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c ABSTRACT 
• 

Flocculation studies with polystyrene latex suspensions 

proved to be an effective method,for determination of ~ow 

concentrations aqueous solutions of cationic 

polyelectrolytes in the parts per billion range wi th 

reasonable accuracy. The reproducibflity of, results has been 

..; ii 

• 

.. 

attribueed, mainly to the ~act ' that an ideal suspension wi th " 

very narrow par~icle size distribution was obtained\using 
/ 

polystyrene latic~. 

The éffect of 5hort-term storage of polymer solutions varied~ 

with .~spect to the concentration of the polymer and ~he 

effect was noticed mainly in the first ewo days of storage. 

The effect of elevated temperatures '- /t on polymer solutions 

res6lted in the partial breakdown of the polymer chains. 

The degradation rate was found' to be great7r in the first 

hour than subsequen~ly. 

Experiments showed that there was a decrease in the 
~ 

effectiveness of the polymer in promotin~ the flocculatian 

of the latex suspension in' the case of both stored and 

preheated po.lymer solutions. Morevèr, for these pol}hners, 

fi higher polymer dosage was found ta be requi'red for optimum 

flocculatian to occur and also ta bring~ the electrophoretic 

mobility ta zero. 
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RESUME-

-, 

Les études de floculation à l '.aide de suspensions dl/latex 

'de polyst~ène se sont montrées une méthode efficace pour la 

déterminat{on de faibles concentrations de soluti~ns aqueuses 

dé pClyelectrolytes cationiques (parts par billion) avec une 

précision acceptable. La reproducti"'oili té des résultats a été 

a,t1;ribuée en grande partie au fait qu'une suspension idéale, 
4> 

ayant une distribution~étroite des dimensions des particules, 

était obtenue à l'aide des latices de pOlystyrène, 

Le storage à court-terme des solutions de polymer varié en 

rapport avec la concentration de'celui-ci, et cet effet a,été 
~ 

surtout remarqué lors des deux premiers jours de storage. 
) 

L'effet des températures élévées sur les solutions de P9lymer 

avaient pour rés~~at d: briser partiellement les chaines du 

polsmer. Le taux de dégradation observé fut plus élevé durant 

les premières heurés que plus tard. 

Les expériences ont montré qu'il, y avait une baisse d'efficacit~ 

du polymer lors de la' floculation de la suspension de latex que 

ce soit durant le storage ou lorsque les solutions de polymer 

sont préréchauffées. Par consequent, pour ces polymers, on a 

constaté qu'un dosage élevé de polymer était necessaire pour 

réaliser une floculation optimale, et necessaire aussi pour ra­

mener la mobilité éléctrophoretique à zéro. 
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stringent discharge limits ana im~rovin~ efficiencies of new 

and existing systems (2,23,55,56>.. Sane of the applications lJ-

reported in the literature include primary and secondary 

clarifier loading and performance, imptoving water treatment 

operation, treé?ti-ng indus trial waste non-biologically, 
1 

phosphorus removal, heavy met~l and color removal, improving 

'the remova1 and dewatering pf was te sol ids , etc. 

( l 0 , -13 , 2 S, 32 , 55) • 

These po1ymers hàve been found to be more efficient than the 

traditional inorganic floccu1ants and are non-corrosive 

towards meta1s~ such as steel, used in processin9 equ,ipme'nt. 

Polyelectro1ytes tend to produce sewage sludges with low ash 

content and to reduèe· the overal1 cost of water pollution 

control (32). Cur~ent usage trends fran the water treatment 

industry lead to a projected wor1dwide market of $120 

million for these polymers by 1990 (12). 
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1.2 Brief History; 

POlyelectrolytes have long been used in water treatment 'as 
, 

flocculants and flocculation aids, although it is only 

comparatively recently that the term "polyelectrolyte" has 

. ' come lnto nor~al water treatment parlance. The crushed nuts 

of the Nirrnali tree "STRYCHNOS POTATORUM" have been used in 

India for centuries to olarify muddy water. Their action 

almost certainly depends on the presence of a water soluble 

organic polymer (51). 'Activated silica, soluble starches, 

gelatins and sodium alginates are further exampies of 

pblyelectrolytes' that are' powerful flocculating agents used 

in olden days. 
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1.3 Meaning of the w~rd ·Polyelectrolyte": 

In this thesis, the terms "Polymers" and "Polyelectrolytes" 
. 

used 'will interchangeably.- Strictly, be however, 

polyelect'blytes combine the properl:.ies of p:>lymers, and 

electrolytes.· Essentiarly they are water soluble polymers 

with ionizable groups (51). Tne term is often restricted to 

synthetic organic polymers of this type, but this usage ls 

incorrect. Polyelectrolytes may be natural or synthetic or 

either inorqan1c ~r organic (9). 

The word "polyelectrolyte" is used te mean an organié polymer 

in this thesis and is defined as one which contains suffûcient 

cha['3ed functional qr'oups or neutral functional groups 

capable of becoming charged in aqu~ous solution, to impart 

water solubility to the p:>lymer and to allow it behave as an 

electrolyte (42). 
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1 .. 4 Classification of Polyelectrolytesl 

Polyelectrolytes can be classifieô into four classes • 
depending upon the residual cha~ge of the polymer in an 

aqueous solution (23,42). They are .... a) Nonionic b) Anionic . . 
c) Cationic and d) Amphoteric. ,. 

1.4.1 Nonionic: These polymers have no formaI charge. 

However, they are capable of developing a transient charge 

in aqueous solution, via protonation for example. As a 

re8ult, they are water soluble and behave like 

elect rolytes. 

weak 

Ê~amples~ Polyalcohols, polyethers, polyamides, poly-N-vinyl , 
he~ercycl ics. 

The most obvious weakness of non-ionie po,lyelectrolytes is 

that the floc formed i8 both small and easily r.edi,sper,sed 

and broken. The small weak floc is generally attributable 

to the fact that flocculation i8 based on weak, hydrogen 

.-- bond-type bridging (42). 
~' -

.. 

1.4.2 Anionic: The~e polymers-yontain sulfonic, phos~honic . ...../ 

or carboxylic acid (salt) functional groups • 

..J 

~amples: acrylamide/acryl ic acid, cop::>lymers or hydrolyzed" 

polyacrylamides, P9lystyrene sulfonate, polyvinylphosphate, 

etc. 
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. Anionic polymers are often used acidic, 

.. 
alum-containing system. 'A multivalent plsitively charged ion 

(provided by the' alum) i~ necessary to provide bridging 

between high molecular weight (MW) anionic polymers and the 

~nionié fine suspended solids which are to be flocculated 

(42) • o 

1.~. 3 Cationic: These polymers are Positively .charged. 

They frequently contain the ammonium group, especially those 
tl 

used in water and waste' treatment. 

Exa~les: Poly(ethylenimine hydrochloride), Dimethyldialyl 

ammopium chloride, etc. 

Many commercially available cationic polymers are copolymers 

of a cationic monomer and acrylamide. ,This is largely 
\ . 
at'tributable to .. 

a) The convenient, high MW building cha~acteri~tic of 

acrylamide, and 

b) the relatively high cost of manufacturing or purchasing 

a cationic homopolymer. 

.. 
The balance of cationic/nonionic ratio in the polymer is 

also important in opt~mizing performance of the polym~I 

(42) • 

. 
A high MW cationic polymer (copolymer of acylamide) was used 

in" this research but the exact composition is not known 

because of trade sec~ecy. Figure 1.1 shows the structure of 
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a different po1ymer which is a1so a. copolymer of acry1~ide. 

The essentia1 feature is t~t ~t is'the copolymer wQich i5 

responsib1e for the cha~ge . 

. 1.4.4 Amphoteric: These po1ymers contâin both, positive and 

'negative functional groups on the same polymer chain. They 

are seldom used in water and wastewater treatment as 

flocculating agents because of their poor flocculating 

characteristics. 

ç,-
O'METHYLOIALLYLAMMONIUM ACRYLAMtOE 

C~LORIOE • 

\ Figure 1.1. Structure of a Copolymer of Aorylamide 

6 

• 
, 
L 
d 
1 

'1 

1 
1 



\.f 
j 

·_-------~------- -. 

, ~l' 

o 
• 

1.5 Objective of this Thesis. 

'1:\ 

~he basic objective of ~his study may be summarlzed as. 
, 

,i) To examine the flocculation charaoteristics of a pigh 

molecular weight cationlc polyrner, uslng a standard 

suspension such as polystyrene latex. 

-
ii) Based upon the consideration of destabilization of 

latices by p,1ymers, to develop iF con?éptual relat~onship 

regarding optimum flocculation w-ith pertinent solution 
0 , 

variables. and to use this relationshlp as a tool for the 

detection of u~nown polymer concentration in a sample. 

} 11i) To develop a "rèliable" method for the detection of 

polymer copcentratio~s, if ~ossible in-the parts per billion 

rlnge' (ppb). Upto -now there la no satlsfactory method fo.;r 

determining these low polymer concentrations. Alsc they were 

found to be highly toxic to fish even in the ppb,range.' 

iv) Tc evaluate the effects of short term storage (1-5 days) 

and elevated temperatures on dilute and concentrated polymer 

solutions. Th1s type of evaluation ls important as polymer 

solutions in some water and waste water treatment plants are 

prepared in advanc~ of application in arder to rèduce 

viscoslty and allow more convenient application. 

v) To relate the observed (diminished) concentrations of 

stored and preheated polymers' ta the floccu'lation actlvi ty 

of these polymers on a standard suspension (polystyrene 

latex suspension). 

.. 
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Tqe results of the study are pr~sented in five chapte~s as 

follaws: 

In chapter 4, flocculation of polystyrene latex suspensions 

over a range of polymer doses 15 described. Chapter 5 
, 

describes the var ious methods 
<;J 

used in .,.,'~etermining low 
t 

pol,ymer, c~ncentrations. Ih addition, this chapter'.' also 

describes how very low concentrations (less than l mg/L) of 

catjonic polymers can be measured by use of flocculation 

studies~ Chapter 6 deal~ with the effects of storage on the 

concentrations . of various (effective) polymer observed 

dilutions and also e*plains the probable reasons of 

aggrégation or degradation that occurs during sto'rage. In 

?hapt'er 7; the effec~ of temperature on polymer breakdown ia 

discussed. Finally," cha~er 8 presents results which relate 

the storage and temperature effects of dilute polymer 

solutions 'to the loss of flocculation activity. ,. 
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CHAPTER 2 

Literature Revie~ 

2.1 Theory of the Action of polyelectrolytes: 

. 
This 6ection will cover bri~fly a' review of- the reaction 

mechanisms involved in polymer-colloid interactions, and the 

coagulation flocculation~ocesses, stressing adsorption, 
, 1 

;nterparticle br~dging theories,' and restabilization. 

Thfs review will make extensive use of- a review article 

"Stat'e of the Art of coagulati~~n, a c0l!'mittee report of the 

AWWA (16), and a later review in ,the 1980 Ph.~Thesis "The . 
Role of Polymers in Dissolved Air 1l'lotation" (,6). 

2.1.1 Reaction Mechanisms: 
" 

The aggregation of colloidal particles can he considered as 
l 

involv1ng sorne of' the following mechanisms (56,65,73) 

i) particle transport to effect particle contacts 

i i) electrostatic charge reduction or charge neutralization 

by adsorption of counterions depending upon the charge 

of the polymer and the colloid 

iii) adsorption,. followed by inteJparticle bridging. 

1 

esse~ially Particle transport in aqueous sys terns is a 

physical process and is ;,ccomPlished by fluid motion, 

~Brownian Ynotion and sedimentation (65) • Ruehrwein and Ward 

(61) propose- that in a system of negatively charged 

-'-
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colloids, the positively charged polymer is adsorbed on the 
, 

surface of th~ particle. The particle surface charge is 

reduced or neutralized ~ufficiéntly to permit cohesion and 

aggregat\on on collision, through residual valence forces. 

In coagulation with cationic polymers, charge neutralization 

is u~ually accompl~shed. The polymer may, if long enough, 

adsorb, on more than one particle and thus be responsible, by 

a bridging action, for interparttcle bonding (16,65). At 

this point, La Mer's distinction between the dest1Pilization 

mechanisms involved is relevant (44): 

i) The processes that effect a reduction of the total potential 

energy of interaction between the electrical double layers 
, 

of t'lro similar par ticles i s designated as Il coagulation", , 

ii)the processes that aggregate colloidal particles in~o a 
Q 

three dimensional floc network by the formation of chemical 

bridges is term~d as "flocculation". 

La Merts definitions of the terms coagulation and 

flocculation are not universally accepted (73)f however, and 

in this thesis they will be used interOCh~ngeablY. 

2.1.2 Adsorption: 
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The extended-segment theory of polymer adsorption was first 
"> 

proposed by, Jenckel 'J and Rumbac!h (7) '. to explain the 

adsorption of larger quantities of polymer onto a surface 

than could be accounted for by ~mple monolayer cover age. 

Later, investigations by Koral et al (43) provided 

addi t;.ional evidence to support thi s theory. S imhf" Fri sch 
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and Eirich (63) developed a t~eoretical model of polymer \ . 
adsoçption, (leading to the S.F.E. isotherm) in which the 

polymer is attached ta the adsorbent surface by a fraction 

of the total number of segments comprising the polymer 

c~ain, while pendent loops extend into the solution. As the , 

fraction of attached, segments is reduced, the S.F.E 

-adsorption isotherm approaches the well- known L angmui r 

isother~. Consequently, Langmuirian adsorption behavior has 

been observed for many polymer-solvent adsorbent systems 

(6,45,76) • 

The attachment of the polymer molecule to the ~ adsorbent. 
I~ 

11 

surface may occur by chemical pr physical int~ractions, 

depending upon the characteristics of the polymer chain anq .~ 

the adsorbent surface. For cationic polymers, Ruehrwein and 

Ward (61) have suggested that the pol ymer molecple is 

adsorbed on to the faces of a clay parti cIe via a cation 
". 

exchange mechanisrn. With the adsorption of anionic polymers 

by clay parti~les, the adsorption mechanism is considered ta 

b~\ ,ether hydrogen bonding, anion excha'nge or chemical 

reaction with cations on the clay surface' (48) .'Mortensen 

(49) has shown that anions in the solution compete with 

polym€ric anions for adsorption sites on the clay particle. 

Mortensen also reports ~that there is an increase in 

adsorption of .anionic polymers with an increase in sodium 

chloride concentration or with a decrease in pH, perhaps 

because of a reduction in the negative potentials of both 

polymer and clay, thereby permitting closei packing of the 

pot ymer molecules on the" clay particles. Black et al (6) 

î. 

, 
l' 
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showed that the adsorption of cationic polymers onto 

.negative cOIloi~is rapid (30 seconds after being added). 

2.1.3 Interparticle Bri~~ 

Ruehrwein and Ward (61) were the f irst to propose a polymer 

bridging mechanism. Later, LaMer and coworkers (45) 

developed a mathematical model for polymer bridging, which 

provides an improved model for understanding the ability of 

polymers to destabilize colloidal suspensions. In i ts 

simples t fiorm, the chemical br idgi ng theory pr oposes that a 

polymer molecu1e can attach itself to the surface' of ~ 
colloidal particle t<;> one or more adsorption sites, with the 

remainder of the molecule extending into the solution. These 

,extended segments can then interact with vacant sites on 

another colloidal par t icle. Fai l ing to f ind a sui tabl e 

adsorption si te on another partic;le, the extended segments 

can eventually adsorb at other sites on the original surface 

(65) • 

The phenomenon of physical br idging is pr edominant in t"he 

case of anionic polymers on ne,gative surfaces (6, Il, 48) • 

" Michaels (48) has shown that anionic 0 polymers possess a 

sufficient number of charged si tes to extend the polymer 

chai n,. thus allowing "interparticle bridging. Cnemical 

br idging between particfes is also possible in the case of 

cationic polymers (65). Black et al (6) have reported that 

long chain anionic polymers can better remove turbidi ty than 

can short chain polymers of . the same degree of hydrolysis. 

12 
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They also showed that increasing the suspension 

conce~tration improved interparticle br idgi ng for bath' 

cationic and anionic polymers, presumably because of a 

decrease in the interparticle distance. Las tly, 
. 

interparticle bridging of the polymer will depend upon many 

par ameter s such as po1ymer si ze (16, 20,45, 46), s tructur e 

(45) , flexibility (16), charge derisity (16,34,46), mixing 

and degree of shear (44,6-9) and interaction energy between 

molecule and the adsorbent surface (16). 

