantities 
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of oxygen, but nonE coafarable to culture IS. 

The results cbtained by this series of experiments 

suggested that it was ~crtbvhil~ to investigate further the 

possible oiodegradation of Polymer c and other FOlyaers by 

aquatic microorganisms present naturally in ·a river. The 

sampling site also insured that no prior adaptation to the 

tested ~olymer could have taken Flace in the tiver. Thus, 

culture 15, or sitilaL tacteria could likely be isolated 

from any river with similar environ•ental conditions as the 

st Lawrence River. 



6.3 B~ODBGI&DA2~CI ABD ASS~&XLA2ZOI 0~ DBD11C 

BY 1 ISJVpOBOI1S S2B~· 

aost polymers and monomers tested in this study have 

been observed to be toxic to Salmo gai~dneri (rainbow 

trout) (Spraggs, et al, 1982). Consequently, this series of 

experiaents vas conducted in an effort to detexmine whether 

these toxic substrates can be biodegraded into potentially 

· le·ss toxic inter11e diate and end-prcd ucts. 

The studies itdicated that these polymers and monomers 

are indeed readily biodegraded by a Pseudomoni§ tacterium, 

isolated from the St Iavrence. river. The effect of the 

polyaer and acnomer degradation products on Salmo 

~slQ~,;i, however, vas not determined in this study. 

The test pseudoaonad vas tentatively ideDtified by 3 

aicrobiology latcratoxies, but identification of the 

specific species vas not possible. Such a failure of 

specific identification is not ~nccmmon vhen dealiny with 

aembers of the iseudcmonas genus. Due to their high 

adaptability and genetic mutation caFabilities, tacteria of 

this genus are difficult tc identify. 

It is also understocd that genetic transformation of 
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the strain could have occurred by maintaining the 

aicroorgaaism for one year in the laboratoxy. the original 

strain was isolated frc• a Folluted river, and in this river 

the strain was constantly exposed to various external 

pressures. In a laboratory, these adaptation 1ressures are 

generally absent. In crder·to control any biochemical 

adaptatiJn of major interest for this study, basic glucose 

and ~olymer c exieriaents were regularly conducted. The 

results oDtained ~ere then compared to the ititi~l oxygen 

uptake curves obtained at the beginuing of this study. The 

similarity in results ccnfiraed that no major transformation 

involving the metatolisa of glucose or Poly•er C occurred. 

6.3.1 BIPBBIIJI!S COIDUC~ID II!B GLUCCSB 

As mentioned, glucose vas chosen as a conttcl nutrient. 

This decision was •ade while ignoring the 9enus of the 

working microorganism. Identification of the strain as 

being a aeaber af the Ps§udoaonas species generated a 

problem, since aost pseudoaonads are recognized as glucose 

"hating" aicroorganisas (Clarke and Bichaond, 1975). the 

inability of t4ese SFecies to consuae glucose has been 

related to the absence in aost pseudoaonads of the 

glycolrtic labden-!eyetboff pathway (Clarke and Bichaoad, 

1975; aoat, 1979). 
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the observed catalolism of glucose suggests that the 

isolated Pseuds~s§ strain does pcssess the 

Entner-Doudoroff Fathvay (detailed in the Appendix). The 

Entner-Doudoroff tathvay illustrates oxidation of sugars 

such as glucose, fructose and aannose to FYruvic acid and 

o-Glyceraldehyde-3-P or D-ribulose (see Clarke and Bichmond, 

1975). Ryruvic acid would most likely oe incOifOrated into 

the Kreo•s cycle (also known as the TCA cycle, detailed in 

Appendix .2) where bath energy and building blacks would be 

generated. It has indeed been recognized that pseudoaonads 

possessing the Entner-Dcudoroff pathway, are able to utilize 

glucose as a source cf carbon as easily as any other 

avai~able carbon scurce (Clarke and Richmond, 1S75). 

The metabolisa observed in these experiments suggests 

that the f§i~~~s~ strain demonstrated the ability to 

catabolize glucose as a sole carbon source, but it vas 

observed that a large deviation existed among the data 

points genera~ed after conducting various similar 

experiments. This high deviation vas •ainly 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 concentration and cell age. The cell 

age of the inoculated cultures could affect the vitality of 
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the cells and therefoiE their ability to adapt to new 

conditions. To ccapensate for these sources of variations, 

all oxygen uptake cu~:ves obtained fJ:oll the experiments 

conducted with glucose were normalized. Boraalization was 

achieved by plotting all data obtained aftet cotrection (see 

section 5.3 and Afpendix 3) and passing a "best fit" curve 

throuyh the ~oints (PigDre 12). 

When analyzing the data obtained fot experiments 

conducted with glucose solutions, it could be noticed that 

even if some vessels consumed oxygen for a longer time at a 

lover rate than others, all vessels attained a siailar final 

cnaulative oxygen consumftion. All vessels also exhibited a 

similar cumulative oxygen uptake curve, suggesting that 

independently of the time required for metabclizing, . the 

same availanle glucose concentration was catabclized. This 

indicates that the saae aechanism for glucose catabolisa is 

present in all inoculated cells, since the same quantity of 

oxygen is requirEd for the catabolism of a siai.lar 

concentration et availatle nutrient. It can also be noticed 

that independently of the number and vitality of cells in 

the inoculua, an identical stepwise degradation pattern 

occurs (see ligu~es 12 and 18), suggesting that this 

stepvise activity is part of the normal biodegradation 

ritua.l of glucose by the isolated fseudomoaas strain. 



Similar oxygen Uftake curves could be noticed for 

Polymer c, Monomer c, D-Galactose and other folyaers tested 

(Figures 14, 16, 18, 21 and 23 respectively} • It vas 

interesting to observe that some authors alsc reForted a 

si11ilar stepvise metabolic pattern, when studying 

biodegradation of various substrates by oxygen uptake 

aeasurements (Kawai et al, 1978; Ripin, et al, 1971). The 

metabolic steps observed can be tentatively explained by the 

fact that when a ccmpou~d is biodegraded, various mechanisms 

are involved. Each catabolic pathway produces 

intermediate-products, which cannot al111ays be readily 

further biodegraded. currently, the formed interaediates 

have to first induce the enzymes res~onsible for their 

further biodegradation. However, the tiae required fo.r such 

adaptation is nor1ally shorter than the extensive hours 

observed in the curves generated. 

If the cells have already accuaulated enough energy 

from the first tiodegradation step, synthesis of these 

induced elizymes is not necessarily coupled to oxygen uptake. 

This statement aaJ not be applicable to the initial lag 

phase, where the cells a.re also adapting to new nutrients, 

since it has been previously deaonstrated tbat cells in 

their lag phase consume oxygen and increase significantly in 

size (Moat, 1979). In the case of induction of pathways 

which will degrade these intermediates, it would be 



reasonable to assure that the cells do not increase in size 

as with the lag fhase, and hence, less oxygen should be 

consumed. It is iaportant to mention that this stateaent is 

purely tentative and no SfECial experiment vas conducted to 

aeasure cell enlaEgement. 

6.3.2 BIPIIXBBI!S OOIDOCriD IIrB POLIBI& C 

&s predicted, the ~seudomonad had .~he atility to use 

dialyzed DMDAAC polymer as a sole carbon scarce (Figure 1q) 

and as sole source of bcth carbon and nitrcgen (Figure 20). 

In other words, Polymer c represented a rich nutrient source 

for the isolated !~eudo•cnA§ strain. 

:ontrary to glucose oxygen uptake curves, Po~yaer C 

data points, after noraalization, exhibited a low deviation 

froa the aean curve (Figure 1q). Normalization for 

differences in cell concentration and vitality could not be 

the only factor affecting the deviation observed aaong the 

various data points, since oxygen curves for !onoaer c 

(D!IDAAC !lonoaer) (FigurE 16) exhibited a large variance froa 

the noraalized curve. 

The small deviaticn observed for Polymer C data 
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suggests that thete may exist a controlling step in the 

biode~radation of the polymer, which affects microbial 

Qxyg.en consumption. ~his con trolling step occurs in every 

experiaent.conducted with Polymer c, since t·he various data 

points were obtained from a large nuaber of experiments 

conducted over a ferioc of 8 months. Based on the large 

size ot Polyaer c, it could be hypothesized that the 

controllin~ step could te the need for synthesis of an 

extracellular enzyae, which would cleave the aclecu.le into 

saaller available monomers or o.ligomers. 

It aay be noticed that the oxygen uptake rate curve for 

"onomer c (Piyure 17) exhibits a higher oxygen consuaption 

rate for a shorter time than the Polymer c rate curve 

~igure 15). rhus aictobial nutrient uptake occurs aore 

quickly when the aic~corganisa is inoculated into D~DAAC 

aonoaer. 

The faster oxygen uptake rate exhibited fer ~onoaer c, 

coabined with the atovE aentioned hypothetical controlling 

step related to Polyaer c biodegradation, support the 

assuaption that this ccnttolling step aay te rElated to the 

synthesis of an exoenzyae. In fact, Polymer c being a 



hoaop~lymer composed of chains of ftonomer c, should noraally 

be catabolized in the same fashion as the aonoaer. The 

oxygen consuwptiou curves (figures 14 to 16) show that in 

reality, Honomer c is tiodegraded faster than its related 

polymer and with ne common controlled pattern. Based on the 

fact that the major differe~ce existing tetveen Polyaer C 

and Monomer c is the aclecular size, it is reasonable to 

conclude thdt dn exoenzyme contrcls the desradation of 

Polymer c. 

6.3.4 BIPIB~BII!S COIDUC~BD WZ~B G&L&C!OSB 

:; alactose tests were conducted with the same 

f§~d~!~Ba2 strait aud the generated oxygen consuaption 

curves •ere compared tc the control curves (Figures 18 and 

21). Aiter the first 40hr of incubation, the oxygen 

consumption .rate is coaFarable for the glucose, Polymer c 

and galactose solutions. However, after 90hr of incubation, 

the oxyyen cons:.1mption .rate for galactose test surpassed the 

oxygen consumption ot bcth glucose and Polymer c solutions. 

Galactose, in siailar fashion to the other tested coapounds, 

vas degraded stepvise with a long stationary ~hase of 70hr 

between each activity ~eriod (Figure 18). 