'" .. 

2.1. 4 Restabil ization: 

Res tabil iza tion of nega tive partiel es, which wer e or igina11y 

negatively charged, by an excessi ve amount of pol ymer 

~ addition was observed by many researchers (a,20,31,76). 

\ This fhenomenon rnight be because of steric and electrostatic 

~~ctions between polymer molecules adsorbed on the 

colloidal partic1es, which in turn inhibit the formation of 

p?1ymer bridges (16,31). pugh \\anp HelIer' (58) observed 
, 

restabilization of gold sols at very low polycation doses, 

,which they attributed to steric repulsion. Yeh and 'Ghosh 
1 

(76) claim tha-t restabilization caused by overdosing was 

simply a r esul t of chaFge r.eversal. Birkner and Morgan (4), 

and Healy and La Mer (34) relate -this restabilization 

phenornenon ~the ef fect of intensi ty of sol ution agi tation • 

. Kragh and Langston (44) suggest that intense solution 

agi tation di srupts PO! ymer br idges 

rearrangement on the adsorbent surface. 

and causes polymer 
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2.2 Zeta Potential: 

2.2.1 Introduction: 

When a colloidal particle is immersed in a salu,tion, 

electrica1 cha~ges will develop at the partic1e-water 

interface (16). The charge of these particles i5 most1y 

electronegative for raw coHoids (59). The origin of these --
charges is due to the dissociation of the ionizable groups 

of the colloid itself (16). By electrostatic attraction, 

these negatively charged colloids attract to their surface a 

stationary surrounding .layer of positive ions, referred to 

as the Stern layer (56) .""Surrounding this fixed layer is a 

moveable, di ffuse layer wherein the concentration of 

positive ions falls off as it extends ta the area of 

electroneutrality in the bulk of the suspending medium. This 

charged sys tem the surface of the colloid and the 

neut raI i"Zing counter ions - i5 called a" double layer" (59). 

The overall potential drop i8 known as the Nernst potential 

(56). The potential dr op i n t ha t pa r t of. the diffuse layer 

outside the plane of shear (i.e., the boundary 'between the .• 

water bound to the particle and the free w~ter in the' bulk 

of the solution) ;f( called the "Zeta potential" ( ZP) 

(16,56). ZP measurement 18 usually 'peJ!formed using a 

t echn~que bas ed on the electrokinetic phenomenon of 

e1ectrophoresis (16). The electrophoretVic mobility (EM) 

under an imposed D.C. voltage can be observed directly by 

m icr oser ope. TO convert this measured elect rophor etic 

mobility value to ZP in mV, the equations of 
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l, Helmholtz-SmoluchowSki, Henry and Debye-Huckel càn be 
t ' 

appl ied. These ar e al so conveniently gr aphed in the 

Zeta-Meter' manual (77). In the subsequ~nt discussion the 

words ZP and EM will be frequently used and i t should be 

n'oted that there is a definite relationship between ~se 
two parameters. 

2.2.2 Application of Zeta Potential to Coagulation Studies: 
{ 

Thomas Riddick (59) claims that ZP is one of the !mportant 
1 

factors affecting coagulation. Treweek and Morgan (69), 

however, indicate that ZP has little validity when using 

anionic or nonl~nic flocculants where bridging theory ia 
1 

operative. There is still a lot of controversy at what Zp 

optimum flocculation occurs. This review will cover cases of 

varying ZP values at optimum flocculation witb different 

types of suspensions. 

Many researchers reported that cationic polyrners are mainly 

responsible for large changes in ZP (6,8,31,40,59). Riddick 
4 

(59) has emphasized the need for charge neutral ization to 

obtain good floccu1ation. Black et al (6) showed that the ZP 

of the partic1es was reduced considerab1y by smaii addi tions 

of cationic polyrner. The authors .à1so reported that the 

changes in ZP with respect to po1yrner addi tion wer e 

extreme1y rapide Work of Gregory (31) on polys~yrene 1 

particles has i ndica ted that \\\ith cationic polymers, optimum 

flocculation occurred when the ZP ft the particles was 
., 

reduced to zero. The sarne conclusion has been reached by 

1.5 1 
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Teot (68) for suspensions of polystyrene latex and by Dixon 

(21) for bacteria. Zero ZP values also closely coincided 

wi th optimum polymer dose foc flocculation of soy bean oil 

coated with ernulsifiers of sodium salts of alkyl sulfates 

(27). Black and Vilaret (8), however, have reported that 

optimwn flocculation of a polystyrene suspension with a 

fairly low molecular weight cationic polymer occurred when 

the ZP of the part·icles was still highly negative. With 

sufficient polymer to give zero mobility the particies were 

completely restabilized. No explanation of this anomaly has 

been gi ven. 

Changes in flocculation characteristics with respect to ZP 

were also obs'erved in the case of inorganic colloi-d's such as 

silica, kaolinite, bentonite, montmorillonite clay, etc. 

Yeh and Ghosh (76) r ep:nted that for bentoni te, optimum 

flocculation occurred at close to zero ZP. Black et al (6) 

indicated that the maximum destabil ization of kaol ini te and 

montmorilloni te clay suspensions occurred when the EM' s of 

the clay particles wer e reduced to values wi thin the range 

of· -0,.7 to 0.0 and -0.3 to +0.7 microns/sec per volt/cm 

respectively. These authors were the first to 'report that 

maximum destabilization occurred even at positive EM but no 

reasons were given for, this behavior. Ockershausen and 

Peterman (50) noted that gthe optimum floeculation of 

suspensions of kaol ini te and montmorilloni te elays . wi th a 

cationic polyelecbrolyte at pH 7.6 occurs at ZP's of ~3l to 

-7mV. In the case of. silica suspensions, Kane et al (40) 

have indieated that the optimum floeculation at pH 6.8 with 
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a 'cationic polyelectrolyte occurred when the EM of the -suspended solids" were reduced to -0.65 microns/sec per, 

volt/cm • 

Considering aIL of the aoove authors' views, the conclusion 

must he drawn that the reduction in ZP or EM for optimum 

flocculation or maximum destabilization depends up::>n many 

factors su ch as the type of suspension, concentration of 
.-tI •• 

suspens;ion, lmpurltles, pH, type of p::>1ymer, etc. Zero ZP 

values do not always point to optimum flocculation 

condi tions. 

2.3 Suspensions used in Floccu1ation Studies: 

This section will briefly review the different types of 

suspensions 'as used by manv researchers for flocculation 

studies. 

2.3.1 Silica: 

Lindquist and Stratton (46) studied the flocculation of 

negati vely charged colloidal sil ica wi th polyethylenimine. 

They found that the extent of adsorption was not influenced 

by changes in MW, pH, or ionic strength at the concentration . 
r equi r ed for flocculation. At higher doses, aIL of these 

factors were significant. 
~ 

LaMer and . cowor ke'r s (45) 

investigated the destabiJ.ization of silica with polymers and 

introduced mathe~atical relationships to describe the 

observed destabilization phenomen~ for the silica' 
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suspensions. Dixon..et al (20) s tudied the effect of MW of 

cationic ~lymers on the flocculation and the ZP of 

crystalline sil ica. 
-'" 
11er (37) used colloïdal silica for 

flocculation studies and concluded that the amount of 

polymer required for optim\.Ul\ flocculation depends upon the 

particle~ize • 

2. 3. 2 Lat i ce s : 

The use of polys tyr ene 

\ 

latices in fundamental 
.J 
colloidal 

, . 
studies ls receiving considerable attention (8,31) owing to 

the highly spherical shape and uniforrn size of their 

particles. Habibian and O' Melia ( 33) studied the 

coagulation of latex particles with cationic polyrners and 

concluded that the optimum polymer dose was independent of 

MW above a minimum MW. The same conclusion was reached by 

Gregory (31) in hi s study of the effect of cationic polymeCl~ 
\J 

on latex particles. The author explained tnat optimum 

flocculation occurs when a certain posi tive charge has been 

adsorbed by the partlcles, i rrespecti ve of ~he length o.f the 

polymer chains carrying the charge. Latex spheres were also 

u,sed by Birkner (4), and Swift (66) with sodium chloride as 

coagulant to study the collision efficiency factor depending 

upon the type of flo~culation used (perikinetic or orthokine­

tic) •. Perikinetic i8 a process where interparticle con~cts 

~ 

are produced by Bfownian motion, whereas in orthokinetic, con­

tacts between particles are caused by fluid motion (mechanical). 

2.3. J Clay. 

Michaels (47) and Mortensen (49) have studied the chemical 

., 
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interactions and destabilization of kaolinite clays witU; 

sodium polyacrylate, partially hydro1yzed polyacry1amide and 
1 

polyacryloni trile. Pacter (52) studied the interaction 

of montmorillonite clays with éarboxymethylcel1ulose. 

Ockershausen and Peterman (50) used cationic polymer for the 

destabil ization of a montmorilloni te clay supension. Black 

et al {6} have evaluated the effectiveness and mode of 

action of very dilute aqueous solutions of a cationic 

pol ymer for the destabilization of dilute kaolinite and 

be ntoni te clay suspensions under controlled condi tions of 

pH, ionic strength, initial colloid concentration, and 

intensity and duration of solution agitation. Ruehrwein ànd 

Ward (61) have also studied the aggregation of kaolonite and 

montmorillonite clays with cationic polymers. 
( 

2. 3. 4 Ba ct e ria: 

The èedimentation of E.coli assi&ted by alum and 

polyacrylamides was studied by' Roberts et al (60). Treweek 

and Morgan (69) reported the successful flocculation ,of 

E. coli by polyethylenimine polymer. 'Dixon et al (20) used 

E.coli bacteria and Chlorella ellipsoidia algae to study the 
i 

measurement of the adsorption of labelled cationic polymers. 

Busch and 5 tumm (11) obtained flocculation curves for 

polyelectrolytes added to E.coli and A.~erOgenet similar to 

those for $i1ica or latex suspensions. Cohen et al (15) 

observed' good flocculation of Chlorella cells with cationic 

polyelectro1ytes and no flocculation was obtained with an 

anionic polymer. No reasons for this of type of phenomenon 
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were·reported by the authors. Tenneyet al (61) were ~ble to 

flocculate Chlorophyta with anionic and nonionic polymers.-
'\ 

2.4 Toxiei ty of Polyelectrolytes: 

l t has been assumed that aIl the added polymer in water and .. 
was tewater treatment, was enti rely adsorbed in the pr acess of 

floeculation. However, i t was found by Gehr (2~ that under 

normal plant operations significant amounts of polymer 

appear in the effluent. Toxici~ stud~es revealed that tJery 

low polymer concentrations were toxie, to fish (~l mg/Llo In 

this section, SOOle of the conclusions of different 
1tr 

researchers regarding the toxiei ty of polymers and their 

constitu~nt monomers will be reviewed. 

The U.S. Enviromnental Protection Agency (E.P.A.) 

emphasizes that the use of sane polyelectrolytes May present 

heal th hazards if used in drinking water treatment (30). 

According to studies by the World Health Organization 

J (W.H.O.), Gopper and Straub (29) state that toxicity risk 

was associated vi th monomers rather than with 

polyeleetrolytes. Croll and Simkins 
4 

(18) even stated that 

the polymers of acrylamides themself were non-toxie but that 

the monomer, acrylamide, has a high chronic toxici ty to rats 
( 

even at very low level s. In contras t, in the studies of Spraggs 

et al (64) using fish, ft was found that the monamer was 

always less toxie than its equivalent~lymer. However, they 
\ 

coneluèed that the acrylamide monomer was more toxic than 

the monomer of dimethyldiallyl ammonl\111 ehloride. 
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Biesînger et al (3) revieved studies of many researchers on 
, 

the toxici.ty of polyelectrolytes and concluded-that many 

catlonic polymers were acutely toxic to fish in concentra­

'tions of about 2 to 3 mg/L whereas the anionic polymers ver e 

relatively non-toxic. In their own studies they found out 

that cationic Polymers were toxic even at concentrations 

less than I mg/Le The same conclusion was reached in the 

Sp.raggs et al, fish avoidance studies (64). Packham (51) 

reports that the high MW polymers consisting of copolymer of 

90\ acrylamide vere not tOxic when f.ed to, rats and dogs. On 

the other hand, acrylamide monomers were highly,toxic! 

2.5 Measurement of polyelectrolyte Residuals: 

As discussed in section 2.4, polymer residuals, especially 

fran cationic pc;lymers, may be acutely toxic at low 

concent rations and therefore thei r detection is véry 

important. A mmber of methods have heen developed to 

detect these residual rlymerS but unfortunately there is no 

satisfactory. ,method\ 1 for determihing low residual 

concentrations of polyelectrolytes in treated vater or 

sewage effluents. In an at tempt to f ind a method of 

det;ermination that vould be applicable for research and 

field purposes, the author surveyed, the currentIy available 

methods. 'l'hi S Burvey will explain br iefly these different 

methods • 

.. 

Michaels and Morelos (48) developed a method to determine 
o 

polya cr yI lIIl ide by measur Ing the I ight absorbed by the 
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colloidally suspended complex formed by the reactions 

between diisobutylphenoxyethoxyethyl ' dimethylbenzylamrnoniwn 

chloride (Hyamine 1622) and hydrolyzed polyacrylamide, in 

ord~r to follow the concentration of polyacrylamide in 

solution during flocculation. This technique was refined by 

Crummett and Hummel (19) by keeping the pH of the solution 

at 8.0, specifying" the reaction tirne, hydrolyzing the sample 
.... 

with sodium hydroxide in polyethylene in a stearn bath and" 

removing interferences by ion-exchange. They claim that 
J 

reproducible results were obtained by this method and were able 

to measure 0.1 mg/L of polymer by concentrating the sample 

by distillation. Later, Wimberley and Jordan (~S) automated , 

and extended this rnethod ror all anionie polyelectrolytes 

and were a'ble to detect down to 5 mg/Le They eommented that 

the açcuracy of the rnethod depends largely up:>n the 

rnolecular weight of the polyrner. Crummett and Hummel (19) 

also presented another tedious Distillation-Nesslerization 

method for deterrnination of pë>lyaerylamides and weIe able to 

detect concentrations as low as 0.5 mg/Le Birkner and 

Edzwald (5) modif ied Burttshell' s spectrophotometric method 

for the detection of non-ionie pol ymer r esidual s. This 

method - i nvol ves the e~mplexation of ethylene oxide with 

phosphotungstic ~cid and the extraction of the cornplex into 

methlyethyl ketone. After drying, the tungsten po1ymer ls 

reduced with TiCll , complexed with dithio~, and extracted 

into CCI •• The eolored po1ymer-tungsten-dithiol eomp1ex 

exhi bi ts ,a maximum absorbance at , 
. 

625 nM. Croll (17) 

determined the aerylamide in polye1ectro1ytes by braninating 

the sample1 the dibromopropionamide obtained is extraeted 

22 

! , . 

j 
~ 

"" 



) 
wi th diethylether and the extract analyzed by 

G 
elect ron 

ca-ptur e gas chrcmotagraphy. Gopper (29) developed a 

semi-quantitative method to detect less'than 0.01 microgr'aJn 
. ,,< . 

of çation~c polyelectrolytes by concentrat~ng the sample by 

activated carbon, extracting by using chloroform as sol vent, 

and agai n concentrating in a flash evapor ator . The 

conce':1trated sample was analyzed by using Thin Layer 

(24) detect ed ani onic Chranatogr aphy. Fur usawa et al 

polyacrylamide using Gel Permeation ChrOOlatography with the 

addition of a salt (O.005M KCl) to the elutant. This gave 

rise to the elution behavior on accordance wi th the 

hydrodynamic volume concept of GPC separation. Tenney et al 

(67) were able to detect anionic and nonionic polymers in 

the range of 25 - 50 mg/L by using Chemical Oxygen Demand. 

In the tur bidi met ric method of J os eph and Fei tel son (39) the 

interaction of p::>lyelectrolytes of opposite charge yields 

strong association complexes which form pr eciI?i tates in aIl 

but the most dilute solutions. A plot of optical density 

against micro-equivalents of anionic polyelectrolyte added 

(i.e., the polyelectrolyte to he quantatively determined) 

per known amount)of protamine solution (i.e., a -cationic 

polyelectrolyte used as a reagent) yields a straight line. 

Using a prepared calibration curve, the concentration of an 

anionic polyelectrolyte solution can then be determined. 