Based on the results obtained with galactose for the 

first ~uhr of incubation, and that the working strain 
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demonstrated the ability to catabolize glucose, it vas 

concluded, tor the purfcse of this experiaent, that glucose 

could. be accepted as a control sugar. 

6.3.5 Bl!llC~LLDLlB EIZYBB lC!XYZ~t ~IS~S 

As mentioned in sections 6.3.2 and 6. 3. 3, the 

control~in~ step for fclymer c and ftonomer c catabolism 

could be the synthesis of an exoenzyme. Ibis exoenzyme 

would cleave the large fOlymer molecule into smaller 

oligomers and monowers, which would then be of lover !W and 

thus could permeate ox te transported through the cell 

11eabrane. The time required for the synthesis of the 

exoenzyme, and the time reguired for its cataljtic activity 

could control the metabclic activity of most cells and 

consequently synchronize the activity of the •icrobial 

population. The existence of extracellular enzyaes a•ong 

the pseudomonads has been reported by many authors, among 

which are: Haines and Alexander (1975), Inove et al (1963), 

Baeda and Taga (1S76), P.arkovitz, et al (1956), !orihara 

(1963), Bobyt and Ackeraan .(1971) and zucker and Ha.o.kin 

(1970) • 

r~ confir• the above hypothesis, extracellular enzyae 

activity experi•ents vere conducted. The enzyae activity 
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vas related to the decxease in concentration cf the added 

polymer in a cell-free sclution. !easurement of polymer 

concentration by the PVSAK charge titration met~cd developed 

by Wang and Shuster (1974), demonstrated that the polymer 

concentration had decreased vith time (.Figure 22}. 

Interference of SEontaneous degradation of t.he polymer due 

to temperature effects vas compensated for ty running 

controls, in which pure folymer solution vas assayed at 

reqular time intervals. This control experiment 

demonstrated that at rocm temperature and over 24hr, no 

significant degradation of the polymer occurred (Figure 22). 

Hence, it was concluded that any decrease in concentration 

i.n the test vessels would be caused l::y enzymatic 

degradation. 

l study of the curves generated for the en2yme activity 

experi11en t (Figure 22) leads to SO lie interesting 

conclusions, regarding t.he nature and activity of the 

extracted ez:oenzyme. It vas previously mentioned that the 

slope of Polymer c degradation by the e:x:oenzyme in solution 

vas similar for all generated curves presented in Figure 22, 

and vas indepe.ndent of the polymer or enzyme initial 

concentrations. The concentration of Polymer c decreased 

vi th ti11e (in a linear fashion) until an asymptote. was 

reached. After this stage, the concentration of polymer 

remained constant in all cases for the rest of the 
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experiaent. the enzy ae activity 111as thus limited after a 

certain time by some factor which was present in all tests. 

It can also be noticed that the slope cf the curve is 

independent of the initial polymer concentration. However, 

the time at which the final concentration level was reached 

depended on the initial concentration cf the polyaer. 

Higher initial ccncentrations took longer to reach the 

steady value. 

Prom the facts cited, it seems that. the enzyme. was 

catalyzing tae fClymer in a zero-order fashion, since the 

concentration of 1olyaer does not influence the rate of 

reacti~n. However, enzymes do not follow zero-order reaction 

pathways. This false im~ression given by the shafe of curves 

in Figure 22, is related tc the fact that in all tests, the 

concentration of sUbstrate was in great excess (ftcm SOOmg/L 

to 800mg/L). Based on the !ichaelis and ftenton enzy.e rate 

curve (see Lenhinger, 1915), the enzyme had reached its 

maximua.reaction rate due to the excess of fOly&er. 

A conventional analytical aethod such as COD or TOC 

could not be used to aeasure the concentration of Polymer c 

in this ~articulat ex~eriaent, since in the absence of 

cells, the aonoaers or cligomers liberated by the hydrolytic 

action oi the enzyme are not consumed and are released in 

the solution. As a consEquence, no carbon ccnSURftion occurs 
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and the results of 10C or coo would not reflect the 

brea.k.dow n of Poly rer c. A method vas therefore required 

which could diffErentiate between .th~ polymer and its 

degrad~tioh products. tt.e charge titration met~od developed 

by iang anj shuster (197ij) was therefore applicable. 

The aDsence of cells to consume the smaller •olecules 

in the cell-free exttact, also leads to a tentative 

explanation of thE presence of the asymptotes observed in 

the polymer degradation curves (Figure 22) • It apfears that 

the exoenzyae cea~es its catalytic activity, even if the 

concentration o.f pclymers remain high in the sclution. Two 

tentative explanations can be offered for this result. 

Firstly, the exoenzyme aay be a repressible type of enzyme. 

These enzymes cease their catalytic activity in the presence 

of a specific ccmpou~d. In most cases, tbe repressor 

compound is the en2yme•s end-product (Lehninger, 1975). In 

this case, the c·ell is not present to catabolize the s11aller 
' molecule (enzyme end-pruduct) , and as a consequence, a 

build-up in degradation I~oducts occurs. These products may 

inhibit the enzyme's activity. 

A second tentative explanation to the asymptotes 

observed could be that the enzyme might lyse the polymer 

into charged aoncaers and/or oligomers. As mentioned, the 

PVSAK titration method titrates the charge en the polymer. 
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The polymer may not lose its charge comfletely when 

transf~rmed to the state of smaller froducts. These 

oligomer3 may thus te responsible for the observed 

asymptotes. 

6.3.6 BIPO!BI!IClL IIQDJGBADATIOI PA!Bill PQB POLIBJB C 

The various tiodegraoation experiments conuucted with 

Polymer c and its respective monomer, enabled a 

possible biode~radaticn pathway of Polymer c by the 
. 

isolated pseudomonad to be advanced. In sumaary, the 

experiment~ conducted estatlished the following; 

1) 2olymer c could serve as sole sources o£ both 

carbon and nitrogen to the pseudomcnad strain. 

(see .Figures 14 and 20) 

2) Nutrient residual experiaents sho~ed that the 

concentration cf Polymer C and Monoaer C decreased 

in concentration after the incutation period (see 

rable 3). 

3) An eztracellular enzyme vas extracted froa the 

inoculatEd polyaer solution. rhis enzyme could 
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degrade the 1clymer over a period cf time in a 

cell-tree exttact (see Figure 22). 

Sine~ po~ymer biodegradation was established, a 

.biode~r~dation pathway is proposed below. In general, 

microorganisms ea ta bolize a nutrient to utilize its 

avail~Dle atoms, thus generating energy and building 

cellular m~terial. There are multiple pathways by which 

organi~ms induce tiodegraoation, and these vary with each 

specific microcial species. Hence, a general pathway cannot 

be pro~osed for all microorganisms degrading Polymer c. 

rile molecular structure of Poly111er c and its 

corresponding ftonc~er are detailed in Figure 26. From this 

figure, it can te noticed that the only difference between 

Polymer c and ~onomer c is that Polymer C is a cyclic 

structure whereas ~onomer c is an aliphatic molecule. 

It was confir1ed atove that at least one extracellular 

enzyme was involved in the biodegradation of the polymer, 

thus the first degradation step likely involves the cleavage 

of the large polymer molecular structure into smaller 

fragments such as moncaers or oligoaers. The subsequent 

biodegradation stefs, ~hich would most likely occur inside 

the cell, could tot he studied experimentally, so their 

proposal is based mai£ly on consulted literature. Such 
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experiments could however be conducted by C1 4 labelling. 

Figure 27 presents the hyfothetical steps frOfOSed in this 

study for the biodegradation of Polymer c. 'Ihe·first step 

is likely to be accom~lished by the exoenzyae which was 

previously isolated. !his extracellular enzyae vo uld 

hydrolyz~ the polymer into smaller fragments, which could 

thereafter ~enetrate the cell membrane. Based on the common 

mechanisills of synthesis of polymers (see Schvoyer, 1981) the 

weakest methyl gtcu~ would most likely be the litking methyl 

grou~. So the exoenzy1e could firstly hydrolyze this weaker 

methyl group. ThE enzyme assays have demonstrated that 

effectively it vas possible to follow the degracation of the 

polymer DY char~e titration, proposing that the degradation 

product aay .oe a ncn-charged molecule. 'Iwo possible 

hydrolytic sites ~ould le on the right or left of the 

intermediat~ lllethyl group, indicated by nuaber 1. 

subse~uent~y, the aolecole may be small enough to diffuse or 

be transported access tbe aeabrane (< 600MW) 

Step 2 could be tl~ separation of the various methyl 

groups irom the nitrogen g~oup, with formation cf a brancAed 

hydrocarbon and a nitrogen-chloride aclecule. Various 

aicroorganisas 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 aost common 

catabolic pathway to assi1ilate hydrocarbons involves the 
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oxidation of the terminal methyl group, re~ulting in the 

formation of an alcohcl. This steF requires c xygen and is 

therefore specific tc aercbic organisms (step 3). The newly 

formed alcohol is then reoxidized through the action of 

dehydrogenases tc fora successively an aldehyde and a 

fatty-acid (steps 4 and 5 respectively). (Clarke and 

Richmond, 1975; Gaudy and Gaudy, 1980; !oat, 1579). Many 

bacteria do not have the mechanism to biodegrade 

fatty-acids, but J§kerichia £2!i and the pseudcmonads, have 

demonstrated the ability to metabolize fatty-acids through 

their .beta-oxidation t-athvay (detailed in AFfEDdix 2). 

Acyl-Col and Acetyl-Col are formed as end- Froducts of this 

beta-oxidation pathway. 

Acyl-Col has teen reported to play an important role in 

the metabolism of lipids, involved most particularly in the 

generation of energy and the synthesis cf membrane 

phospholipids (Moat, 1979). Acetyl CoA is a major substrate 

in the TCA cycle (see Afpendix 2) and is therefore utilized 

to generate energy and tuilding blocks. 