The turbidimetric method i s usable over a wide pH range but 

is sensitive- to the aaded salt or buffer solution. MOdifylng 
... 

thi s charge neutral iZfltion techni~e, K awam ur a and TanaKa 

(41) developed a method where an unknow.n concentratiorf of 
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coll oC 
~ 

negative is made to react with a known excess 

amount of positive colloid, methyl glycol 'chi tosan (MGC) 1 

the opposi tely charged colloids react very nearly 

s toichiometrically and are neut raI ized. The remê\ining 

excess MGf is then back ti trated by potassium polyvinyl· 

alcohol sul fate {PVSAK) using toluidine blue as an 

indicator. If the structure of a ~lloidal electrolyte is 

known, the equi valent weight of the ~olecule "Il may be 

determined according to the number of charge-bearing 

functional gr oups. Wang and Sh.us ter (72) modi f ied thi s 

indirect titration method by using PVSAK as a standard 

anionic titrant for detecting the cationic polymers, and 

l, S-dimethyl-1, 5 diaza~ndecamethylene polymethobramide 

(DDPM) as a standard cationic ti~rant for detecting anionic 

polymers. In gener al, the above ti tration methods rneasur e 

the net charge of the colloidal matter. TsubOuchi et al 

(70) developed a two phase titration rnethod for detection of 

cationic surfactants in the concentration range of lO-4 to 
, <\ 

Thi s method involves mixing cationic sufactant, 

buffer solution, indicator, and 1,2 dichloroethane, and 

titrating with tetraphenyltxl'rate. The ion pair formed 

betwe~n the cationic surfactant and ti trant is extracted 

fran an aqueous phase (20 mL).# into the organic solvent (0.5 

1.5 mL). Col or change of the dich1oroethane ph~se 

indicates the end point of titration. 

Black et al (6) used li~id scintillation counting 

techniques and a liquid scintillation s~ctraneter for 

determining the residuals of Cl. labelled cationic polymers, 
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down to concentrations of 0.003 mg/Le Cationic polymer of 

concentrations greater than 5 mg/L were detected,by Tenney 

et al (67) using the Total Kje1dah& Nitrogen (TKN) method, 

but they reported that ther~ may be 1eakage of nitrogeneous 
dl 

compounds fram the algal suspension which they were usinq • 
.... 

, 
Packham (51) states that polymer conoentra~ions _greater 

than 5.0 mg/L can he detected by flocculation of standard 
" 

si1ver bramide sol, assuming that the polymer .has a critic~l 

coagulation concentration. He also states that pol ymer 
, 

concentrations as low as O. os mg/L can be detected by 

re1ating the polymer quantity to the effect of settling. rate 

or filtration rate of a standard 3% kaolin suspension. The 

disadvantaqe of the, above methods is that the 

r epr oducibil i ty of resul ts i s poor. 

Cationic polymer residuals were measured by Gehr and Henry 

(78) by measuring the ZP. They concluded that only when 

polymer residual was detected, .was the ZP reversed, 

and a positive value 

as 0.8 mglL of high l MW 

by this Methode 

measured. Concentrations as low 

cationic polymer were detected 

C 
por convenience, this section dea\ing with methods of 

detecting polyelectrolytes in aqueous solutions has bèen 

summarized and tabulated in table 2.1. The sensitivityand 

app1icability of each method are also tabulated. , 
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" .-- --T,ble Z.\' èÏummary ot ",tho4. tgr th. D,temin.tion of Poluhctrolytell ln Wattr 

Cplorimttriçl 
)uto-analrz.r,(Poly.l.etrolyte sampI. ? 
cltr.te+a r·+ Hyamine 1622) mix.d and 
twrbidity d.t.rmin.d at 420 pM in • 
8 .. tlowinl e.ll. 

Sp.ctrophotom.trlc' Complexltion ot 
PEO wlth pho.photungsti~ loidl extraction 

SENS ITIVITYI 
ACCURACX 

Oep'lil!;ls on the 
MW of the poly~ 
m.r aom.time. 
a1I low as 5 mg/L 
( :!,2.~) 

JO - 1)00 q/L 

ot the eomplex into methyl k.ton'I dri.d, Il 
R.duc.d with TiCl" eomplex.d with dithiol 
and extracted 'lnto CC14 , maximum absorbane. 
at 625 nM. -.. 
Distillation - N.ssl.rizationl Butfer + 
concentrate by boiling, 0001 ? sulfurie 
acid + he.tl cool + 400 mL d18t_i1lld 
•• ter -+ NaOH pelletsl d18tilll Nesel.r'. 
r •• ,eot, .bsorbaoe. at 425 ~ in a 10 cm 
c.ll. 
N.ph.lom.trici Sample hydr~.d with 
NaOK in polyethylene in a ,team bath 
and interrerene.s removed by ion-exchang •• 
Titrimetriel 
Polymer Sample -+ Toluidine Blue (indie.tor) 
-+ PVSAK (~itrant) for eationie or 
DDPM (titrant) for anionle. 
Sample + known amount of MGC (tor &pionie) 
or PVSAK (for oationie) 1 ·exc.ss titrate'" 
wlth MGC (for anionie) or PVSAK (for 
e.tionie) uSlng Toluidine Blue as indieator 
Sample + buffer solution + tetrabroMophenok 
pthalein ethylester indioator + 1,2 
diehl~roethane + tetraphylborate (titrant) 

Chromatographie 1 

Thin Layer Cbromatographyl Folymer adsorbed 
on to activated carhon; dried, extracted 
with chloroform, concentrated ln a rotating 
evaporator: detected by Ttc, 
Cas Chromatographyl Bromination of the 

sample; extraction with an oranie solvent 
and ~he extract analyzed by'electron 
capture GC. 
Extraction of ac~amide from polymers 
by shaklng them with methanol-water for 
24 hours and flame ionization Ge used 
tor analysis 

aPe using controll.d porosity glassi salt 
adel.d to the eluent ta inerease the elut10n 
U ... 

Miseellaneousi 
'rKN ' 

COD 

~14 l.belled + liquid scintillation 
oOllnter, 

S.ttlin< r.t. of .t .... ~ ••• ,in 
'I.lspension • 

F11 ttetion rat. ot .tandard J,C 
kaolin susp.nsion 

O.t.raination ot quantity ot e.-ple 
10 tlocculat. standard ailv.r 
bro.lde loI. 

0.,5 II1g/L 

0.1 Dlg/t 
( !5.0 }lg ) 

1.0 mg,!t 

1.0 mg/L 
#1 

less 'Shan 
0.01 microgram 

0.1 p.g/L 
( !"l~ ) 

0.4 mg/L 

0.5 q/L 

25-50 1IIIIL 

1-) Hg,!L 
( !~ ) 

0.05 mg/L 

0.05 ac/t 

,"ater than 
5.0 q/L ' 

APPLICABILI'l'Y AIID 
LIMITATIONS 

Anionie Polymers only. 
Respen.. ia not unitorm 
for a11 type. of polym'l;'II. 

Nonionic polyatr -
Spee1fle to PEO ooly 

Specifie for polyaeryla-
Illide •• T.dieue 

Specifie to poly.oryla-
mides, tftected by inter-
rer.ne'l. (NsCl, Kcl etc) 

Neax-ly all 

Nearlyall 

Catlonic pol,.. ri , 
lealtace 01' ni ~rog.neou. 
eon.'tl tu.nt. • 
Anionie and nonionj Il 
polyaera 
Sen.ltlvity d.pends upon 
th.t S'p.eir1e aotivlty ot 
the poly.era 1 mullt have 
t'ICed polyaer 

Wlmberley 
( 1971) 

Birlmer 
(1968) 

Crumol'tt 
e 1963) 

Cru=ett 
(196:}) 

Wang 
(1975 ) 

Kawamura 
( 1966) 

Tenn.y -
(1965) 

4' 
Tenney 
(196.5 ) 
Blacle 
(196.5 ) 

Univ.rsû, subJ'cted to Packhall 
intertn.nct. 1'roll ooagula. (1967) 
Une ap.cie. 

Univeraûl .ub '.ahel to 
int.rt'renc .. t'roa 
coaptlat1tl& .pecha 

Poor r*~duaibil1ty, 
aubJ.atd to inttrferancd 
rro. o'tll.r ooaaw.at1nc 
,pecl •• 

Paclcha. 
(1961) 
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CHAPTER 3 

Materials and Methods 

3.1 pH: The fi! was determined by means of a Corning 

Portable Digital pHl'I'ernp M~terff:4, Corning Science Products, 

Medf ield, MA 02052, USA. 

3. 2 TI<N: Total Kjeldahl Ni trogen (TRN) was determined 

according te Standard Methods (1). 

3. 3 COD: Chemical Oxygen Demand- (COD) was determined 

a ccordi ng te S tandar d Methods (1). 

3. ~ TOC: Total Organic Carbon (TOC) was determined usif1g a 
. , 

Beckman model 91S-A Total Organic Carbon Analyzer. 

3.4.1 Principle: The principle involved is as follows: 
'-

Total l norgani c Carbon (TIC): The samp1e i s passed through 

a glass tube at 150°C containing quartz chips wetted with 

85% phosphoric acid, and the liberated carbon dioxide i5 

measured by an Infrared Analyzer. 

Total Carbon (TC): The sample is oxidized at 950°C in a 

cer amic combus tion tube containi ng cobal t oxide deposi ted on . 

an inert igneous substrate and the carbon dioxide released 

ls measured by an Infrared Analyzer. '. 

Total Organic Carbon (TOC): TC - TIC , 

.27 
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3.$ Pol ymer Detection: The synthetic polymer detection 

method us ed was tha t pr oposed by Wang and S hus ter (72), wi th 
CJ 

r ef inements. The technique is based on the di rect 

neutralization reaction between cationic and anionic forms. 
\ 

It should be noted that thi s method basically measur es the 

charge on the colloid. Thi'S method seem s to be the mos t 

suitable and reliable method of aIL available methods. It is 

applicable to both cationic and anionic polymers. In the 

presen~~-study, as only cationic polymers were used, only the 

method used for the detection of cationic polymers will be 

descr ibed. 

3.5.1 Reagents: 

Toluidine ,Blue 0 ('!'BO) - l gm in 1. 0 liter. Obtainable 
fran Eastman Cat. N(i. C1756 

Polyvinylsulfuric acid - Stock solution 1. 6221 gm in 1. 0 liter. 
(PVSAK) Obtainable frcm Eastman Cat. NO.8587 

3.5.2 procedur e: 

i) Measure 50 mL of sample into a 250 mL Erlenmeyer flask"or 

300 mL be aker • 

ii) Add approximately 3 drops TBO solution and mix it by 

means of a magnetic stirrer. If the color i5 blue, the 

s ample contai ns cationic or no polyelect rolytes. 

iii) Titrate the blue colored sample with standard PVSAK 

solution by adding ~mall ëI1Iounts fran a micro-buret until 

the color of the sample turns light blue te bluish purple. A 
Q# 

, ........... -

, 
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dip-in-probe colorimeter (*) with 620 nM filter was used to 

precisely detect the color change. 

, 
ivl A blank sarnple is tested using the sarne procedure and-

sarnple readings are reduced by a blank correction to account 
.. 

for 
\ 

al background interferences in the solvent used and 

bl possible trace amounts of sarnple within the chemical 

reagents. 

v) A series of standards consisting of known dilutions of 
~ 

the polymer being tested provides the calibration curve. 

t 

vi) Determine the unknown concentration of the cationic 

polyelect rolyte in the sample f ran the cal ibr ation curve. 

(*) Brinkman Probe Colorimeter - 'Model pc/aoo 
Conditions used: 620 nM filter, 

2 cm probe tip 
7. 8v l amp vol tage 

29 
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3.6 Zeta Potential: The Zeta Potential (ZP) was measur ed .. 
using a zeta-Me~r manufactured by Zeta-Meter Inc., New 

York. 

3.6.1 Canponents: 

..... . 
Stereo mlcroscope wlth two illLnninators 
Electrophoresis cell 
Electrodes 
Control box 

3.6.2 Principle and Procedure: 

Zeta Potential measurements were made using a procedure 

JO 

called "microelectrophoresis". The sample is placed in an ~ 

electrophoresis-oell and observed under a microscope. As a 

D.C. voltage is appplied, if the particles are electrically 

charged, they move toward the opposi te electrode. Thei r 

velocity is relative to the ZP. Velocity is measured by, 

timing individual particles on a microscrope qrid. Twenty 
• 

collolds are tracked and the average time determined. 

Electophoretic Mobility (EM) i s calculated fran the 

conversion charts pr ovided by the manufactur er (77). 

EM values were used instead of ZP because the viscosity and 
", 

dielectric constant were not known for the sazâple •. 

( • 

" 

\ 
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1 3.7 Turbidity: Turbidity measurements were performed by 

means ~f a Turbidimeter, Model 2100-A ~actured by HACH 

(71). This :nstrument utilizes the~i9ht scattering" or 

nephelanetric prin,:,iple. !\y! 
3 • 8 Jar Tes ts : 

Jar Tests were performed using a commercially available 

six-position stirrer (Phipps and Bird, Inc., Richmond, Va). 

The j ars us ed were bas ed on those developed by Hudson and 

Wagner (36). These are square jars fabricated of acrylic 

plastic, with dimensions as shown in figure 3.1. These jars 

can operate with a maximum of 2.0 liters sample. 

3.8. l Rapid Mix and Flocculation: 
.r 

After the addition of p~determined quantities of polymer to 

the latex bead suspension samples, the samples were mixed at 

100 rpm for 20 min followed by a slow mixing at 15 rptt for 
-

20 min. A 20 min sedimentation period was empl.oyed to allow 
J; 

the particle aggr egates which were 

co~gulation- flocculation reaction to 

formed during 
1 
settle fran 

the 

the 

su~pension. After this, sample aliquots were removed fram 

the jar s at a level 100mm below the surf ace of the 1 iqu id 

for further analysis such as residual turbidity, ZP, 

particle size distribution, etc. 

. Ji 

< 
: 



1 

Figure 3.1 

Wot~r 10\'01. 

Two Liter Jar F~bricated fran Acryiic Plastic 
( 

(af ter Hudson & Wagner, 1981) 

3.9 Coating of G1asswar e: 
1 

A Prosil-28 coating was app1 ied to the surfaces of all 

glassware and equiplW!nt which came ,into contact with pure 

po1ymer solutions or Pol~er-1atex bead systems. 'l'his was 

necessary to pr event 10ss of 
1 

po1ymer due to ads9rption on 

the surfaces of the equipnent. Prosil-28 is a product of PCR 

Research Chemicals, Inc., Gainesville, Florida 32602. 
1 

-, . 
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3.10 Prepar ation of Polymer Stock 

Dry Polymers: 

Solutions in the Case of 

The f irJ3t step ir\ the use of a dry polymer is the 

preparation of a polymer stock solution. The practical 

maximum concentration for this solution lS limited to about 

1% because of high vi scosi t y, stirring capabilities etc. 

The equipment required for dissolving dry polymer usually 

consists of a wet-out device (coating individual particles 

with solvents like ethanol, methanol or isopropanol). The 

key to dissolution of a dry polymer is achieving an uniform 

wet-out of each polymer particle -followed by subsequent 
0, 

rapid dispersion. If uniform wet-out is not achieved, large 

gelled lumps of polymer will be formed, and these lumps are 

extre:nely difficult to dissolve. To wet-out the [X) l ymer , 

ethanol was used in this research • .. ' 

J 3.10.1 Procedure: 

i) l 9 of dry polymer powder was placed in a .dry bottle and 

5 mL of ethanol wer e added. It wu ensur ed that aIL 

particles were wet-out and dispersed. 

i i) 95 mL of di stilled water was added and shaken weIL and 

allowed to rest for at leut 6-8~ hours to ensure that aIL 

the particles were di~solved and a homogeneous l'. stock 

solution resulted. 

iii) ,,"urther dilutions were made fraD the stoc!k solution. 

JJ 
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3.11 Particle Size Distribution: 

'" Particle size distributions were measured using a Microtrac, 

7991 Particle Size Analyzer manufactured by Leeds and 

Northup, Largo, Fla, USA. This instrument can analyze the 

size of suspended pa~tic1es over the range of 1.9 to 176 

microns. 

3.11.1 Canponents: 

Laser 1 ight source 
S ample cell 

'Lenses 
Spatial Filter 1\, 

Sol id s tate detector 
Microcomputer digital data processing system 

3.11.2 principle: 

The ,analyzer utilizes the phenomenon of low angle 'forward 

scat ter ing 0t. l ight. In the' analyzer the sample i s 

transported across a co1tinuous laser beami particles in the 

sample scat ter l ight; th"e scattered l ight i s collected by a 

" lens, and focused on a solid state detector. The resulting 

detector output i s proportional to aelected functions of the 

particle diameter. These sequentiai signaIs are then 

processed by the microprocessor to provide measured and 

calcul ated val ues (53). 

l ' \ 
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3/12 Prepar àtion of Polys tyr ene Latex Suspensions: 

The method proposed by Goodwin et al (28) was used for the 

pr epar ation of monodi sj;>e r s e pol ys tyr ene latices. The 

procedure invo1ved is described below in detail. 

3.12.1 Reagents: 

Potassium' pe rsu1 fl!te crys tal s - Obt alnalbl e f ran Anachem la 
Chemical s L td. 

Styrene - Obtainable fran Fisher 

J5 

Scientific Company eat No 0-4507 

3 • 12. 2 P r oce dur e: 

AlI the J;Olymerization reactions were carried out in a 1. 0 

1 i ter round bottaned t hr ee- nec ke d f1ask. A typical 

preparation was carried out in the following'manner. 

a) 670 mL of disti11ed water was added to the flask and a , 
glass stt-rrer with a T-shaped blade was f itted to one 

inlet. 

b) A water-cooled reflux condenser was added to the second 

inlet and the f1ask was then immersed in a thermostat bath 

ini tially set at 70°C. 

c) The third inlet was connected to a nitrogen bubbler 

through which nitrogen was bubbled through the water in the 

reaction vessel to remove oXygen fram the system.~ 

d) 'l'he s tir rer wy adj us ted to 350 rpm and s tirred for 10 

. 

1 , 
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If 

... 

< 

min wibh nitrogen passing through the system. 

e) 73.0 9 of sfyrene was added through th.e inlet connected' 

to the condenser. The system was then left for 15.0 min to 
r r 

at tai n tempe r atur e equ il ibr i um and to satur ate the aqueous 

pha~e with styrene. 

f) The initiator, potassium persulfate, dissolved in 30 mL 

of distilled water, was added and washed in with a furtM" 

20 mL of distilled water. The reaction was allowed to 

continue for 24 hours. 

) 
g) At the end of the reaction time, the latex was decanted 

through a funnel packed with glass wool to \emove the 

unreëleted monomer and any ,?oagulum formed. 

h) The suspension was then di alyzed agai ns t di stilled water, 

using weIl ooi led D ialyze r Tubi ng\.. (Fisher Sei enti fie 

- " 

J6 

Canpany, Cat No 8-667E) , in order to remove sodium chloride, ( 

unr'eacted monomer, potassium sulfate and sulfuric acid 

formed in the reaction. The dialysate was changed every 24 

, 
• ,,' 
i 

1 

hours and the dialysis was considered to he complete when - J 
'1 

the conductance of the dialysate became close to that of ~ 

distilled water. The particle s~ze distribution was 

~xamined in a Carl Zei 55 TGX' 3 Particle S ize Analyzer. The 

Mean particle diameter obtained was 556 nH. with a 

coefficient of variation on Mean diarneter of 0.77%. Figure 

5.1 shows the particle size distribution obtained by this 

method. 
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3.13 Plocculation Studies with Latex Suspensions: 

In this section, the procedure developed by the author for 

the detection of low polymer concentrations by flocculation 

studies vi th p:>lys tyrene latex suspension will be explai ned. 

3.13.1" Prepa~ation of Calibration Curves: 

i) Choose various latex concentrations pol ymer . ' 

concentrations for a series' of experiments. 

i i) Follow the procedure for jar tests as descr ibed before 

in section 3.8. " ..f 

iii) MeaSure the residual turbiài'ty, and the EM of the 
j . 

samples taken at 100 mm fram the top of free water 1evel. 

-iv)~ Prepare the necessary graphs (for example, figures 4.1 & 

4.2) 

• 

Note: When the initial latex concentration is less than 100 

mg/L the pa has to be depressed to 3. O. The reason for this 

18 explained later in Cn.pter 4. 

.. 
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3.13.2 Detection of unknown concentration of po1ymer in a 

sample: 

i) Add the appropriate volwne of samples into different 

jars, dependinq urn the latex confentration. 

ii) Make up ~ifferent latex concentrations using a stocl,( 
f' 

latex suspension. (Recommended stock solution 1%) • .... 

iii) Follow the same procedure used previously for the 

Jar Tes ts. 

ü 

iv) Measure residual turbidity and EM. 

J8 

v) Take the results of the jar whose % turbidity remova1 is ., 

the maximum. 

vi) Ose the cal ibr ation curves to determine the 
• '1. 

concentration of the unknown polymer in the sample. 

The advantage of this method 
1 

1s that there are twd 

measur able appropriate parameters - residual turbidi ty and 

EK. The results obtained based on these two parameters are 

very similar (% difference wu not 9reater than .tIO'). 

Having two par~eters yieldinq the sarne results allows for 

conclus ions to be dr awn wi th gr eater éonf idence. 

-- 1 
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3.13.3 Alternative Method for the Detection of Unknowrt 

Polymer Concentrations; ) 

If the sample volume available ia small (less than 3000 mL) 

or if ther e i s a need to detect the unknown polymer 

concentration rapidly, the follO"iing procedure may be used: 

i) Take 500 or 250 mL samples in six different flasks. 

ii) Pipet different v~lll1les of latex stock solutron to 

make-up different ini tial sol ids concentrations. 

iii) Shake the samples vigorously for 60-120 seconds • 

. i v) Measur e the EM. 1 

v) Choose the sample whose EK is close to zero • 
• 

v 
vi) Prepar e the cal ibr ation curves as shown in f igur e A. 2 by 

using different latex concentrations and different known 

pol'ymer concentrations. 

vi i) Fran the cal ibr ation cur 'les, obtain the unknown polymer 

concentration ~n the sample. 

The reproducibility of results by the above methods ls good 
1 

(tIO') ,~nd the accuracy is about ±10%. This method is 
" ( 

especially suitable for polymer concentrations, less than 2.0 

mg/Le 
1 • 

'J; 

J 
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3.14 Acid/B1each Precipl taUon Met~od: 

.. 
po1ym'ers, especially polya'cryl am ide . copolYmers 

-

pr esent in a" 

_ sample, can be detect:ed by· the Acid/Bleach prec~pi tation 

Method (54). 

\. 

3.14.1 Reagents: 

i) Acid Solution - Glacial Acetic Acid (26.3mL) 
+ Dei.ani zed water (73,.7mL) 
+ Concentrated Hydroehloric acid (4.2mL) 

40 

ii)Bleqch Solution - Sodium HYPOchlorite, 1.3% availab1e chlorine 

3. 14. 2 P race dur e: t 

i) Add 2.5 mL (i.e., 5% of polymer sample volume) of acid 

sol'ution ta 50 mL of polym,er solution. 

" 

ii) Mix weIl and leave standing for one minute. 

iii) Mix 5% of pol Ymer sampI e volume)' of 
1 

. bleach solution over a two minute periode 

iv) After 10 minutes, turbi.dity of the solution la measuréd. 

v) A calibrat;.ion , curve is prepared with known p::>lymer 

so~utions, fran which unknown polymer cancentrations are 

ext rapolated •. 

., 
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, 
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3.14. J 

~I 

1> 

Ptinciple: - , 

t 

•. Çi-- .. 

The sodi \JIll hypochlor i te (bleach sOlution) ion! zes in watar 

as shown in equation<+),. Since hYPOchlorous acids are weak 
• 

acids, the equilibrium of this equation is mainly towards 

the right. "As a result there is a predominant 'atnount of 

hypochlorous acid in the salt solution. Chlorides are 

pr oduce'd by decomposi tian of thehypochlarous acid as shawn 

in e:;'tian(2). At low pH hypochlorous acid comb1nes with 

hal ides, gener ating halogens' as shown in equation (3) • The 

chlorine .... evol ved pr ecipi tates polyacrylamide o.copolymer~ 7' 

quantitatively, causing turbidity. 

( 

NaOCl + 'B20 - HOCl + oa- + Na+-' 
~~ 

• (1) 

( 2) 

{ 3) 
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3.15 PrepaFation of Ion Exchange Column: 

T'he ion exchange column was prepared as described below: 

i) Place a plug of glass wool jus t above the s top-cock of a 

50 mL buret. 

(", 
) 

i i) Sti r 10 mL resin (cation exchanger, ~Rexyn 101 (H) , 

manufactured by FiSher Scientific Canpany, Cat No. R-23l) in 

10 mL water in a beaker. 

iii) Transfer the 
// . 

wet reSln ta the bur et and place plug of 

glass wool on top of the resin • 

iv) Withdraw the water frou.... the column until the water level 

15 just above the top of the resin. 

J, 

• 

.-- . 
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CHAPTER 4 

Flocculat!on Studies 

4.1 Introduction: 

In thi s section, the effect of polymel1 dosage on the 

flocculation of a very narrow particle size distribution 

latex suspension will he discussed. The polymer used was a 

cornmercially available high MW cationic polymer - herein 

designated as polyrner A. Thi s polymer -was a co-polymer of 

acrylamide but the exact composition is not known because of 

trade secrecy. 

Initially, a short set of experiments was done with various 

polymers and polymer ~ was found to be more efficient-in 

terms of flocculation characteristics(Le. maximum turbidity 
~ 

cemoval). Bence, further research has been conducted with 

polymer A. The commonl y us ed Il Jar Test", laboratory 

procedure was used for aIl the flocculation studies. 

! 1 

4) 
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4.2 Resul ta and 0 iscussion: \.. 

It can be seen from figures 4.1 and 4.2, that dilu~e latex 

suspensions such as 10 mg/L can be successfully destabillzed r 
by bringing down the pH to ).0 by the addition of 6N Hel. 

Application of polymer A to the latex suspension formed .. 
floes that were robust during the mixing stage of the 

f1oeculation tests. However, these floes were not strong 

enough for adequate particle size distribution measurement 

with a Microtrac instrument. 

Figure 4.1 shows the resu1ts of f1occu1ation tests with 

polymer A at different latex suspension concentrations. As 

expected, the EM behavior of the p:>lys tyr ene partieles was 

markedlyaffected by the addition of entall quantities of 

polymer A. Typical mobility results are shawn in figure 4.2., 

Canparincp figures 4.1 and 4.2, it can be conc1~ that the 

cor r es po nde nce he t ween residual turb.idi ty and EH was 

excellent. Minimum residual turbidi ty corresponded ta zerO 

EM at different optiml.Dll dosages for di fferent latex 
. 

suspension . concentrations. This conclusion has been 

conf irmed using a constant latex 0 concrentration but wi th 

various polymer dosages, as can be seen in fiqure 4.3. 'l'he 

sarne conclusion has been reached by Gregory (31) for 

pol ys tyrene latices, Yeh and Ghosh (16) for bentoni te and by 
f 

lIany other researchers (31,68). 

Opt~mutll polymer dosage in thil repQrt il ~ef ined &$' that 

dosage which produces maximum destabilization of the latex 

sûspension (i .e . , min1mURl ,residual turb1di ty) • This 
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10" 5 1 5 
POL YIUR C ONC!N'1' ftA 'l'I Olt (-ciL) 

'POLu.t COIIC ... ,I. (tII1J.)' 

Lat" Cpnç.ntratioD (ac/L) 

D 10.0 
020.0 
• SO.O 
.100.0 

1lUU.' 
Polper A 
pH 1.6 

, 

•• 1aU .. 8blp htweft hl,..1' J:oaoeftb-atlon aft4 llectl'OPheret1e lID'llit,. 
t.1' Diff.rent Latex,Conéentratlan. 
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Table 4.1. Polymer Conçent~ation at Zero Ero for-... 
Differ!nt Latex Concentrations 

Latex Polymer 
Cone. Cone. 

(mg/L) (mg/L) 

10 )....0.17 

?O 0.19 
50 0.21 

100 0.51 
500 2.40 

1000 4.80 

I.'llll 

o 

1!i1u' 
Polyelr A 

J 

Lat .. Concentration J 
'0 IICI'L 

pH ).0 

t 

f 
1 , , 



phenomenon of miniDull\ residual turbidi ty at zero EH has been 
.. 

explained by Black et al (6). They claim that the decrease 

in EM is caused by a reduction of the surface potential.of 

the col loi d, owing to the adsorption of polycation 

molecules, and an interaction of pllymer molecules wi th the 

elect rical double layer. As a resul t of these inter actions, 

th\e gap between adj acent particles is reduced, and thus 

interparticle bridging by extended segments of' the adsolœd 

polymer Molecules is favored. 

,\ (1 
Figure 4.2 also ,show that there was a clear relationship bet-

ween polymer dosage and EM. It shows that the EM reaches a 

plateau value - the part of the curve where there was little 

change in the EM - wi th an increase in pol ymer .ponc~ntration 

beyond a certain value. Welday and Baumann (74) explain tha t 

this is because there ia no more interaction between the par-

ticle previoualy coated with polymer, and the additional polymer. 

At this stage, comparing figures 4.1 and 4.2, it can be seen 

that there was no appreciable decrease in the residual 

turbidi ty when the EM curve was at the plateau. This was 
• 

because restabilization was caused by overdosing. It was 

observed by electrophoresis studies that the restabil ization 

was beeause of charge reversaI. Thus i t can he concluded 

that these high r·esidual turbidi ty values denote that the 
Q 

systems have undergone destabillzation and the a99r egates 

formed were small enough not to settle out completely. These 

"amall flocs or a9gregates formecS were probably covered with . , 
too many polymer molecules, there~ possibly resulting in : 

i) a decrease in the n_ber of available br idge si tes, hence 

) 

( 



• 
-. decreasing the chances of Interparticle bridging (45). 

"-
ii) sterie hlnderance and electrostatic interactions between 

adsorbed polymer Dlolecules, as sugges ted by Heller and Pugh (35). 

\ 

Figures 4.4 and 4.5 show the effect of PI on EM and 

turbidity removal. It W8S found that It Is necessary to 

decrease the of the sus pension for effective 

floceulatlon, especially for suspensions of concentration 

leas than 100 mg/La It should be noted that there was no 

change in the ini Ual turbidi ty of the suspension wi th 

respect to change in pH. That ls one of the advantages of 

the latex suspensions - it is stable over a wide range of pH 

and also has a high turbidi ty value in NTU even at very low 

concentrations (10 - 50 mg/L) • 

~igure 4.4 shows the effect of pH on EM. As ~the pH was 

decreased from 7.6 to J.O, the EM was increased from -2.5 to 

-1.4 microns/sec per volt/cm. Figure 4.5 shows that the 

percentage turbidi ty removal at a pH of J. 2 was 88% whereas 

at a higher pH i. e., 7.6, t"'~percentage, turbidi ty removal 
t 

was nearly zerQ. One of the reassms for this phenomenon .. :.may 

be that by decreasing the pH, the negative surface charge is 

reduced, as can be seen in figure 4.4. The EM becornes Iess 

negative as pH increases from pH 3.0 to pH 7.6 and the width 

of the optimum .. floccula tion zone is increased.. In other words, 

the same percentage turbidity removal may be obtained at a , 
higher pH but at a very narrow optimum flocculation zone 

whlch' le difficul t to find an.d which has not been 

~xperimentally proven ~ by the author .. An 
." 

. al terna ti ve reason may be that the.; stable , 
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colloids might have been destabilized or rendered unstaple 

without any chang~ ln the turbldity values of the sample by 

lowerlng the pH ~ thereby enabllng flocculation of the 

suspended colloids. The effect of decrease in pH on the 

polyrner Itse~f ls assurned ta be minlmum as the flocculation 

aetivity of the polym~r at pH 7.6 for coneentrated latex 

suspensions (say 500 mg/L) was as good as ~t pH ).0. 
1 

Figure 4.6 shows that the kineties of· the polymer latex 

reaction were extremely rapide The same conclusion has been 

reached by Black et al (6) for Kaolinite clays. An 

51 

'-- interesting point is that no appreeiab'e ehange in perc~ntage .. 
turbidity removal was observed wlth one minute rapid mixing , 
time. But when the period of rapid mix was increased ta 20 

min, the percentage turbidity removal was inereased to 90%. 
1 4 

This implies that a certain amount of shear ls required to 

allow bridging ta oecur. La Mer (45) has also pointed out that 

the initial attachment of the polymer ta the surface of the 

partiele by a few segIl'!ents per, molecule is very fast. 