Alternative Fathvays for hydrocarbon metatolism have 

also been suggestEd by Klug and !arkovetz (1971) in their 

study of the metabclism of aliphatic hydrocartcns. In this 

paper, Klug and !ar.kovetz demonstrated that some 

pseudo monads me ta.boli z e bydrqcarbons by oxidizing the 
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subterminal matnyl groul• A second study ty firnik, et al 

(1974) stateJ that scme strains of the fseudcmonas genus 

oxidize uoth terminal methyl groups simultaneously in 

straight Chdins anc branched hydrocarbons. 

The experiment conducted wit!& the isolated Pseudomonas 

stra.l.n (f .1.~ure 20) demonstrated that the fclymer is a 

source ut Dotb carbon and nitrogen, su~gestin~ that the 

nitr~~en-~h~oride aolecule form~d after the seccnd step is 

also iurth~r bioJesraded. It is known that incr~anic forms 

of .. nitrog~n are degraded in some microcrganisms, until 

ammonia is liberated and thereafter incorfcrated into 

cellular molecales. It would therefore te acceptable to 

predL:;t t.ha t the nitrogen-chloride compour.d will be 

dimethyl~zed with subsequent removal of the chlcride atom to 

form a molecule of ammonia nitrogen. 

6.3..7 LOIG-!BIUI IIPDJ:JIII!S 

In all oxygen consuaption curves presented in this 

study, (Figures 6 to 20), the oxygen Uft~ke invariably 

attains a flateau, tihereafter very little oxygen is 

consumed. To interpret such a decrease in metabolism, 4 

days experiment~ were ccnducted with a variety cf substrates 
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(Figure 18). It may be concluded from the short experiments 

conducted previously that biodegradation generally stops 

before ~Ohr, since in most curves, the oxygen consumption 

attains d. plat.eau teforE this time (see for exam_t;le Figu.res 

14, 1o, 21 and 23). However, some long-ter~ experiments 

were conducted to confirm the validity of the shorter 

experiments and the significance of the ~lateaux observed. 

These lonyec e~periments demonstrated that tiodegradation is 

in fd.ct not completed after 40hr. It was, however, decided 

to stop most experiments after 40hr of incutation, since 

40hr in a streaa represents many miles in distance and 

prediction of any fate becomes impossible. In aost curves 

presented in Figure 18, it can be seen that a second period 

of metabolic activity fellows the abovementioned plateau. 

This second metabclic activity period occurs generally after 

bO to 9vhr of incutaticn (Figure 18), suggesting that there 

would be little difference in stopping the experiments after 

40br or 60hr. Finally, in the case of polymers which 

exhibit toxicity to agnatic biota, the study of immediate 

bi~degradation of ~olyelectrolytes is more im~ortant than 

their long-term fate. 

All oxygen uptake curves generated from this long run 

test exhibited the saae plateau after an average incubation 

time oi 20.hr. !his decrease (or even cessation) in 

metab~lism could be observed for a few hours or even 2 days. 
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In all cases though, a metabolic activity enhanceaent takes 

place after t4is flateau. This fact could be due to the 

foraation of inter1ediate products during the first activity 

period, to waich the cell has to adapt and induce pathways 

to further ~iodegrade these new sutstrates. For ezaaple, in 

the case of DMDAAC polymer, the hypothetical degradation 

described p.toposed that fatty-acids resulted as an 

intermediate product cf alkane oxidation. 'Ihe cells aay 

transform the generatEd fatty-acids to Acetyl-Coa and 

Acyl-::oa. Tais transformation would occur through the 

beta-oxidation pathway, but some enzymes of this pathway aay 

first aave to be i~duced. Induction of specific enzyaes is 

likely to re~uire som~ adaptation in which the cellular 

metabolism decreases and a second lag pnase aay be induced. 

This ty~e of adaptation period is likely to bE required for 

the activation cf patnways such as the beta-oxidation 

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

6.3.8 I~PIIIBII!S CCIDOC~ID IX~B OfBBJ PCLIIIIS 

In addition tc the biodegradation of Folyaer c and its 

correspondiny moncaer, ether polymers employed in the 

sanitary engineering field have also been tested. These 

polyelectrolytes were inoculated with the preTiously 
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isolated rseudomonad strain. Among these vas Pclymer A, a 

poly~crylamide co-folymer. Experiments vith Polymer A had 

previously been conducted in the first two series of 

experiments (Figures 3 and 9) arld it was possible to observe 

some ~r~wth ~mon~ the mixed population. This growth and 

small oxygen uptake was tentatively related to the presence 

of ethdnol in the solution, re~uired to obtain complete 

dissolution of toe polymer. Imfurities present in the solid 

polymer w~r~ ~lso profosed to cause the high aicrobial 

metabolism ooserved. In section 5.3.10, the FOlymer vas 

diss~lved without the help of ethanol as a sclvent; as a 

result, com~l~te dissolution of the polymer could not be 

achieved. Hence, it vas im~ossible to state the true 

concentration of the fOlymer in the solution. However, 

these tasts were princiially qualitative tests, and the real 

concentrations were not of im~ortance. Tue results given in 

Figure 23 ~how that the Rseudo!2nas strain could aetabolize 

the polymer. As a ccnseguence, it was concluded that 

Polymer A can be tiodegraded by the isolated pseudoaonad. 

Monomer A (acrylamide) , one of the components cf Polymer A, 

was also tested foL its effect on the pseudomonad bacteria. 