Inereasing the rapid mix~rs rearrangement of the 

polymer molecules on the par~icle surface so that more 

se~ents per molecule are attached to the surface of the 

partiele of 

Figure 407 shows the relationship between optimum polymer 
n;" 

dosage (mg/g) and initial latex concentration. It can be 

observed from figure 4.7 that, for optimum flocculation: , 

i) When the' initial latex concentration was Iess than 5o.b 
mg/L, the optimum pOlymer/latex weight ratio 

continuously for lower latex concentrations. 

increased 

• 

----

, , 
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if) When the initial latex concentration was gI.'eater than or 

equal to 50.0 mg/L. the 

constant at 5 mg/go 

POlymer/latex~t ratio remained 

The phenomenon of having differ~nt Ipolymer/latex weight 

ratios is thought to be purely kinetic. Supposing if inter­

partiele bridging is the mechanism involved in the floccula-

tion of latex suspension. then logically ~.one would expect 

concel'ltrated latex, suspensions to adsorb less polymer 0 pet 

unit weight of latex than when compared with dilute latex 

suspensions. This is simply because larger frequency of 

interparticle ~ollisio~ oceur in eoncentrated latex suspen­

sion and conaequently there Is a greater probability of 

interparticle bridging. When interparticle bridging occur~. 
~ ,\ 

one polymer molecul~ must occupy at least one adsorption 

53 

site on each particle surface that is being bridged (6). In 

dilute suspensions, whe're the probabili ty of interparticle 

colli~ions ia low, perhaps one polymer Molecule i8 attached 

to each adsorption . si te on the la tex particle ~~~9-" 
- ~~ / 

(each particle likely has more than one ~~ion~ ~) 
~ . 

giving rise te a larger weight 'r~~o~ polyme~ ~~~tex as 
/ / 

can be seen in f!gure 4.7. /// 

However in di lute suspensions, if the speed of the rapid~ix 
'\ . 

is increased, i~ would prebably give the same polymerjlatex 

ratio (5mg/g). The maximum speed of the jar test apparatus 

used in the laboratery ls 100 rpm. No further experiments 

could be done at higher speeds te check if tne above assumed 

phenomenon occurs or not. 
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It can 

latex 

,--- ---,---

be seen f"ron figute 4.8 tl'lat the lower 

concentration, the· smaller the maximum 
.' 

S4 

thtt i ni Ual 

degr ee of 

destabilization or the smaller the percentage turbidity removed 

at optimum polymer dose. 

4.4 Conclusions: 

i) At all latex concentrations, the SM of the particle·was. 

revet.sed by the polymer and approached a 1 imi tihg plsi Uve 

value for excess~ve polymer. 

ii) The amount of polymer in mg/L required to ~everse the 

sign of the EM wu dependent upon the mi tial latex 

cOllcentr at ion. 

f' \ 

\ \ 

iii) The polymer/latex weight ratio wu 5.0 mg/g when the 

inftial latex concentration was greater than or equal, to 50 

mg/Le But when the ini tial latex concentration was less than 

50 mg/L, the polymer/latex weight ratio incr eased 

conti nuously. 

Iv) For aIl the latex concentrations' ~nvestigated, optimum 
" 

destabilization occurre4 when the EM was around zero. 

v) Polymer/latex reactions were extremely rapid and a 

certain amount of shear ls ,required5for br!dglng to occur • 

• ~ 1 

. 
vi) A decr ... e in pB increàse~ the width of the optimum 

, . 
flocculation zone, and decr • .,ed the negat!ve surface charge . 

dens! ty. 
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Detection of Law Concentrations of Polymers 

5.1 Introduction: -

~n 'general, there la no satisfactory 

metrd in df:termining ver,Y low residual concent.rations of 

polyelectrolytes in treated waters except the one proposed . • 
by Wang and Shuster (72). In this 

metho& tried by the author 

polyelectrolyte 

addi tion, the 

concentrations will 

author's experiments 

chapter, the various 

in determining low 

be di scussed. In 

to determine low 

concentrations of cationic polymers by relating'the polymer 

dosage to the flocculation activi ty of latex suspensions 

will be examined. A latex suspension has been used because 
, 

it has ,following features: 

i) It"is highly sPher1cal in shape and t.he partiele size 

di stribution can he accur ately cont.rollèd wi t.hin a 

a very narrow range as can be seen in figure 5.1 

il) It is stableJover a wide range of pH. 
P"-

iii) The suspension Is available in both anionic . 

and cationic forms. 
~ 

1 v) It has good ag9regation pr operties and chalige developnent. 

v) Turbie!! ty in NTU even at '1ow suspension concent.rations 

is sufficient1y high ta permit aècurate measuranents. 
.', 
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Particle Size Distribution of Unreacted 
Polystyrene Latex Suspension 
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5.2 Detection of Low Concentrat~ons of Cat!onic Polymer by 

Various Methods. 
# 

5.2.1 Flocculati~n Studies with Latex Suspensions. 

é., It was noticed in Chapter 4 that there existed a defini te 

relationship between polymer concentration and various 

parameters such as initial latex concentration, EM. residual 

turbidity etc. Using these relationships, the author was 

able to detect polymer concentrations as low as 0.1 mg/L, 

which is tenfold Iess than the minimum detec~able level 

possible by the colloid titration method~ The procedure for 

preparation of calibration curves and detection of unknown 

polymer concentrations in a sample was e~plained in section 

58 

The use of this method for termining polymer concentrations 

has the following importan implications. 

i) It is very sensitive 

particularly for pol! 

2.0 mg/Le 

methods 

concentrat~iJ)ns l.8BB than 

ii) It provides insight into the behavior of the polymer 

with respect to its flocculation activity.' 

iii) It Is applicable ta unmodUied polymers (for example~ 

by Ct4 labelling) and to treated and pracess waters. 

Iv) Th~re are two measurable appropriate par.et-ers:­

residual turbidi ty and EN., 

v) The results obtained by this method show good 

correlation vith results'obtained by the oolloid 

. ti tration lIl!thod -(above l JIlg!L) • 

.. 
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1 
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explained in section 3.13. 

J' 
of tni's type of teS t i s On the other hand, the disadvantage 

that relatively large quantities of samples are required 

(12.0 L, typically), and the pr oc~ dur e i s al so t i me 

consuming. Therefore, if the available sample volume i s 

smaller and! or if the unknown polymer concentration needs to 

he determined more rapidly, the author has devised an 

al ter nate method for dete'ion of low polymer 

concentrations. As discussed before in section 4.2, the 

kinetics of polymer latex reactions 
... 
are extremely rapide 

Thus instead of performlng the entire flocculation study, 

Le., rapid mix, slow mix, settli-ng etc., the pol ymer 

concentration can be determined more rapidly by obtaining 
f. 

the variations in EM with respect to latex concentration. 

The procedure for the alternate .method was explained in 

section 3.13.4 

The above methods are especially sui table for detection of 

polymer concentrations less than 2.0 mg/L_o_ The 

reproducibilityof the results ._ ( ,...., ia very 

good and the accuracy i8 about flOt for conc~~rations up to 

0.2 mg/L and .t2S% for concentrations less than[ 0.2 mg/Le 

~~ 

5.2.2 COD and TOC: 

. " 

Chemical Oxygen Demand (COD) i s "onê of th~. "methods that "can 

be used for the -detection of cationic po~,yJÜers ° Tenney (67) .. ., 
-has \1sed thi s method to detect anionic ar.id non!onic".~'polymers 

-,~ \) 

4 fi • r 
" 
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and was able to detect fran 25 to 50 mg/Le The author has 

extended thi s method to high MW cationic polymers. The COD 

of the polymeÇ was measur ed by the oxidation method wi th 

potassium dichramate, and the procedure was the same as 

descr i be d in 5 tandard Methods (1). The sample us ed was 

Polymer A and dilutions were prepared fran 1% stock solution 

with distilled water. The sample volume used was 50 mL. 

The results obta1ned are shown in F>igur e 5.2. The 

reproducibilityof the results wu good and the accuracy was­

_±10%. As can be seen fran the graph, the lowest cationic 

p::>lymer that can be detected was 2.5 mg/Le The relationship 

between COD and polymer concentrati.on was 1 inear wi th a 

coefficient of regression of 0.98. (see figure 5.2) . lt 

should he noted that the disadvantage of this method with 

aIl solvents butodistilled water ls that the COD of the 

solvent is likely t-o mask the egD of 80y residual polymer. 

As di scussed pr eviously, the 
t 

colloid tltration method 

measures the overall charge on the polymer molecule. As the 

polymer breaks down, the charge on the polymer decreases. SA . . 

instead of using the titration method COD or TOC can be used 

to detect the polymer concentration as these methods do not 

take charge into coz(s'id~r atlon. But the di sadvantages of 

uS i n9 COD or TOÇ ar e: 

i) A blank i s always needed. 

ii) They cannot differentiate the charge on the polymers. 

60 
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c ii1) These 

polYzners. 

m~thods cannat distinguish between monomers and 

i v) Int erf er ences f ran other orqanics 1 can caus e backgr oond 
1 

values to be significantly h1gher than the poLymer 

cdncentration to he measured. 

() 
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Another method for 
.. 

measur.lng the organic matter present in 

water i s the Total Org~nie Carbon (iOC) test, whieh is 

èspecially appl icable to, small concentrations of soluble 

organie matter. The test is performed by injecting a known 

, l' qbantity of -Bample into a high temperature furnace. The 

organie earl}>l is oxidized to carbon dioxide ... in the presence 

of a eatalYst. The carbon dioxide that is produeed 15 

quantatively measured by means of an infrared analyzer. 

Figure 5.3 shows the results obtained by TOC for polymer A. 
\ 

As the polym-er used was wetted wi th ethanol in1 tially, the 

TOC of ethanol has to be de-t:rmined and subtraeted to 
, 

calculate the real organic carbon èOntent in the polymer 

sample. The minimum concentration that could be detected by 

"'"thi s method 
I"",} 

was appr oximately 10.0 mg/L, using the 

particular TOC apparatus available. 

6) 
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of polymer concentration) 
was calculated theore­
tiéally and subtracted 

Relationship Between Polymer Concentration and T.O.e 
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5.2.3 Concentration: 

j-

por (Jeterurtnrn-g-~ce ---.ounu-ot contaninancs pr esent -~- -- ~ ~--- ~ 

a~eous solutions, a typical first step is to concentrate 
. 

the trace, amount~ up to a point ~here they can be determined 

by the rellabl~ 'method available. Jolley (38) repÔrts that 

concentration methods can be divided into two basic 

categories: 

i) Concentration - those pr ocesses in which water i s ranoved 

and the dissolved substances are left behind. For example, 

vaculDtl di stil~ation. 

i i) Isolation - those pr ocesses il;\lo which organic subs tances 

are ranoved fran the water. For example, ion exchange. 

5.2.3.1 VaculDtl Distillation: 

This is also called an evaporation process, in which the 

liquld sample ls boiled at reduced pressure in a rotatory 

evapor'ator near anbient tanperature. A set-up as described 

in the Manufacturer's Manual (79) was used and can be see~ 

in -'- Figure 5,4. 

For all the experiments, 500 mL s~ple volumes of known 

polymer concentrations were evapqrated to 
Il:,; 
\~ 

approxlmately 80 

te 100 mL. The process used to concentrate the samples was a 

'$tandard procedure. To determine the polymer concentration 

in the samples, the colloid ti tration method (72) was used. 
( 

. , 
j 

, i 
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Figure 5.4. Set-up for Vacuwm Distillation Apparatu6 
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The r esui ts ar e shown in table "5 -1:. 

, 

l It can be seen fran the results that for the polymer.l..samples, 

of concent-tation gr eater than or equal t9 5 mg/L, the 

samples can be successfully concentrated and the percentage 
~ ... ~. 

recovery of po1ymer by evaporating the samples at 35°C was 

91-95%, whereas for 2 mg/L the' recovery was 35-44%. When , 

the ini tial polymer concentration of the 'samples was less 

than 2.0 mg/L, the' recovery was zero. The resu1ts also 

show that at elevated temperatures, the % recovery .of 

po1ymer in the evaporating flask decreased. It should be 

noted that no polymer was found in the receiving flask 

i ndicating that aIl the di ssolved substances were' 

concentrated in the evaporating flask. This implies that 

scxnething was happening to the pJlymer in the evaporating 

flaski it was possib1y breaking down into monomers or losing 
, 
ibS charge because of the elevated tempe! atur e. Th! s 

l>r.anpt ed fur ther exper iments to deterrnine the ef fect of 

ùmperatut e on di1ute and concentrated polymer solutions. 
~ ,. 

The ef fect of tempe Ii atur e on 'polymer sol ut ions will be 

discussed later in Chapter 1. 

o 

Previous researchers (19,29) have 'used vaculDII di stillati<Qn . 
+ 

for concentrat~ng very dilute po1ymer sampI es, which 

indicates that their results do not take the state of ,the 

pol ymer into' consideration, and aIl. the monamers were 

probably a1so taken as polyelectrolytes. r 
o 

... 
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'1'eble 5.1. corwenlrnf!li I2UÎit a Poll!IE 'olutiona 

'" ~ J'c~ua D~.tl11atlon 

-
Mo. ' A 8 C D • , ca B 

• j 

·iôo.o 1 1 60 160.0 ]]0.0 5.0 10.' 15.' U.O .,.... .l' l . 2 60 500.0' llO.O 38$.0 5.0 14:1 22.7 62.0 

] 50 5QO.0 80.0 413.0 $.0 21.5 31.1 0.0 

4 50 500.0 105.0 390.0 5.0 17.' 2] •• 75.0 
\ 

, 

5 ]5 500.0 150.0 145.0 5.0 LS.L 16.' tl.O . . 
li 35 500.0 160.0 332.0 5.0 14.' 15.6 .s.0 

V 
7 '0 500.0 140.0 353.0 2.0 0.0 7.1 0.0 

.. 60 500.0 135.0 311.0 2.0 0.0 7.4 0.0 

t 50 500.0 10.0 610.0 2.0 0.0 12.5 0.0 

10' 50 500.0 100. Ô "1.0 2.0 0.0 10.0 0.0 
." , 11 35 500.0 17.0 nO.8 2.0 5.2 U.9 35.0 

12 t!5 ~oa.o 12.0 UO.O 2.0 S •• 11.2 U.O 
i 

! 
1 

13 .60 500.0 100.0 )8S.0 1.0 O.q 5.0 0.0 ~ 

14 60 500.0 110.0 )]0.0 1.0 G.G J.1 0.0 
! ,'l. 

i 15 50 500.0 10.0 JU.O 1.0 ~.O 1.3 0.0 

f u' 50 500.0 120.0 175.0 l.~ 0.0 C. Z 0.0 
t 0 

t 17 lS 500.0 150.0 340.0 1.0 0.0 J.3 0.0 

(J 11 35 500.0 110.0 330.0 1.0 0.0 J.1 0.0 

i 
! 
b 

< - ------
l. 

J , 
IIRn 11*.11' •• b 'ttS$_ 



..... (.IU' 2$$ .2 .... '11.. "";<1.$11 _,. --.. __ '" ~ •• _M .. ... . 

c 

, ... 

, (J 
1 \ 
~ 
i 

r· 
l 
1 

. f' 

. . 
5.2.3.2 Ion Exchange: 

, 

,,1 

" ' -' .. . " 

'-

A"~ attempt was made to concentrate polymer ln solution by 
" 1 

the ion exehange method. Ion exchange 1.8 a process in which 

ions in the solution 'ar e exchanged . r eversibly by Ions 

cÇ)ntained in an insoluble resinous material. 
Il 

, 
1000 mL samples of 10 mg/L polymer concentration were l'Oued 

into different ion-exchange c.olumns and collected'at a ra~e 

of S to 7 ~min. The polymer concentration was detected by the 

• 'co~loid titration tnethod. It was found that' the cationic 
"", 
polymer was 8uecessfully exchanged onto the catiooic 

exchanger resin, but the problem was then to extract the 

polymer baek fran the resin. Different sol vents were used to 

elute the polymè{ fran the resin but they were unsuccessful. / 

As the' resin does no) 'have any ni trogeneous matter, TRN 

measur ements was " atttpted for the entire sample Cr esin + ,. 

exchanged pol ymer ) • However, as the concentration of 

organic,s in the resin were enormous, it was not possible to 

accurately f ind the ni trogen content by the TKN metl1od. . , 

5.2.4 Filtration:" 

An attempt was . made to concentrate the polymer on '0.45 

micron Millipore f'ilters. Known concentrations of polymer 

solu~ions ~ere vacuum filtered through 0.45 micron Millipore 

f t"lter paper (Cat ~o, IIAMP 047 PO). 'l'he non-f-iltrable matter 

on the filter paper)'waa extracted by immers!ng the filter 
, 

paper in O.lK NaCl'and stirring it for half an bour. The 

• 

, 
~ 

1 
1 

"r 
'CJ -f 

d 

1 
1 

- 1 
1 

" 
j 
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f 

, 

pol ymer concentration was detected by using the colloid 
l 

titration Methode The results obtained are tabulated in 

table 5.2. 