This time, the aonomer yielded a higher oxygen uptake than 

its corres~onding folymer (Figure 23). In fact, ftonoaer A 

shoved a faster oxygen consumption than glucose or 

galactose. This result contradicts the conclusions 

published by suzuki and eo-workers (1976), which mentioned 
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that polyacrylamide pclyters could not be biodegraded by 

!§~~2a~2 ~~~SiD2~, even after cleaving the polyaer by 

ozonation. suzuki et al (1976) added that the reason for 

the absence of biode~tadation of polyacrylamides was the 

presence of amice gtoups. One explanation for this 

difference in results, could be based on the difference of 

workill':J pseudom.>nad stJ:ains. It is possiblE that Suzuki and 

eo-workers conducted their experiments with a fseudom2na§ 

strain adaiJted to biodegrade polymers and 

specifically amide grou~s. As a matter of fact, they also 

mentioned that their pseudomonad strain was unable to 

biodegrade polyethylene glycols of large to intermediate 

molecular weights, whereas other authors, (Haines and 

Alexander, 1975: Kawai et al, 1978; iatson and Jones, 1977) 

reported that some Sfecies of Pseudo~~ can biodegrade 

polyetay le ne glycc ls attaining 20,000 !ii. 

Other cationic FClymers, of less interest, were also 

inoculated with the strain isolated from the rivet:, to test 

the adaptation ea r:aci ty cf the bacterium to tiodegrade a 

variety of po~yaers (Polymer A (a polyacrylaaide), Polyaer D 

(an anionic acrylamide-based polyaer), Polymers 2319/1 and 

2319/4 (cationic acrylaaide-based polymers vith 20S diaethyl 

amino ethyl acrylate, quaternised with methyl chloride) and 

2318 (a cationic acrylaaide-based polymer vith SOl dimethyl 

amino ethyl acrylate quaternised with methyl chloride). As 



0 

c 

expected, the 

all tested 

strain ccnsumed oxyg€n when 

caticnic 1clymers· (Figure 

incculated into 

23). It could 

therefore ve concluded, that the isolated strain had a great 

capacity to tiodegrade large molecules, and its catabolic 

steps did not seea to be specific for a single coapound. 

This conclusion is in agreement with Hegeman (1966, see 

Clarke and Richmond, 1915) who isolated a nuaber of enzyaes 

from a fSeudomonad strain, inducible by a number of 

diffecent chemical analcgues. 

A high mclecular Meight, low anionic charge, acrylaaide 

based polymer (Polymer D) was tested for its 

biodegradability. The results obtained with this last 

polymer were surprising, since the oxygen consumed by the 

f!!gao&QQs§ strain when inoculated on the anionic polymer is 

higher than with any ether compound, attaining levels of 

250ag/L atter JOhr of incubation (Figure 23). The oxygen 

consuaed vhen inoculated on the anionic poly•er was not 

higher in the first 10br of incubation, but it did not 

display a plateau, such as observed for all other compounds 

tested. As a consequence, after 30hr of constant oxygen 

uptake, the cumulative uptake vas higher that any other 

polymer tested. The reason why this polymer induces a 

higher oxygen consuapticn than glucose and galactose could 

unfortunately not be answered with the results available, 

but this higher 



oxygea uptake may .not necessarily be associated with the 

fact that the polymer is anionic. 

It i~ also cf interest to mention that this same 

anionic polymer vas in a short period of time contaminated 

with fungi and tacteria ~hen stored at 10°C. It seems that 

this anionic polymer could serve as an availal:le source of 

carbon to a number of different microorganisms. It can also 

be assumed that the mic~oorganisms which invaded the stored 

polymer possessed active exoenzymes. !he presence of 

exoenzymes in yeasts have indeed .been re~orted by 

Spencer-~artin (1982). Since the anionic polymer seemed to 

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

.negative charge of the ,tclymer did not interfere with that 

of the cell. The extracellular enzyme, responsible for the 

initial cle~vage, may even neutralize the polymer charge, 

and possibly transform the polymer into its moncmeric state. 

Hence, after this first hydrolysis, the polJmer .becomes 

suitable for the cell in both size and charge. 

In sludge thickening and dewatering processes, or in 

other biological sludge coagulation processes, the polymer 
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is added directly to the sludge. What are the effects of 

these high concEntrations of polyelectxolytes on the 

microorganisms present in the sludge? Ideally, the polyaer 

sh~uld adsorb coapletely on the bacterial cells and increase 

the flocculation efficiency, enhancing the solid-liquid 

separation. But hov •uch of this added EOlyaer does not 

adsorb to the sludge and hence remains free in the 

supernatan c? 

To answer these two questions, a sludge-supernatant 

toxicity/biodegradation test vas conducted with aixed liquor 

from an activated sludge treatment plant. 

Tae results cttained vith the settled sludge to vhich 

glucose had teen added as a nutrient source, shown in Figure 

24, permitt~d one to conclude that the polymer did not 

exhibit toxic effects, based on oxygen consuartion curves. 

In fact, the vessel containing the sludge settled vith 

Polymer c, exhibited a higher oxygen uptake than the blank 

vbich vas polymer free. Hence, the polymer is not only 

non-toxic to some or mcst of the microbial species present 

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

extent by some aicioorganisas present in the sludge. 