It can be seen fran the resul ts that when the ini tial 

polymer concentration of the solution was 5 mg/L or greater, 

the polymer was concentrated on the f ilter paper, even 

though i t was in a dissolved state. .. However, for solutions 

whose polymer concentration was less t'han or equal to 2.0 

mg/L, the polymer solution passed through the filt r. and 
. • î Cl 

appeared in the f.iltrà.te (the origi'nal polymer conce tration 

was dètected in the filtered sOlution). The reason for this . 
type of behàvior was probably that when t.he pGlymer 

concentration was equal to or greater than 5 mg/L, the 

polymer was retained on the filter paper' because the 

aggregated polymer chains were larger than the bO+e size of 

tHe f il ter (0.45 
l , 

microns) . 
f ' 

.. However; in the case 
1 

of 

sdiutions wi th"less than 2.0 mg/L polymer concentration~ the 

polymer chains ,are dj,spersed. This de~reased the chances of 

aggregation by) entanglement during the filtration process. 

It is precisély this low range of polymer cOncentration 

which is not retained on the f ilter paper that i8 of 

greatest·interest. Therefore, this method cannot be used to 

concelltrate the polymer solution.· 
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L~gend of Table 5.2 

1 

Al a Volume of polymer sample filtered (mL) 

Bl • Initial theoretical pol~er concentration .filtered (mg/L) 

Cl :II: Polymer concentration in fil trate (mg/L) 

Dl) :II: Final measured polymer concentration recovered fran 

the filter paper in a 50.0 mL 0>. lM NaCl solution (r«g/L) 

El :II: Theoretical final polymer concentration (mg/L) 

Fl :II: , r ecovery 

/ 

Tab~e 5 ~ 2- Results of Filtration Tests " .J') 
No. Al BI Cl 

, 
Dl "El Fl 

/---..,. 

1 200.0 10.0 0.0 15.8 20.0 79.0 
, , . 

2 200,0 10.0 0.0 16.6 20. a 83. a 
3 200. a 5.0 0.0 18.4 20. a 92. a 

1 

" 200. a 5 •. 0 0.0 17.6 2 O. o...;::;.. .. 88. 0 

5 200. a 2"!.0 2.0 0.0 . 8.0 0.0 

6 200.0 2.0 , 2.0 0.0 8.0 0.0 

7 ' 200.0 1.0 1.,0 0.0 4.0 0.0 

8 200.0 1.0 1. O· .. 
0.0 . . ~. 0 0.0. 

\ ' ... 
.\ 

-

\ 

\ 
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5.2.4 Acio/Bleaçh Precipi tation Method: -
, ~ 

, 
This method i~ves the quanti tative pr ec~pi taUon fran 

solution of polyà rylamide copolymers by chlorine evolved 

frait the reaction of odium hypochlorite with glacial acetic 

acid. 

Figure 5.5 shows the result~ obtained 

meth~. It shows that the ~fferenoe 
for Polymer A by thi s 

• 
in turbidity. eaused 

over a wide range of polymer concentrations (0.1 to 100 

mg/L) was very 1 ittlet (0.6 - L NTU). The interpr etàtion 

of unknown polymer concentrations this method would thus 
~ 

be very difficult because of the sm 1 change in turbidity 

wi th respect to polymer concentration., ~ 

• 

•• 1 

• • 

f ., • 'II , . 
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5.2. 5 Conclus ions: 

The expe r iments show 'that flocculation s tudi es with 

pol ys tyr ene l'atex suspensions i s an effective method for 

determination of unknown pol ymer concentrations in the range 
• 

of 0.1 to 2 mg/L with rersonable accuracy. The 

reproducibilityof results has been attributed mainly to the 

fact that an ideal suspension with very narrow !?article size 

distribution was obtained using polystyrene latices. 

Regarding other 

solutions: - . 

,., 
methods for measurenent of dilu1:e polymer 

i) Concentrating dilute polymer solutions by vacuum 
. 

di stillation leads to the br eakdown of the pol ymer • 

ii) Filtration of high molecular weight polymers through 

0.45 micron Millipo.r:e filter paper results in a high 

percent~ge loss of polymer at concentrations Iess than 2.0 

mg/L d,ue to passage of polymer through the fil ter. 

" iH) A turbidimetric method using acid/bleach precipitation 

was insensitive over the range of interest- (less than 100 
..... 

mg/L polymer concentration). ... 

• 
Tous only' the method involving flocculation of: a polystyrene 

, " 
suspension i8 a viable alternative to the colloid titration , . . 

method for measu~ing 'low concentrations (Ùe., less than 10 
1 

mg/L) of polyelectrolytes in procesa or tr~~ted waters. 
1 

-~--~-- - -- - ---~ ~---"<'\--
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CHAPTER 6 

Effects ~ Short "1'erm Storaqe on PolfI11er Sotutions 

6. l'Introduction: 

1." 

In this chapter'othe effects of storaqe on various dilutions 

of p:>lymer A will he studied. Different dilutions of 

polymer A were pre~rea fran the stock solution (which was 

prepared B hours before the dilut}<>ns) in a 1.0 liter 
. 

calibr ated flask. The samples were stored at a temperature 

75 

of SoC. At every 24 hours aliquots of these dilutions"'w~re 

taken and titrated after bringing the sample temperature to 

_roan temper~ure (28-32 oC). Another set of experiments ~-~ 

'-- also conducJed °bY' storing or aging the polymer samples a~ 
20°C. The colloid titration method developed by Wang and 

Shuste[' (72) was used as a ba.sis for determining the polymer , 

concentration to follow the ef fect 'of storage on the polymer 

solutions. In this thesis the words aging and storage will 

be used interchangeably. 

• 7r 

ri 



6. '2 Resulta and D i'Scuslion: 

c " 
Figures 6.1 and 6.2 ahow graphs of storage versu.s ranaining 

polymer concentration. Bach 
.. 

curve repr esents a different 
1 

dilution of Polymer A. It can be seen fran figures 6.1 and 
" 6.2 that as ·the solutions were Itored, the effective pol ymer 

concentration decreased for di1uted polyÎÙer solutions (Smg/L 

. and lOmg/L) and increased for concentrated samples (100 mg/L 

and 1000 mg/L). The ~na1 effective concentration after 5 

days of star age at SoC decreased by f,bout 10% for 10 mg/L 

original polymer~ilution and 30' for 5 mg/L. On the other 

hand, there was a 15' increase in the polymer -concentration 

after 5' days of storage for 100 and 1000 mg/L dilutions 

"' i 
stored at 5°C. When the samples were stored at 200 C, there 

1-

was a 14' and 36% decrease in po1ymer cOlncentration for 

Smg/L and 10 mg/L respecti~y. In the case of G.oncentrated 

sanples stor.d at "20°C, the results obta,ined were the same 
a ~ 

as that for concentrated a.np1es stored at 5°C 

It can also be seen that there was a rapid decrease or 
..-. 

incr.ease of po~ymer concentration, in the f irs t two days and 

that subsequently' the polymer concentration remained --... 
virtually steady. The changes i~ effective concentration of 

polymer wit~ r~pect ta storage can poSSibl~ be explained by 

the, rnechani ~ of 8Jltanglement formation ~r Ing original 

polymer growth. The y-otion of "entB:nglement" can be better 

understood from figure 7.4. Aeeording to Chinal and 'Schnei­

der (14) the chain entanglement~ are a funetion of size- and 
/ . 

the number of mole9u1es in a solution, henee the moleculàr 

welght and concentration of the dissolved polymer are important 

76 
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f actor-s • They also stated that as the molecula~ weight 

increas es, there is an increasing pr obabil i ty of a large 
~ 

nwnber of entangl~ents for the length of the chai n. In 
.. 

addi tion, as the concentration i ncr eases, the number of 

.chains in a given vol urne incr eases and the chances become 

gr eater for molecules to become entangled in loops of other 

molecules. The degree of entanglement in the concentrated 

solution is larger than for dilute solutions. This statement , 

has been demonstrated by passing different dilutions of 
c~ 

polymer through 0.45 micron Millipore filter papers. As can 

be seen frcm .the results· in table 5.2, the polymer can be 

concentrated on the filter paper for pol ymer dilutions 

greater than or equal to 5 mg/L, whereas when the 

concent ration was less than 2 mg/L, i t passed through the 

f il ter paper. Thi s was thought to be mai nly be,caus e of the 

aggr egation of lQQps aS the degree of entanglement became 
. .. 

larger ln concentratt\d samples. 

Originally, during the preparation of dilutions of stock 

solution, water Molecules diffuse into the polymer chains 

and separate them. One of the factors that may affect this 

separation is the degree of entanglement. (Other factors 

that May influence this separation may be bond en18rgy, 

chemical forces etc. As the exact composition of the polymer 

sample i s not known, these factors will not be discussed in 
Ci.. 

th! s thesi s) . In the case of concentrated pol ymer 

solutions, as the nl.Dllber of polymer chaina in a given volume 

are gr eater, the free end of the molecule can more easily 

ul)dergo reo-entanglement with a nearby molecule. Bowever a~i 
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if 1 •• 

'olt 

the sol vent (water) co'ncentrAltion i s incr eas ed, the chances 
'~::' 

for re-entanglement are decreased and the chan€;es for 

disentanglement increased. In the case of dilute.solutions, 

the polyrner bhain that has succeeded in freeing itself fram ~ 
'" 

entanglernent can move into the sol vent wi thout bec~ming 

entangled wi th another molecule. In addi tion, the chances 

for br eakdown are increased. Thus for dilute solutions, the 

polymer concentration decreases. For example, considering 

figure 1.1, when the polymer is dissolved in water, a 

----po-sitive charge is localized at the nitrogen atans along the 

chain. One qf the possible mechani sms of losing thi s cha,rge 
} 

ls by formation of a covarent oond between N and CH or by 

opening of the ring by breakdown. ot the molecule. The 

chances of this occurring in dilute s6lutions ls greater as 

the polymer chains are more widely dispersed 

fram entanglements. (It sho~ld be noted that 

ti tration method measur es the charge on the 

thi S stage of research, i t i s no-t possible 

def ini te conclusions about the reasons for the 

and also free 

the colloid 

colloid). At 

to draw any 

increaae or 

decrease in 1ffective polymer concentration. Fur ther 

lnves tigation using nuclear magnetic resonance, liquid 

chranatography, etc., are needed to determine the structure, 
1 

compositîon, etc. This type of investiga.tion would enable 

'one to draw conclusions such as whether the pol)'D'er loses' 
1 

1ts charge by breakdown of a Molecule, -by rearr.~gement of 
-

the atons in a Molecule, etc. 

Fran figures 6.1 and 6.2, i t ean be concluded that 1::ime is 

the important fact~r in achi~vin9 an equlllbrium betweenJ 

• r 

1 , 
• 1 

1 
f 
r 
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. 
entanglement and di'sentanglement. Once "the equ~libriUlll is 

reached, i.e., af ter 2 days, the concentration remains 

vi rtually cons tant (for 3-5 days). No attempt has been made 

to extend this experiment over a 10n9 peri~d suoh as 30 to 

qO day.è. A pr edict ion fOl- long term stor age i s that the 

dilute polym'er solutions would probably breakdOwn further if 

stored at roan tenperature, whereas in the 

-concentrated samples no change would be observed. 
, ,J 

.. 

\ 

~--------------------- ----_._ .. _-~ .. -
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6.3 Conclusion: , 

.. 

The effect of storage on {X>lymer~solutions varied with 
1 

respect to colncentration of pol ymer . In the case of dilute 
j 

polymer solutions, the concentration de cr eas ed in the of irs t 

-iwo days and remained steady later. For concentrated {X>lymer 
, -
solutions the, concentration increased in the first two days 

and r emai ned s teady lat er • Thi s phenomenon . has been 
,.. 

attributed to the 'fact that time, in thé order of a few 

days,,' is required to aCQieve an equil ibr,ium between 

entanglement and dlsentanglemel'lt processes. 

-

The effect of short-term 
" 

, -. . 
storage l,s an importan,t 

considex ation, because pol ymer solutions are frequently 

prepared . in advance of app~ ication'. In addi tion, pol ymer . ~ 

sorutions may be stored at an elevated tenperature in order 

to reduce the viscosity for ease of application. The effect 

on polyme' solutions of temperature alane ls presented in 

the following chapter. 

. " 

Flocculation studies with polymer solutions stored at 
/' 

(elevated temperotures for 3 days were conducted and will be 
, <J' 

pr es en t ed in C ha pt et 8 • .. 
, 

• 
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CHAPTER 7 

Effect,s of TE!ID-perature on POlYJl!er Solutions 

7.1 rrttroduction: 

t 

In this chapter, the effect ' of temperature on the pjlymer 
'1 

breakdown 

discussed. 

and i ts de cr ease in 
• 0) 

molecular, charge will be 
) 

~ 

A \ series of experiments was conducted with temperature, 

i 

ti:al concentration of pol ymer , and time as variables. The 

# " rimental set-up can be seen in Figure 7.1. For all 

r iments, 200mL of polymer samples wer e taken' in SÔO mL 

flasks, connected to reflux çondensers, and 
Jo 

to the required temperatur~ for a required time by 

tHem in a cons taht tenper atur e watec bafh. Samples 

of lpolymer solutions were taken every ho ur. and measured for -
~lrer concentra~ion~by using the colloid ti tration method 

(72
1
), All the s amples wer e ti trated at roan temper Atur e 
1 

(28-32oc). All polymer dilutions were prepared fran the 

stock polymer solution which was prepared 8-10 hOlK"s before 

th~ experiments • 
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Resul te and 0 iscussion: 

/ . 
Typical data for the pol ymer concentration changes that 

o 
occurred',with respect to temperature and time are given in 

figures· 7.2 and 7.3. Each lil1e represents a different 

témper atur e. , 

• 
In this discussion..!.., the decr.ease in the apparent chafge. 

density or 'effective polymer concentration as measured by 

~he colloid titration method will be aSsumed to be 
, 

pr opor tional to the br eakdown of the pollymer. It i s al so .. 
assumed that the degradation during the first ho ur is 

li:near~ Two processes appear to be .Qccurring, which give a ' 

rapid stage and a slow stage in the degradation of 'polymer A 

in water. It can also·be seen fran the figures, that the 

rate constant of-degradation (K) decreased as the polyrner 

con~entr~tion was increased, i.e., degradation is inversely 

," propor'tional to its concentration. Th~ ~ffect of temperature 

was minimal when the polymer èoncentration was greater than 
,( 

1000 mg/Le 

One of the reasons postulated for the high degr adation rate 
" r~ 
. :fn the case of dilute polymer solutions is that t'he polymer 

chains ar e more di spersed when compared wi th concen~rated 

p:>lymer solutllons. This facilitates tpe disentanglement of 

the mol ecules fran the aggr egate ther~ incr easing the 

degr adation rate cons tant when the polymer conce'n't ration was 

decreased. In other words., in the case of dilute polymer 

solutions, the ends of the polymer chains were free because 

__ ._ .J----..~_ .. ""_"_, __ _ 
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of reduced ~ crowding, thereby facilitating the breakdown of 

the polymer chain with any change in the equilibrium, cauSèd. " 

by' tenperature increments. The reason for the occurrence of 

rapid and slow s tagés i s thought to be as follows: 

tg 

• O· 

A dertain amount of time is required for rearrangement of 

the polymer chains to rêach an equilibriwn which was 

disturbed by the temperature increments. As can be seen in 

~igure 7.4, assuming the original arrangement of the chalLns 
, 'h -

f igur e 7. 4 (a) • When 
"" 

at the room tempera~ure i5 as 'shown in 
.. 

the temperature is increased (say to 40 o-€) the arrangement ,---

migqt be as in .figure 7.4(b) for the first hour, thereby 
.-' 

~posin9 more ends of the {X) 1 ymer chains, in turn 

facilitating breakdown. The arrangement of chains is assumed 

to have reached an equilibrium after the first hour and may 

be as in f igur e 7.4 (c). It then r enai ns the sante at tha t 

" t en pe rat ur e • l t should be noted that the degr ee of 

re-ent"anglement. also depends upon the concent ration .. of the 
.' 