A second important conclusion derived froa the 

sludge-toxicity test correlates vith the results published 



by Gehr and HenrJ (1982, 1983) and GOJ?fers and Straub 

(1976). Both studies ccncluded that the polymer added in a 

sludge treatment process does not adsorb completely on the 

sludge. As a consequence, some cf the polymer remains in 

the superna.n tan t. In fact, PVSAK titration of the 

supernatant remaining after the sludge had settled, showed 

that a conceatraticn of 3.5111g/L of Polymer c and 3.2mg/L of 

Polyaer A remained in the supernatant. 

This tested supernatant fraction known to contain 

polymer was thereafter inoculated with the Pseudomonas 

strain, this test being called the 

supernatant/biodegradaticn test. When the fSeudomonad 

strain was inoculated on this supernatant fraction, it could 

be observed (FigurE 25) that the fraction containing polymer 

exhibited less oxygen consua)?tion than the blank 

(supernatant fraction from the polymer-free jar). This 

difference in oxygen consumftion, observed for both Polymer 

A and Polymer c, can tentatively be explained by the fact 

that both mixed liquors settled vith polymers exhibited a 

better settling. aore suspended solids werE therefore 

settled in tbe sa•t=le jars than in the control jar. Hence, 

although the supernatant fractions were comflemented with 

polymers, th.ere were fewer available nutrients in the media 

to be consumed by the inoculated pseudomonad. To insure 

that polyaer deg.ratation had effectively taken ~;lace in such 
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a rich mediua, titration analyses were conducted on the 

final solutions after 8Chr of incubation. In all cases, the 

final concentration of polymer vas lower than the initial 

concentration detected in the supernatant fraction (see 

Table 4). 

It may also be noticed that the additicn cf Eolymers to 

the sludge enha~ced settling of the microorganisms 

themselves. Hence, the supernatant fractions seFarated by 

polymer addition may have lad a lower concentration of mixed 

liquor microorganisms. Although the Pseudomonas strain was 

added in similar concentrations to all 3 vessels, the 

unsettled cells originating from the mixed liguor may have 

also consumed high quantities of oxygen. It is then obvious 

that the blank, containing higher concentrations of these 

unsettled cells, would consume more oxygen, tased on its 

population size. To snfport this hypothesis of higher 

population density in the blank vessel, a fev fetri dishes 

were inoculated and the number of cultures estimated. As 

mentioned, the nuaber of 11icroorganisms in the blank vas 

higher than in any other reactor vessel. It vas also 

noticed that the num.ber cf cultures vas in fact much higher 

than any experi11ent I:UD to that date, when conducting 

experiments with the inoculated pseudomonad strain. 

ihen comparing the oxygen consumption cui:ves obtained 
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with the inoculated supernatant with those presented 

previously for pol:ymer degradation, the oxygen consumed was 

5 times higher in the case of the supernatant tests (for 

example 600mg/L (Figure 25) vs. 150mg/L (Figure 21)). This 

difference in oxygen uttake is likely related to the fact 

that the supernatant is rich in nutrients, of many types and 

quantities. aovever, note that the first 10hr cf incubation 

are siailar for all curves generated, displaying 

biodegradation (ligure 23). The difference in oxygen 

consumption only appears after these 10 hours, when the 

usua~ plateau is reached in the case cf fOlymers and 

glucose. This plateau, as in the case of the tested anionic 

polymer# does not exist here for the SUfernatant sam~les. 

This plateau would not occur yet in such a rich source of 

available nutrients. !here would be no need to stop 

aetabolism to adapt for further degradation of formed 

intermediate products. As mentioned previouslJ, some cells 

from the unsettled sludge remained in solution. Hence, even 

the original cell iopulaticn 

test curves is actually much 

u_ptake curve generated, 

represented by the supernatant 

higher than any other oxygen 

where virtually the only 

aicroorganisms present originated from the inoculum. 
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1.0 COICLUSXOIS 

In general, al~ ·ctjectives stated in the in traduction 

were achieved, with an increase in understanding a.bout the 

fate and effect cf pc~yelectolytes en aquatic 

these 

lack of 

results and 

information 

aicroorganis11s. '!he imfortance of 

conclusions is hEightened by the 

available on the subject selected. It is alsc important to 

understand the relation of the experimental results obtained 

in-situ to the ja-!!lg situation. Although the tests 

conducted in this study were performed in ccttles, they 

should be constantly related to the true environ~ental 

problem of polyelectro~jte discharge. 

The major conc~usions derived from the experiments 

conducted in the study are as follcws: 

1) Polymers discharged into streams as a resu~t of 

inefficient settling and adsorption did net show toxic 

affects to the inoculated non-fastidious aquatic mixed 

populations at concentrations as high as 2000mg/L, 

based on overall population density atd metabolic 

activity. I.n other words, the polymers introduced into 

streams in residual concentrations will most probably 

not affect the overall microbial activity of t.he 
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stream. As a ccnsequence, the Etream•s natural 

self-purification I~ocess is likely not to be inhibited 

by tne discharged Jolymers. 