S 01 ut; ion·. BY.,comparing figures 7.4(b) and 7.4(c) the nurnber 

of exposed ends decrease in figure 7.4(c) and therefore. the 

breakdown (or degradation) rate decreaaes; this is called . 
"the slow stage". Thé" degradation rate constants depend upon 

the t E!Il pe rat ur e . 5 il be r be r 9 et al (62) mai ntai n tha t 

intermolecular hydrogen ~ would be expected ta providè a 
, . 

barrier agains~ dilsaggregation. Their study in dilut e 

polya cr ylam ide 

deer eas es wi th 

of . the r eas ons 

dependent. 

solutions 

an increase 

why qtthe 

-\ 

suggests that ~hydrogen bonding 

in temperature. Thi s might be one 
.J 

degradation rate is temperature 
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It shoule:! be noted that the repr oduci bil i ty of these resu1 ts 

w~ relatively poor and that 

K1 ~nd - l( 2 ~ays - change 

the degr adation rate cons tants 

(±20\) 'with 

experiment..- Thi 8 i8 mair~y because of the 

the arrangement of the polymer chains. 

repeti tion of 

uncer t ai ni ty of 

Figures 7.5, 7.6 -and 7.7 show a compat~son of the effect ~of 

temperature o~fresh and stored polymer8. No deflnite 
" ~ 

conclusions can be drawn because of the poor -reprodocibility 
u , 

of the r esuI ts. 

Tab1 e 7. 1·'shows the resu1 tl; in f igur es 70,1' and 7.2 in 
~ 

e~ation forme Linear regr ession analysis was done using a' .. 
SAS computer package. The equations obtained satisfy the 

reaul ts under a conf ~dence inter val of 95%. 
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Tab1è. 7.1: Appropriate Equations for Preheated Po1ymers for the .-
~ . j 

Calculation of Polymer Concentration Rem ai ni ng' in a Samp1ei 

" 

Ini tial 
Pol~~r 
Concen t ration 
(mg(L) 

5.0 

10.0 

100.0 

1000.0 

Notes: 

Time 
(XJ2) ,. 

(hour s) 

~1.0 

>'1. 0 

~1.0 

>1. 0 

~1.0 

>1. 0 

~l.O 

>1. 0 

tf 

Appr opr iate 
Equa tion 

Y (5.0) =14.785,-0.087 (Xl) -5.1 (X2) 

y (5. 0) =!' l 5. 018:"0 • 1 7 9 ( Xl) - 0 • 4 0 8 ( X 2) 

y ~10. 0) =7. 062-0.0375 (Xl) - ... ;L. 675 (X2) 

-y (la. 0) =7.733-0.0765 (Xl) -O. 240(X2) 

y (1 0 0) = 1 2 8. 32 5 -0 • 051 5 ( Xl) - 15. 2 50! x 2 ) 

Y (100) =169'. 40-1. 455(X1} -4. 30(X2) 

y (1000) =1077.0-1. 40(Xl) -:3 O. 0(X2) 

y (1000) =1169.75-3. 45(Xl) -7. 56(X2) 

These equations are applicable to Polymer A only. 

Xl = Temperature to which polymer solution ts 
subjected (oC) 

X2 :l Length of time the polymer solution is subjected 
to any temperature (hours) 

y (C)r:Concentration of polymer remaining in a preheated 
s,ample of ini tia1 polymer concentration 1 CI (mg/L) 

• 

R-Square 

0.865 

0.860 

0.831 

0.986 

O. 73 Ji' 

0.950 

0.606 

0.826 

~ 

; 

1 
l 

1 

1 
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7. 3 Conclusion: 

~ 
The effect of ele.vated temperatüres (40-70 oC) on pol ymer 

solutions is a r apid, followed by a slow, stage of 
(. -~"v' 

deg~ adation. The effect is mini mal for eoncentrat.ed pol ymer 

sol utions r>l.oqo mg/L) , and . degr adation is inver sely 

proportional' ta the concentration af the 'polyrner. The 

occur r ence . of the r apid and sI aw stages i 5 thought ta be 

mainly because of the disturbance in the equilibrium of the 

polymer chain arrangements due ta the temperature increases. 

The race of degr adation depends di rectly on the temperatur e. 

l 

The r esul ts'" of flocculation s tudi es wi th FOI ymers subj ect ed 
. 

to elevated temperatures are presented in the following 

chapter. 
" 
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CHJ\PTER 8 

EFFECT OF STORED AND PREHEATED POL YMEt\S ON THE 

, 
FLOCCULATION ACT IVITY 

8.1 Introduction: 

'IJ 

This chapter descriiJes the effectiveness of stored and 

preheated polymer solutions on the flocculation activity of 

polystyrene latex suspens,ion. The purpose of this study is 

to dernonstrate pr~ctically the effects of storage and 

preheating of lPlymers. 

Jar Tests were use! tq check the effect of stored and 

pr eheated polymer solutions. In the cas e of stor ed 

polymers, the "'PJlymer was stored for tl1ree days at 5 oC. 

Preheated polymers wer e pr epared in the same way as 

descr i bed in Chapt ér , 7. The soljJtl.'Ons wer e , br ought to room 

tE!l\per atur e (28-) 2oC) bef or e being ~sed in Jar Tes \:ing. 
" 

The procedure used for the Jar Tests is described in 
1 

section.3. ~:~ In order not to have to dilute the polymer 

s~ple many times, thê concentration of the polystyrene 

latex suspension used was 500 rng/L for all exper iments. \ . 

In all cases, "theoretical polymer concentration" W'ill be 
\ 

the concentration of polymer initially pr epar\ed (~s a knl>wn 

rnass 

wili 

:::, 

to volume ratïo) and "actual ?Jlymer concentration" 

15 measured ,Cafter heating or 
k 

be the concentration 
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stor age} by the colloid titration Methode 
" 'At 

\ 
8.2 Resul ts and Discussion: 

F igur e 8.1 shows the effect of fresh and s tored polymer 

solutions on the flocculation activityof the polystyrene 

latex suspension. For the fresh p::>lymer, maximum 

destabilization (optimum flocculation) occurred at 2.0 mg/L 

polymer concentration, whereas in the case of stored 

polymer, the ,?ptimum flocculation dose incr eased to 2.5 
. 

mg/Le Fig'ure 8.2 shows the relationshi~ between pol ymer 

concentration and EM s tored polymer. Mor e 

polymer was thus also required zero EM in the 

case of stored polymer (2.5 m VL, compared with 2.2 mg/L). 

Figur es 8.3,8.4,8.5 & 8.6 show the effects of pr eheated 

polymers on the flocculation activi ty. Curve A in figure 8.3 

was obtained by using a polymer solution which was not 
'. 

subjected to any ten'perature variations. Curves B & C were 

obtained by using polymer solutions . . 
a temperature of 40 Oc for one 

respectively. It can be seen fran 

op,tiomum flocculation oocurred at 

which were subjected ~o 

ho ur an d four hOJJr s 
J 

the f igur e 8.3 that the 1-.,) 

a theoretical. polymer 

concentration of 2.0 mg/L for curve A. But in the case Qf 

curves B' & C, itoccurred at 2.5 and 3.5 mg/L theoreticai 

pol ymer concentrations respecti vely. In aIl the cases 

restabilizati-on occurred above the optimum tlOlymer dosage. 
.", 
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Notes, 
Latex Concent~ation ~ "SOOlmg/L ~ 
Initial Polymer Concentrat~n 

- 10 mg1L 
Al - Control ~ 

~-Bl - Polymer subjected to a 
temperature of 70°C for 
one hour 

Cl Polymer sUbjectèd to a 
temperature of 70°C for 
four hours 

, All flocculation tests were 
performed at room temgerature 

" (28°- )2 C) , 

Bl 

1 2 J 4 S 6 
THEORETICAL POLYMER CONCENTRATION (mg/L) 

Figure 8. S. Plocculation Ability ot Preheated Polymers (7 oCe) 
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Figure, 8.4 shows the effect of preheated polym~rs on the EM. 

It can be seen that a theoretIcal polym~r concenêration of 

'- 2.4 mg/L, yielded zero EM on curve A. In the case 0f curves 

----- B &, C, (1 and 4 hour storage respectively! at 400 C) zero EM 

• 

:'1 

was obtained at 2.8 an~ 3.2 mg/L theoretical polymer 

concehtrations respectively. Thus more polymer was required 

in the case of preheated polymer solutions for optimum 

flocculation to occur and also to bring the EM to zero. 
')l 

.. 
Figur~s 8.5 & 8.6 are similar ta figures 8.3 & 8.4, but t~e 

polymer solutions were subjected to 70 Oc instead of 40°C. 
'\0 

Figure 8.5 shows that at a theoretical polymer concentration 

Of\2.0 

an~ 1700 

mg/L, the residual ~ turbidi ties çorrf!spdnded to 900 

NTU .for curves B1 &. Cl respectively. Above 2.0 

mg/L, the residual" turbidity continued to decrease for 

curves BI & Cl, but ingeased for curve Al, imp1ying that 

restabilization occurred in the case of curve A~. At' a 
1:4. 

concer\t ration of 6. 0 mg/L, r es idual tur bidi ti es corr es po nded 

to 55 and 380 NTU for curves BI & Cl respectively. No 
, l 

e:'Perïments were ~onducted higher than 6.0 mc;1/L theoretical 

-po~ymer concentration to obtain the optimum polymer dose (or 

low'est turbidi ty) in the case of curves BI & Cl, because of, 

" the pr actical di ff icul ty of mai ntai ni ng 'the latex 

concentration constant. (It was demons trated pr eviously 

that ,the actual polymer concentration decreases tin -thé case 

of pr eheated polymers. Hence in' order not t,o decrease the 
. 

actual polymer concentration still further by dilution, a 

morè concentrated latex suspension has to be pipetted to 

l make ... up a constant latex solids concentration. H~ever, when 

104 
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1 • 
j 

l 

" working wi th latex éoncentrations gr eater ~han U, ther e 

will be a loss of. sol Ids by Adhesion of latex particles to 
, 

the walls of the pipette. Hence It 19 diff.icult at this 

level to mai ntain the sol Ids or latex concentration 
Q 

constant. It should be noted that the r esul ts would' be 

meaningless if the latex concentration is not maintained the ., 
'same for aIl the ~xperiments.) Curves Bl and Cl in figure 

b 

8.6 show that at a cbncentration of 6. 0 mg/~'I an EM of zer 0 

was still not att,ained. 

The decreased effectiveness of stored and preheated polymers 

as a flocculant could be d,ue to the decreas~ in charge of 

the polymer, scission of weak links, or t'he disappear'aI)ce of 

aggregates _ AlI of the above cases in one way or another 

decrease the sweepi~ vcHume of polymer coils., (Sweeping 

voltnne is the volume traced by the tips of the chains if the 

chain spins ,about its centre point in thre~ dimensions) _,The 
~ 

strength of a polymer.ic br idge between tw6 particles depends 

upon the number and average ,strengt_h of the' polymer-surface 

bonds that are formed at the 'weaker end,'of the bridge. For • 
the s tronges t br idge, a p:>~ymer co!: 1 'w6uld have to be 

adsorbed, so that the maximum p:>ssible ratio of i ts 1 

functional ,gr oups are bonded to the -surface and so that 

ther e i s an equal shar i ng of the bonding between the two 

particles _ 

• 
A high sweeping volume of the polymer coils increases t,he 

, 

probability of inunediate interparticle '~dsorption that Is 

necessary for the formation of a strong bridge. If the 
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" 

';: 

If' 

polymer molecule has ,the opportunity of predo~~antly 

~nding :to one particle in a compres~ coiled conformation, 

i twill be able to ~come only weakly a ttached to a second 

particle. A decreas,e in the 'sweeping volume of the polymer 

c'oil s will decrease the probability of interparficle 
. 

adsorption. The polymer molecule will have time, to coil out 
" 

to a single partièle and a weaker' bridge results. If such i5 

the case ~or floccula~ will result. 
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8.3 Conclusions: .' 
\, 

• 
polymer concentration the measur ed The decre~e in that 

occurred wi\h dilute polymer solutions during short term 

storage and due to the effect of. temperat-ûre, was paralleled 

by . a decrease in the effeotiveness of the p:>lymer in 

prCinoting, the flocculation of a polys tyr ene latex 

suspension., Thi s decr ease in the fl~culation acti vi ty i s 

attributed to a weakening of the interparticle brid'ging by a , , 
- change fran a strong adsorption of the bridging polymer· 

between two particles to a stron~ ads orpt ion of the bridging 

pol ymer to one particle but weak adsorption of the br idging 

,pol ymer to ~he other particle. 

~ 
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CHAPTER 9 
" 

\. 
Summary, Practical Implications, and·Future Research 

! 
9.1 Summary: 

• 
Po~ys tyr ene 1atices were used as a standard suspension owing 

to thei r high1y spherical shape, uni form si ze and co1loid 

stability. The'se have been used in flocculation studies wi,th 

a high molecular weight cationic polymer. Polymer/1atex 

reactions were found to be extremely rapide The pOlymer/latex 
• 

weight ratio increased by as much as three timea to reach 
~ 

optimum flocculatiJm when the latex concentratfon was less 
, 

. than 50 mg/L. The results obtained by flocculation of the 

latex suspension are consistent and can be reproduced with 

reasonable accuracy "enabl ing the developnent of a def ini te 

r elationship between polymer dosage and the pertinent 

solution variables such as turbidity, EM etc. Attairunent of 

the-se relationships allowed achievement of one of the 

• :-~ecti ves, which was to measure very low polymer 
, '1.} 
concentrations (in the parts per 

~ 

. 
billion range) in a sample. 

Vacuum distillation used for concentrating dilute polymer 
< 

solutions results in partial or full breakdown of polymers 

because of the temperature effects. Filtration of high 

mo1ecular weight polymers through 0.45 microns f ilter paper 

results in a large percentage lOBS of polymer on the filter 

paper and the percentage' 108S 

concentration. 

is dependent on the polym~r ,. 
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The effect, of storage of ];X>lymer solutions varied with 

,r espect to ~er concentration. In the case of di lute 

polymer solutions, the polym,r concentration decr eased in , 
the f irs t two days and -t: E!IJ\ ai nëd 

....... , ::::::::Y 
steady later. For 

concentrated polymer sol utions (>100 mg/L) , the pol ymer , 

concentration incre"'èd Sli9ht~y in the f irst two days and 

then remained steady. This phenomenon has been attributed to 

the fact that time is an important criterion in reaching an 

equil ibr i um be twe~n the entanglement and di sentanglement 

pr ocesses . 

The ef fect of high tempe~atures (40-70o C) on ];X>~er 

solutions is a r apid stage, followed by a slow stage, of 

degradation. The effect is minimal for c;ncentrated polymer 

solutions (>1000 mg/L) and degradation is inversely 

proportional ta the concentration of the p:>lymer. 

The effectiveness of stored and preheated polymers on the 

flocculation activity of latex suspensions decreases when 

compar ed to f resh p::>lymérs. Greater pol ymer dosage i s 

required in the case of stored and preheated polymer 

solutions for optimum flocculation to opcur , to and also 

,br~ng the"EM to zero. 

In surnmary, this research enabled the developn,nt of a 

method for the detection of cationic polymer conc~ntrations 

as low as 0.1 mg/L with reasonable accuracy by relating the 

polymer dosage to tne flocculation activi ty of the latex 

suswnsion. It aiso gave an a!3di tional "insight into what 
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( happerls during short t erm s tor age and at elevated 

t 8nper atur es on dilut e and concent rated p:)lymer sol ut ionS. 
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9. 2 Pr ctical l mpl ications: 
\. , 

Thi s y i s bel ieved' to 'have the following signif icant 

implicati s in the Iwat~r and waste treatment fields. 

i} A simple me.thod has been pr esented to detect 

concentrations of unmodified cationic 'polymers in process or 

treated waters (i.e., waters with impurities which wQuld 

rule out TOC or chranatographic methods) to 0.1 mg/L witb 

high reproducibility. This method'not only detects the low 

polymer concentrations but aIse provides insight into the 

behavior of 'the };X)lymer with respect to its flocculation 

acti vi ty. 

111 
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ii) Undesirable effects were noticed by bath short-term '"1 
. 

s tor age of dil ut e p:>lymer sol ut ions and subj ect i ng t hes e 

polymers to elevated temperatures (especially in the case of 

acrylamide based cationic polyrners). These cases could 

easily occur when: 

a) concentration of polym,er ,is done by ~lash 

evapoliation in order to detect trace amounts 

of polym~ pr esent in the effluent. 

b) polymer s~utions ar~, prepared in advance of 

of appl ication and stored at elevated temperatures 
, 

in order to r educe vi seosi ty and allow mor e 

o convenient appl ication. Tbi s case was "observed in 

one waste",treatment plant where t~e polymer is stored 

at 70°C for 3 days in order to reduce viscosi ty. 

, 
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9. 3 ~ur ther Res earch: 

Sane addi tional research that could be carried out on this 

topic i s sugges ted below: A 

1) Effects of S tarage: 

The effects of storage should be studied over an extended 

period, say 3 0(.60 d~ys, to check whether ther e is any 

further breakdown of polymer, especially in the case of 

dilut e polymer solutions. Elect ron microscope s tudies are 

required to determine what type of aggregates form or 

disappear during Eltorage. Studies sbould he continued on 
Q 

the same bas i 5 f or di f fer ent pol yrn er s of dif fer ent molecular 

wei'ghts to see whether the same phenomenon is occurring. 

2~ Concentrating Cationic Polymers: 

The ion-exchange method could be a pranising method for 
. . 

concentrating cationic polymers if a proper solvent is found 
c 

for el ut ing the polymer fran the resin. By th! s method the 

possibi li ti es of br eaki ng down the polymer while 

concent rati ng will be m!nimi zed. l 

3) Effect of Chlorine and Ozone on Polymer Sol ut'! ons: 

Q 1-

Chior i ne and ozone are extensively used as • di sinf ectants in 

water and was tewater 'treatment. Sane of the s tudies that can 

be conducted concerning the effect of chlor!ne ;nd ozone on 
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polymer solutions include: 

i) The effect of chlorine and ozone upon the breakup of 

cationie lX>lymers using liquid ehranatography. 

ii) The effeetiveness of chlorinated and ozonated polymer 

solutions on the flocculation aetivity of polystyrene 

latex suspension when compared to the fresh Pol ymer • 

iii) The effect of residual polymers on the chlorine and 

ozone demand. 

4) Toxicity: 

/ 

Toxieity studies whieh should be carried out include: 

113 

.. 

i) The potential texie effeet of ozonation or chlorination 

of polymér solutions in comparison to the ,'t.~j.._c , 
effect of the p::>lymer alone. 

ii) It was proved in this-thesis that there Wêl$ a decre-ase 
o 

of charge on the polymer in the case of pr eheate~ 

p:>lymers. Further research should be conducted on the 

preheated polymers to check the effect of charge on 

t-he toxiei ty to f tSh • 
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APPENDIX - A 

Collbid Titration Method 

The colloid ti tratiori method used in this study for 

detection of polyrners is that developed by Wang and Shuster 

(72) • This method is applicable to both cationic and 

anionic polXl}lers. As ohly one cationic polymer was used in 
1 

the study, only the method used for detection of cationic 

polymers was described in section 3.5: ~ slight modification 

was made to the method in the detection of the end point of 

the ti tration__ Instead of determining the color change 

visu~lly, "a dip-in-probe colorimeter (PC 800 Brinkman 

Colorimeter) was used. For determining the correct wave 

length to be used, percentage transmittance at different 

wave lengths wer e determined for ti trated and un ti trated 

samples by a Beckman DB.Spectrophotaneter. Figure A.l shows 

that, a t 620nM wayel engt h, t her e was a large di ff er ence in 

percentage transmi ttance between the ti trated and un ti trated 

samples. Hence,a 620nM filter was used in the éolorimeter 

for all ti trations. The ti tration was considered to be 
~ 1 

complete when a large change in percentage transmittance had 

occurred, as cÂn be seen in figure A.2. This refined method 

was used in aIl experiments of thi s thesi s where 

measur enents wer e made 'by colloid ti tration. 

It can be seen fran the .calibration curve in figure A.3 that 

there was a lihear relationship between p:>lymer 

'IIt.. d concentrat10n an tï tr~nt . volume wi th a coeff ici ent of 
-

regression of 0.99. The reproducibility of results was very 
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good and the accur acy was ±O.1 mg/L. By thi s tef ined method, 

the minimum ];X)lymer concentration that can be detected .. 
accurately wlthout any interpolat;ions is 1. 0 mg/Le 

\ 
A.1 Limitations: 

Figure A. 4 shows the effect of lonie strength (in terms of:' M 

NaCl) on results fran the colloid titration method. This 

shows that the colloid ti tration method is problematic when 

the ionie strength of the sample is greater than O.2M in 

tetms ,of NaC 1. In gener al, the ioni c. s trength of sarnples 

used , ' ln experiments in this thesi s was 31.8 micro-mhos 

(O.80*lO-)M in terms of NaCl). 
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APPENDIX - B 
( 

VISCOSITY MEASUREMENTS 

·'l'be decrease in effective polymer concentration due to 

short-term ,storage and tempêtature ~levation has been 

reportee} in tbe thesis. ,Viscosi ty measur ements were 

performed to conclude whether this decrease was due to 

p:>lymer br eakdown OI not. Viscosi ty measur ements wer e done 

by measuring the efflux times at 
J 

25 Oc in an Ubbelohde 

viscometer ~ The results obteined are tabulated in table B.l. 

It can be seen that the relatlve viscosities and efflux 
~ 

times were decreased in the case of stored and preheated 

polymers for polymers equal to or below 0.3 mg/Le HCMever, 

in the above experiment, the sample charge was not reduced • 
. 

Charge is known to affect the efflux time and hence the 

calculated viscosity. Hence a set of experiment;.s was done 

with the charge reduced by addition of lM' NaCl. It was 

found that efflux times obtained by the blank (solvent) and 

the sample were the same~ This was attributed to the fact .. 
that the viscometer is not sensitive,et these low polymer 

concentrations (after the charge effects had been reduced). 

No further experiments were conducted. It is therefore still 

uncertain wh~ther the de cr eas e in effective ·polymer 

cOncentration had occur red dùe to actual physical br eakdown 

of the polymer into subuni ta, or whether the cationic charge 
'h 

had been reduced. 8ither of these occurren,ces would have 

caused incr eased efflux times for the 1 polymer solutions 

without NaCl addition. 
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TABLE B.l: Effect of Storage and Elevated Temp::ratures 

on Viscosity of Di1ute p01ymer Solutions 

Efflux time in 1/100 minute 

Stor age 
Time 

polymer 
Concen­
tration 
(mg/L) . 

Fresh 

0.0 155 
{sol vent) 

0.1 168 
( 1. 084) 

0.2 

, 
lst day 2nd day 5th day 6th day 

166 163 164 
(1.071) (1.052) (1.058) 

190 187 186 

162 
(1.045) 

186 

A B 

A7 
1 

194 
(..l.252) (1. 225) (1. 206) (1. 200) (1. 200) (1. 09) (1. 01) 

0.3 

0.5 

1.0 

210 
(1.355) 

203 201' 201 ~92' 
(1.309) (1.296) (1.296) 0(1.303) 

244 244.5 243 
(1.574) (1.577) (1.567) 

243 
\1. 567) 

325 
(2.096) 

32 5 • 5 32·6 - 32 6 
(2.096) (2,100) (2.100) 

244 
(i. 574) 

325 
(2.096)' 

Notes for Table B. 1: 

A: po1ymer solution subjected to 70°C for 1 haur 
B: Polymer solution subjected to 70 OC for 4 haurs 
Sol vent i s di stilled water 
Values in brackets indicate viscosi_ties calcul\ated by_ 
the formul a: "'Cr = "'7/'10 = t/ to 

where '1r = viscosity ratio 
t = efflux time of sample 
t o = efflux time of solvent 

, 1 
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APPENDIX - C 

LIST OF CANADIAN WATER AND WASTEWATER TREATMENT PLANTS 

This sur vey covers water and waste treatment plants using 
polyelectrolytes as coagulants in four Canadian provinces. The 
survey uses information obtaineP fran two major manufacturers 
se1ling polyelectrolytes (Allied Colloids and Calgon Corp. of 
Canada) . 

Munici­
pal ity Plant Name 

P ravi nce of Que be c 

Candiac Candiac WTP 

Contrecoeur Centrale de Trait 
D'Eau 

Dolbeau Usine de Filtration 

Average 
Flow Application 

Flocculant 
Type 

cu.rn/d 

13619 

2687 

9987 

Potable Water Non ionie 
polyacrylamide 

Potable Water Non ionie 
polyacrylantide 

Potable Water Non ionie 
polyacrylamide 

U si ne de T rai tement 5447 Potable Water 
.; 

H igh MW 5 lightly , 
C at ioni c i,' 

Hull Ci ty 

Lachut 91'-

Lauzon 

Laval trie 

L'Assanp-
'tion 1) 

L' tslet 

Mirabel 

Nicolet 

/ 

Usine/de Traitement 
rr'~au de Parc Mouse 

Usine de Filtration 

Usine de Filtration 

Usine de Filtration 

Usine de Filtration 

Usine de Filtration 

Usine Depur ation de 
St. Janvier 

. 
Usine de Traitement 
D'Eau 

'r 

68099 

10895 

6174 

522 

6809 

-

Potable Water 

Potable Water 

Potable Water 

poable Water 

Potable Water 

3igh MW 
nonionic 1 

l-
Nonionic 
Polyacrylamide 

Nonionic 
polyaerylamide 

Nonionic 
pol ya cr yI am ide 

Nonionie 
po1yacry1amide 

i 

1 
1 
1 
1 

1 

Potable Water High MW Slightly 
Cationie 

1452 Sludge High MW S liqhtly 
Cationic 

5302 

Dewatering 

Potable Water High MW Slightly 
Cationic 

• 
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Munici- Average Flocculant 
pality Plant N ame Flow Type 

cu .rn/d 

Plessis- Usine de FiltratiO~! Potable lIater Nonionic 
ville de Plessisville _ /---~, . polyacrylam ide 

Quebec ·Usine de Trai t~ent 81599 Potable Water High MW Slightly 
Cationic 

Quebec Imper ial Oil Sludgé High MW Slightly 
Dewatering Cationic 

J Repentigny Centrale de 8217 Potable Water Noni onic 

• Filtration Polyacrylamide 

Riveriere Usine de Trai tement 8170 Potable Water Nonionic 
du Loup Polyacrylam ide 

Roberval Usine de Filtration 10895 Potable Water Noni onic 
Polyacrylam ide 

\ 
St. Agathe Usine de Filtration 3'631~ Potable Water Nonionir. 

Polyacrylam ide 

S t.Francois Fil tration Potable Water Nonionic " du Lac' Conventionelle Polyacrylamide 
1 

St. Georges Usine de Fil tration 2905 Potable Water High MW Slightly 

1 
(Beauce) Cationic 

St. Lambert Usine 'de Fil tration 49939 Potable Water Nonionlc 
Polyacrylam ide 

1 Sorel Usine de Trai tenent 2452q Potable Water Nonionic 
D'Eau Polyacrylamide • . t 

1 

Terrebonne Usine de Fil tration 
. 

17705 PotabJ.e Water Nonionic 
Polyacrylamide 

Varennes Usine de Filtration 6968 pot,.bl~ Water Nonionic 
de Varennes Polyacryl amide 

Vaudreuil Usine Epuration de 4085 Sludge High MW S lightly 
Vaudreuil • Dewater ing Cationic 

/ •• lA 10 
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to1.unici- Aver age Flocculant 
pali ty Plant Name Flow Application Type . 

cu.m/d 

Province of Ontario -------
Aylmer Aylmer Municipal 7590 Potable Water High MW Nonionic 
Town Plant 

Buckingham 'lJ Potable Water High MW Nonionic 
Town 

Cas selman Casselman WTP 404 Potable Water High MW Nonionic 
Village 

Chapleau Chap!eau Municipal 3314 Potable Water High MW Nonionic 
Township Plant 

Chatam Ci ty Chatam WPCP 15899 Sludge High MW Cationic 
Dewatering 

Dur ham Town Durham Sewage Works 1098 Sludge High MW Cationic 
Dewatering 

Hamil ton Woodward Avenue 239257 Sludge High MW Cationic 
City Sewage Treatment Dewatering 

K ing5 ton K ing5 ton Water 54479 Sludge High MW Cationic l 
~ 

City Pollution Control Dewatering 
1 

London City Sludge High MW Cationic ~ 
Dewatering ~ 

! 

Marmora Marmora Municipal 499 Potable Water High MW Nonionic i 
1 

Village 
i _ 
i 

'" ~ 
Midland Midland WPCP 8171 Sludge High MW Cationic f 

1> Town Dewatering f 
'~ l 

l . 
Moosonee Moosonee WTP 635 Potable Water High MW Nonionic 

, 
, 

North .Bay North Bay' WPCP 31325 Sludge High MW Cationic 
City Dewatering 

Ottawa City Green Creek Pol lu- 267859 Phosphorous High MW Nonionic 
) 
'-

tion Control Cent'1!r Removal 

P rescott Prescott Municipal 31325 Clarification High MW Anionic 
Plant 

Sarnia Ci ty 
• 1 • 39634 Phosphorous High MW Anionic Sarn1a Sewage Clty , 

l Removal 

Sault Ste. Highland Creek 105781 Phosphorous High MW Anionic 
Marie City Plant Rem'oval 

, 

St. Mary St. Mary' s 3191 Potable Water High MW Slightly 
Municipal Supply Cationic 

/ ••• All -- , ... ~ _-...., .. ---.. ",.,=-.. ,~..,. i"-'_-'h . ~ -~- ~_ ............. _" .. _~'"'---
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Munici­
pality 

St. Thomas 
City 

Sudbury 
City 

Toronto 

Toronto 

Toronto 
City 

Verner 

Windsor 
City 

Windsor 
City 

Plant Name 

St. Thomas 
Municipal WPCP 

Sudbury WPCP 

Toronto Main Plant 

Toronto Main Plant 

Metropol i tan 
Toronto 

~olson's Brewery 

Molson's Brewery 

Ontar io Hydro 

,Chrysler Canada 

eollis Leather 

Interlake Steel 

Green Gaint of 
Canada 

Metal I<oting 

o 

Average 
Flow Application 
cu.m/d 

17592"( Sludge 
Dewatering 

49939 Sludge 
Thickening 

716339 Sludge 
Dewatering 

716339 $ludge 
Thickening 

Flocculant 
Type 

Ali 

High MW Cationic 

High MW Cationic 

High MW Cationic 

High MW Cation1c 

Potable Water . Poly DADMAC 

Sludge 
Dewatering 

, 
Sludge 
Thickening 

H1gh MW Cationic 

Hi~h MW Cation1c 

Water High MW Anion~ . ~ 
. Clarif ication , . 

1 
~ Flotation High MW Anionic 

Sludge 
Dewatering 

Wastewater 
Clarif1ca1on 

Sludge 
Dewatering 

Was.tewater 
Clarification 

Potable Water 

, 
! 

High MW Cationic ~ 

1 
~ 

H1gh MW Anionic i 
1 

81qh MW Cationic 1 

1 ~ .:-. ? 

81gh MW Anionic ) 
s , 

High MW Nonionic ! 

Little River pollu- 100333 
tiop Control Plant 

Sludge 8igh MW Cattonic 
Oewatering 

Windsor City Main 
Plant 

127555 

Sludge ~igh MW Cationic 
Thickening 
Phosphorous 8igh MW Anionic 
Removal 
Potable Water High MW Slightly 

Cationic 

1 ... A12 
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a Munici-
pali ty Plant Name 

---
Pronvince of Sas ka tchewan 

Buffalo Pound 

Regina Regina Wastewater 
City Treatment Plant 

Regina Regina Wastewat~rl 
City Treatment Plant 

Estevan Estevan WTP 
City 

Province of Alberta 

Calgary 
ai ty 

Bo~nybrook Sewage 
Treatment Plant 

Indi an Affai rs 

• 

• 

Average 
Flow 
cu.m/d 

61516 

61516 

3722 

282097 

~ 
Application 

--
Potable Water 

Sludge 
Dewatering 

Phosphorous 
Removal 

Potable Water 

Sludge 
Thickening 
CFlotation) 

A12 

Flocculant 
Type 

High MW Anionic 

High MW Cationic, 

High MW Anionic 

High MW Anionic 

High MW Cationic 

Potable Water High MW Anionic 

• 

!~ 

... 

! 

1 
1 
1 
1 
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