2) Polymer A (a fOlyacrylamide-based co-~olymer) and 

Polymer c (DMCAAC IOlywer) cculd not SUFfCrt microbial 

metabolic activity of the mixed populaticn present in 

the inoc~lum. Neither growth Lor oxygen uptake could 

oe detected when the mixed cultures were inoculated on 

Polymer c. Some growth and oxygen uptake could be 

noticed in the Pclymer A vessels. 7his growth was 

however related to the presence of both ethanol (0.02 

mL of 95~ ethanol in 100mL 2000mg/L Eolymer solution) 

and impurities in the same solution. 

3) All polyelectrolytes tested were bicdegxaded to some 

extent by a fseud~nts strain indigenous to the St 

Lawrence River. 7nis biodegradation occu~red even in 

the presence of cthe~ available sources of carbon. 

Hence, the·discharsed polymers would te ccnsumed to a 

certain extent by scme adaptable bacteria present in 

the streaa. 
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U) Although cue strain was isolated fro• the river, 

with the ability tc biodegrade a series of fOlyaers, it 

is not stated that it vill be the cnly species 

indigenous tc the river with this atility. In fact, 

the facility ty which the strain was isolated, suggests 

that tbere aight te a number of bacterial species in 

the same stream with the ability to biodegtade polymers 

of tnis type. In such a case, the tiodegradation of 

tne residual folymer discharged in the streams could be 

even faster than as fLedicted by this stud~. 

5) the isolated ~9gmon~ strain has been shown to 

cleave the long folyaeric chains ~y aeans of 

extracellular en2yme(s), easily extractEd fro• the 

solution. 

6) A 

f~r 

biodegradation fathway 

the biodegraaation of 

was tentatively 

D!DlAC polyaer 

proposed 

bJ the 

iso1ated Pseudomonas strain. This catabclic pathway 

vas not based on experimental results, tut on a 

Literature review. 
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7) Exper~ments ccnducted with mixed-ligucr sludge 

demonstrated that the polymer that is acded to the 

aixed-liguor coes net inhibit the microbial.metabolism 

of the sludge micrcorganisms. Experiments conducted 

using the supernatant of mixed-ligucr settled with 

polymers, demonstrated that some residual 

concentrations of J:Olymer remained in the supernatant. 

8) The electrolytic respirometer has been demonstrated 

to be an effective instrument for the •easurement of 

toxicity and tiodesradation effects. 

The area of research conducted in this study is a 

new field, where very little experimental work has been 

done. This study •ay therefore te considered a 

preliminary study, which gave satisfactory results, but 

which opens the doors to further research. 
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8.0 PU~UaB BBSBlBCB 

A numbe.t of research subjects could te developed 

from this study. 7hese include the following: 

1) It has beEn shown in previous . papers that the 

polyelectrolytes used as coagulants aere toxic to 

fish (Spraggs et al. 1982). It would be of prime 

interest to measure the toxic effect of the 

intermediate and end-products of biodEgradation on 

the saae fish. toxicity tests should then be 

conducted 1iith extracted inter11ediate and 

end-pro a uc ts. 

2) In the area of microbiology, it would be 

interesting to study experimentally, tbe actual 

biodegradation steps of the ·pol:yelectrolytes by 

the pseudoaonad strain. A more detailed knowledge 

of such a pathway would permit one to choose the 

polyelectrolytes to be used as flocculants, .oased 

on their ability to be biodegraded. 

3) Since it has been demonstrated that there is at 

least one aquatic species able to tiodegrade the 

tested pc.lyaers, it would be i.nteresting 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 

~) lQ-§!tu tests should be conducted on the 

.uio:legracatiot of residual polyelectrolytes 

·dischargEd ty wastewater treatmEnt flants into 

streams or lakes. These tests could involve 

sampling and analysis of water samfles at various 

distances frca the discharge site. It would permit 

one to corrElate the results obtained in the 

laboratory with ~-vivo situations. The results 

obtained from such an experiment could also lead 

to the generation of a mathematical model 

re~resenting the stream vit.b. its decreasing 

concentration ot polymer as a function of time and 

distance. Such a model, combined with LCSO fish 

tests of the intermediate products of polymer 

biodegradation, would permit one to predict at 

which distanc£ from the discharge site the polymer 

or its products would cease to be toxic to fish. 

5) IA-&it! exferiments could also include the 

aicrobiological analysis of waters receiving 

polyelectrolytes in residual concentrations. 

Adapted aicrobes would have a ~endency to grow on 
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such sites. Information on the microorganisms 

effectively developed at contaainated sites would 

perait cne to visualize and understand the 

biodegradation of the polyaers !R-~ity. 

6) It would also be interesting to effectively 

analyze all pclyelectrclytes actually used by 

treatment plants, for their ability to .be 

biodegraded. Information on tne biodegradability 

of such polymers would enable a list to be 

generated of recommended polymeric .flocculants 

which could te used in the vastewater treatment 

field. 

7) finally, a closer collaboration between the 

co11panies producing the polye.lectrclytes and the 

above-.11entioned area of research 1iould guide· these 

aanufacturing coapanies to produce fClymers which 

could bE acre easily biodegraded by aquatic 

microorganisms. 
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